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ABSTRACT 

In 1979, the IRIS infrared spectrometers on the two Voyager spacecraft ob

tained over 1000 disk-resolved thermal emission spectra of Europa, Ganymede, and 

Callisto, Jupiter's three large icy satellites. This dissertation describes the first 

detailed analysis of this data set. 

Ganymede and Callisto subsolar temperatures are 10" K and 5°K respectively 

below equilibrium values. Equatorial nighttime temperatures are between lOO"K 

and 75°K, Callisto and Europa being colder than Ganymede. The diurnal temper

ature profiles can be matched by 2-1ayer surfaces that are also consistent with the 

eclipse cooling observed from earth, though previous eclipse models underestimated 

thermal inertias by about 50%. Substrate thermal inertias in the 2-layer models 

are a factor of several lower than for solid ice. There are 'cold spots' on Ganymede 

and Callisto that are not high- albedo regions, which may indicate large thermal 

inertia anomalies. 

All spectra show a slope of increasing brightness temperature with decreas

ing wavelength, indicating local temperature contrasts of 1O-500 K. Callisto spec

tra steepen dramatically towards the terminator, a trend largely matched with a 

laterally-homogeneous model surface having lunar-like roughness, though some lat

eral variation in albedo and/or thermal inertia may also be required. Subsolar 

Ganymede spectra are steeper than those on Callisto, but there is no steepening 

towards the terminator, indicating a much smoother surface than Callisto's. The 

spectrum slopes on Ganymede may indicate large lateral variations in albedo and 

thermal inertia. A surface with similar areal coverage of dark, very low thermal in

ertia material, and bright material with thermal inertia a factor of 2-3 below solid 

ice, fits the diurnal and eclipse curves, and (Jess accurately) the IRIS spectrum 
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slopes. Europa spectra have very small slopes, indicating a smooth and homoge

neous surface. 

Modelling of surface water ice migration gives a possible explanation for 

the inferred lateral inhomogeneities on Ganymede. Dirty ice surfaces at Jupiter 

are subject to segregation into high-albedo ice-rich cold spots and ice-free regions 

covered in lag deposits, on decade timescales. Ion sputtering and micrometeorite 

bombardment are generally insufficient to prevent the segregation. The reflectance 

spectra of Ganymede and Callisto may be consistent with this type of segregated 

surface. 



CHAPTER 1 

INTRODUCTION 

Jupiter is surrounded by four large moons, discovered by Galileo Galilei 

(1610) and thus known as the Galilean satellites. In order of increasing distance 

from Jupiter they are 10, Europa, Ganymede, and Callisto. Table I lists some of 

their basic characteristics. Their remarkably different physical natures have be

come apparent in the past few decades through a variety of groundbased and, more 

recently, spacecraft observations. 

The outer three satellites, unified by the presence of spectroscopically de

tectable quantities of water ice on their surfaces, are referred to as the 'Icy Galilean 

Satellites'. The presence of ice makes their surfaces very different from the famil

iar silicate surfaces of the terrestrial planets. This dissertation is concerned with 

some new observational and theoretical investigations of the surfaces of the three 

icy satellites, and I will therefore first summarize briefly what we know about these 

surfaces from previous work. 

Previous Work Concerning the Surfaces of the 
Icy Galilean Satellites 

Surface Features 

Essentially all information comes from the Voyager images, which have been 

widely publicized. See e.g. Morrison (1982). The three satellites have drastically 

different surface appearances. 

Europa is very strange. It has a young surface with very few impact craters, 

and very little topography except for numerous low-relief ridges and subdued small 



'.fable I. Some Physical Characteristics of the Galilean Satellites 

The unit 'RJ' is a Jupiter radius. 'Solar day' is the rotation period, in earth days, 
measured with respect to the sun: it is also the sun-referenced orbital period. The 
surface composition is determined from the reflectance spectrum. 

Orbital Radius Solar Diameter Density Surface 
Satellite RJ km Day km g cm- s Composition 

10 5.91 422,000 1.77 3630 3.57 Sulfur, S02, 

Europa 9.40 671,000 3.55 3138 

Ganymede 15.0 1,071,000 7.17 5262 

Callisto 26.4 1,884,000 16.75 4800 

silicates 

2.97 Water ice 

1.94 Dirty water ice 

1.86 Very dirty 
water ice 



hills. The bright surface is traversed by innumerable dark linear features, some 

global in extent. 

Ganymede has two very sharply demarcated terrain types (though transi

tional areas exist) each occupying about half the surface. Dark cratered terrain, 

with numerous impact craters and some tectonic features, occurs in polygons up 

to 2000 km across, surrounded by more lightly cratered, brighter, grooved terrain 

which shows intense tectonic modification. There are bright polar caps superim

posed on both terrains, and very bright recent ray craters. Topography is rougher 

than on Europa but still subdued compared to the Moon. 

Callisto is very heavily cratered and shows no internally-generated features. 

There are several very large multi-ring impact basins. The surface is generally dark 

but recent craters and the centers of the basins are brighter. Ray craters exist but 

are less conspicuous than on Ganymede. Topography is more subdued than the 

Moon's but may be rougher than on Ganymede. 

Photometry 

Most groundbased broadband photometry of the Galilean satellites was ob

tained prior to the Vcyager missions: see Morrison and Morrison (1977) and Veverka 

(1977a) for a summary. More recent photometric work has concentrated on the Voy

ager images, and is summarized by Veverka et al. (1986), which also includes an 

update on the groundbased work. 

Europa is the brightest icy satellite, with a mean geometric albedo around 

0.68 in the V filter, a standard broadband filter centered around 0.56 p.m (Morri

son and Morrison, 1977, at zero solar phase including opposition effect, adjusted to 

Voyager diameter). It has a strong lightcurve, the leading hemisphere being 34% 

brighter than the trailing hemisphere in V, though the curve is very non-sinusoidal. 

Disk-resolved Voyager photometry (e.g. Johnson et 01., 1983), shows a remarkable 



UV~dark 'stain' centered on the trailing hemisphere, probably related to magneto

spheric modification of the surface. There is little or no opposition surge, which 

probably indicates an unusually compacted surface texture. 

Ganymede has a zero-phase V geometric albedo of 0.46 (derived as for Eu

ropa) and, like Europa, is brightest on its leading hemisphere, which is 15% brighter 

than the trailing hemisphere in the V filter. The lightcurve may be largely deter

mined by the global distribution of dark cratered and light grooved terrain (Johnson 

et aI., 1983). There is a UV darkening on the trailing hemisphere, like that of Eu

ropa but much less pronounced, and a moderate opposition surge. 

Disk-resolved Voyager photometry by Squyres and Veverka. (1981) gave nor

mal reflectances in blue light of 0.35 for the cratered terrain, 0.44 for the grooved 

terrain, and up to 0.7 for the bright craters. The most detailed Voyager photometric 

work has been by Helfenstein (1986), who used Hapke's (1984) equations to obtain 

the physical characteristics of the various terrains from their photometry. He con

cluded, among other things, that the dark terrain surfaces were rougher (on a large 

scale) but more compacted than the bright grooved terrain, and had a smaller and 

broader opposition surge. 

Callisto's zero-phase V geometric albedo is 0.23 (derived as for Europa), and 

unlike Ganymede and Europa it is brightest on the trailing hemisphere (13% brighter 

than the leading hemisphere in V). The leading hemisphere is UV~ darkened. The 

opposition Burge is unusual, being twice as large on the darker leading hemisphere as 

on the brighter trailing hemisphere (where it is still larger than on Ganymede). The 

difference is too great to be due to albedo differences alone, and probably indicates 

a more porous surface on the leading hemisphere. 

Voyager photometry by Squyres and Veverka (1981) showed a gave a normal 

reflectance of 0.18 for the dark terrain that forms the bulk of the surface, and values 

up to 0.7 for bright craters. Color work by Johnson et al. (1983) confirmed these 



values and also showed that even the brightest regions of Callisto are red in color, 

as is also true on Ganymede and Europa. ('Red' in this context simply describes 

a surface with a higher albedo at longer wavelengths, which visually could appear 

red, orange, or more often, yellowish or brownish). 

Reflectance Spectroscopy 

So far all narrowband reflectance spectroscopy has been obtained from the 

ground or (in the case of the UV spectra) from Earth orbit. See Sill and Clark (1982) 

and Clark et aI. (1986) for summaries of the available data. All three satellites show 

aborption features due to water ice in the near infrared (1-4 ftm), the strength 

of the major absorption features decreasing between the satellites with increasing 

distance from Jupiter. All, however, have reddened spectra in the visible region, 

unlike pure water ice, and must therefore contain another component, relatively 

dark and red in color, perhaps carbonaceous material or Fe3+ bearing silicates. 

The major uncertainties are the absolute amounts (areal or weight fractions) of 

water ice on each surface, and the identity of the dark red component. I discuss the 

reflectance spectra in detail in Chapter 10 of this dissertation. 

Europa's surface appears to be almost pure water ice, with a minor, inti

ma.tely mixed, red contaminant. Absorption features are broader on the trailing 

hemisphere, probably indicating a larger ice grain size there. There is a probable 

signature of sulfur in the UV spectrum, but only on the trailing hemisphere (Lane 

et al., 1981). 

Ice is also abundant on Ganymede's surface but less so tha.n on Europa. 

Estimates of surface weight percentage range from around 33% (Pollack et al., 1978; 

Spencer, 1987 and this dissertation) to more than 90% (Clark, 1980), depending 

on whether a segregated or intimate mixture of the ice and dark components is 

preferred. 



Similarly on Callisto, estimates of ice weight percentage in the surface layers 

vary from 4% for a segregated surface (Spencer, 1987, and this dissertation) to up 

to 90% for an intimate mixture of the ice with the dark material (Clark, 1980). 

Neither Ganymede or Callisto shows such large variations in spectrum shape 

with orbital longitude as does Europa. 

PhotopoJarimetry 

See Veverka (1977b) for a summary of polarimetric data taken up to that 

time. Little further work has been performed since 1977. The disk-integrated 

polarization vs. solar phase curves for Europa and Ganymede are similar, and are 

consistent with surfaces of low-opacity material, presumably water frost. Callisto 

shows very different behavior on each hemisphere, with a lunar-like curve on the 

dark leading hemisphere and a curve intermediate between the Moon and Ganymede 

on the bright trailing hemisphere. So the leading hemisphere of Callisto looks more 

'Ganymede like' than the trailing hemisphere in polarization, opposition surge, and 

albedo. The polarization and opposition effect asymmetries are much more marked 

than the albedo asymmetry, though. 

Thermal Infrared Radiometry 

The extensive disk-resolved thermal IR observations of the icy Galilean satel

lites obtained by the Voyager spacecraft are analyzed in detail for the first time 

in this dissertation, though preliminary results were published by Hanel et al. 

(1979a,b). 

Previous published work has concerned groundbased, disk integrated mea

surements of the satellites' thermal emission, mostly broadband radiometry in the 

10- and 20-jtm atmospheric windows. Again, there has been little data published 

in the last decade, and Morrison (1977) is still a good surrunary of the groundbased 

work. There have been two main avenues of exploration, measurement of fluxes 



from the sunlit hemispheres, and observation of cooling and heating of the surfaces 

during and after eclipse by Jupiter. 

10- and 20-pm brightness temperatures of the Galilean satellites, as obtained 

by a number of workers, are tabulated by Morrison (1977). Values are close to those 

expected from equilibrium with sunlight, though 20-pm temperatures are system

atically lower than the lO-pm values by up to 10° K. More recent measurements 

by Matson (pers. comm.) confirm this trend, with 10- and 20-pm brightness tem

peratures for Ganymede of 146.7°K and 140.4°K respectively (at a solar distance 

of 5.34 A,U,)f and for Callisto 158c K and 153c K respectively. Europa shows large 

variations in temperature with orbital longitude which correlate with the visible 

lightcurve (darker orientations being warmer to the expected degree) except that it 

is anomalously cold for the first quarter-orbit after eclipse by Jupiter. Orbital vari

ations in thermal emission 'on Ganymede and Callisto are smaller but are consistent 

with the visible lightcurves. 

Eclipse radiometry has been used in conjunction with thermophysical mod

elling to constrain surface thermal properties (Morrison and Cruikshank, 1973j 

Hansen, 1973). Europa, Ganymede and Callisto all cool rapidly at eclipse onset 

and more slowly as the eclipse progresses, repeating this 2-stage behavior during 

warming after the eclipse. Ganymede and Callisto's thermal behaviors were success

fully matched by very similar surfaces in which a thin, very low thermal inertia layer 

overlies a layer of much higher thermal inertia. Europa's puzzling lack of recovery to 

its pre-eclipse temperature after eclipse prevented a successful simultaneous model 

match to both the cooling and heating curves. 

The ground-based thermal observations will be discussed in more detail in 

later chapters, when they are compared to the Voyager data. 



Radar 

Earth-based radar observations, which probe the immediate sub-surface to 

depths of centimeters to meters, are described by Ostro (1982). The icy satellites 

have very different radar signatures than rocky objects BUch as the Moon. 

The 12.6-cm albedos of Europa, Ganymede, and Callisto are 0.65, 0.38, and 

0.16, compared to around 0.03 for the terrestrial planets. This is presumably due 

to the icy nature of the subsurface, and the relatively high albedo of Callisto is 

thus very interesting considering its low visible albedo and possibly small surface 

coverage of ice. 

Even more stl'iking is the fact that most of the reflected radar beam is re

turned with the same sense of circular polarization as the incident beam, while 

the opposite is true for the terrestrial planets. Europa and Ganymede have similar 

circular polarization ratios but that of Callisto is smaller, closer to the terrestrial 

planets but still highly anomalous. The circular polarizations are difficult to explain, 

but may result from subsurface scattering of the radar beam in an inhomogeneous 

medium (Ostro, 1982). 

The Present Work 

This dissertation describes two separate but related lines of investigation. 

First, in Chapters 2 thru 7, I describe an analysis of the hitherto little known 

thermal emission observations of the icy Galilean satellites that were obtained by 

the Voyager IRIS instrument. This data set, consisting of several hundred disk

resolved thermal emission spectra for each satellite, provides information on global 

surface temperature distributions. Also, by using the shape of individual emission 

spectra, I am able to obtain information on local temperature distributions on scales 

smaller (possibly much smaller) than the several hundred km field of view of the 

IRIS instrument. I use this information to determine surface thermal properties, 



including the local distribution of thermal inertias and albedos, and also obtain 

some information on surface roughness. I find large differences in these properties 

between the three objects. 

Christensen (1986) has applied similar techniques to the Viking IRTM ther

mal observations of Mars, using differences in brightness temperature at different 

wavelengths to obtain local temperature distributions. From this he maps regional 

variations in the abundance of high thermal inertia blocks. However this disserta

tion describes the first applica.tion of the technique to air less or icy surfaces. I show 

it to be a useful way of getting information on surface properties that is not readily 

obtainable in other ways. 

Secondly, in Chapters 8 thru 11, I describe some theoretical considerations 

of the movement of water ice on the satellite surfaces, including the likely effects of 

thermal sublimation, micrometeorite gardening, and ion bombardment. I conclude 

that ice on the Galilean satellites is likely to concentrate in discrete bright patches 

separated by dark ice-free areas. This may explain some of the results of the analysis 

of the IRIS observations of Ganymede. I also discuss critically some of the other 

evidence concerning the distribution of ice on the satellite surfaces. 

Finally, in Chapter 12, I summarize the results of the investigation and 

consider the opportunities for future work, especially using the data from the forth

coming Ga1ileo Jupiter orbiter mission. 

For definitions of many of the terms that I use, and other basic information, 

refer to the Glossary at the end of the dissertation. 

Some of the work in this dissertation is already in press. See Spencer 

(1987a,b) for more convenient, but less current, versions of Chapters 8 thru 11. 



CHAPTER 2 

THE NATURE OF THE mIS DATA SET 

As most of this dissertation is concerned with the Voyager IRIS thermal 

infrared spectra. of the Galilean satellites, I first give an overview of the IRIS in

strument and the satellite observations that it carried out at Jupiter. 

The IRIS Instrument 

The two Voyager spacecraft carried on their scan platforms almost identical 

versions of an Infrared Interferometer Spectrometer and Radiometer, known by the 

acronym IRIS. A description of the instrument is given in Hanel et al. (1980a), and 

a post-encounter description of the technical aspects of the Jupiter data set can be 

found in Hanel .t al. (19S0b). 

The instrument is a Michelson interferometer, which obtains a complete spec

trum over the duration of a single Voyager FDS count. An FDS (Flight Data Sub

system) count is one count of the spacecraft reference clock, which increments every 

48 seconds. Images and mIS spectra may be taken at a maximum rate of once every 

FDS count, and the FDS count at the time of an observation is the usual method of 

referring to a particular image or spectrum. The circular field of view has a diame

ter of 0.250 , compared to the 0.420 square field of view of the narrow-angle camera. 

Because the device is an interferometer, information of varying spectral resolution 

is obtained at varying times during the integration. All the low-resolution informa

tion, the total integrated flux and general slope of the spectrum, is gathered during 

a brief period (the interferogram peak) almost precisely midway between the times 

of shuttering of the Voyager cameras. An unfortunate consequence of this lack of 

10 
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synchroneity, discussed in the next chapter, is that the locations of Voyager images 

do not coincide with the precise locations of IRIS spectra. 

Calibration and Fourier transformation of the raw interferogram results in a 

spectrum, linear in wavenumber, with a high spectral resolution of 4.3 em -1 (though 

point spacing is 1.4 em-I) and a wavelength range of 180-2500 cm- 1 (4-55 jLm). 

(Since the data comes with constant wavenumber increment, spectra shown in this 

dissertation are presented on a linear wavenumber scale, although wavelengths are 

more familiar to most people, including me). In practice the useful wavelength 

range is smaller, as the sisnal to noise ratio (SiN hereafter) becomes very small at 

short wavelengths. Because of the extreme temperature and wavelength dependence 

of blackbody flux at wavelengths short of the blackbody peak, the minimum useful 

wavelength depends strongly on the temperature of the particular spectrum, as 

illustrated in Figure 1. For Voyager 1, SjN exceeds unity only longward of 7.4 ,urn 

for a temperature of lS0oK, and 16.5 Jim for a SooK spectrum. The Voyager 2 

spectra are noticeably noisier due to a slight misalignment in the instrument, as 

seen in Fig. 5. Averaging, curve-fitting, or smoothing techniques actually allow the 

extraction of information even from spectral regions where the SjN is less than one. 

The main method of calibration of the instrument involved taking periodic 

interferograms of deep space. Instrument temperature was maintained very pre

cisely at 200.0oK, and in the deep space observations the interferometer effectively 

observed itself at this temperature, providing a reference response. The success of 

the calibration can be judged from the very subtle but systematic differences in the 

spectra of warm regions of Ganymede and Callisto, discussed in Chapter 4, which 

are consistently observed by the instruments on both spacecraft. 

Though calibration appears to be excellent when the instrument's field of 

view is filled, there are problems calibrating the spectra of objects that do not 

fiU the field (J.C. Pearl, pers, corom.). The instrument sensitivity appears to vary 
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Fig. 1. Two Representative IRIS Spectra of Callisto. 
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Voyager 1 spectra, plotted both in 'raw' form using radiance (JLW /cm2 /sr/cm- 1). 
and converted to brightness temperature, Tn. On the TB plot, plotting is continued 
to large wavenumbers until the first occurence of a negative radiance. This figure 
demonstrates the larger useful wavenumber range of warmer spectra. The warm 
spectrum is 16421.59 and the cooler one is 16425.22 
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across the field of view in a manner that is poorly known. This means, unfortunately, 

that the many disk-integrated spectra of the satellites taken at far encounter, which 

would be useful for comparison with ground-based disk-integrated observations, are 

of limited use. Neither total radiated flux nor spectrum shape can be reliably 

determined for them. 

The IRIS instrument also includes a visible and near-infrared radiometer, 

which measures the total reflected sunlight from the target between 0.33 and 2.0 f.km. 

Measurements are made at 8 equally-spaced times (every 6 seconds) during each 

thermal spectrum, with the same field of view as the interferometer. The main 

purpose of the radiometer is to assist in heat- balance calculations by measuring 

the radiation not absorbed by the target body, but, by providing a time history 

of the brightness of the field of view during the interferometer integration, it also 

provides useful information about instrument pointing. 

The Nature of the Observations 

The geometries of the Voyager encounters with Jupiter and the Galilean 

satellites are described in Stone et al. (1979a, 1979b). Each spacecraft made quite 

close approaches to both Ganymede and Callisto, Voyager 1 made a very close 

approach to 10, and Voyager 2 encountered Europa at moderate distance. Some 

relevant parameters for the various satellite encounters are listed in Table II. An 

IRIS spectrum was obtained during every FDS count while imaging sequences of the 

satellite were being obtained, so that infrared mosaics were produced simultaneously 

with imaging mosaics. There were also some IRIS-onIy sequences, mostly of the 

night hemispheres where imaging would be pointless. An example of an IRIS mosaic, 

covering the daytime hemisphere of Ganymede, is shown in Figure 2. Figs. 13 and 

14 in Chapter 5 show the extent of global coverage from the two spacecraft for 

each icy satellite, as well as global temperature distributions. Appendix F gives the 

viewing geometry and other pertinent information for all spectra. 
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Fig. 2. Voyager 2 IRIS Approach Mosaic of Ganymede. 
The mosaic is composed of about 150 spectra taken at ranges between 178,000 and 
92,000 km. Each circular field of view has been individually projected onto the 
surface from the position from which it was taken, accounting for the distortion 
of some of the circles. Spectrum locations have been corrected for pointing errors 
as described in Chapter 2. The base image is wide-angle frame 20635.51, obtained 
during the mosaic. The latitude/longitude grid is aU,ned with the image using the 
the control network of Davies and Katayama (1981), but does not include their 
re-definition of the longitude system. C.f. Fig. 15. 
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Table II. Voyager IRIS coverage of the Galilean Satellites 

Dimensions are in kilometers. 'Range of Longitudes' refers to low latitudes and 
includes dark-side coverage 

Closest Approach 

Diam. Range of No. Spectra 
Space- Lati- Local IRIS Longi- with Range 

Satellite craft Ran.e tude Time field tudes <300000 

10 V.I 21,000 -90 90 250-30 250 

Europa V.2 210,000 -25 7pm 920 70-190 100 

Ganymede V.I 115,000 +23 7pm 500 210-30 300 

Ganymede V.2 62,000 -46 7pm 270 20-220 300 

Callisto V.I 126,000 +80 6pm 550 150-60 350 

Callisto V.2 215,000 +17 8am 940 180-340 250 
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IRIS reduced data records, consisting of calibrated spectra and header infor

mation for each, in binary format, have been produced by the IRIS science team 

at the Goddard Space Flight Center, and are generally available. The Galilean 

satellite data used in this study were kindly provided to me on magnetic tape by 

John Pearl, and I transferred them to an IBM PC for analysis. 

Anyone requiring the IRIS Galilean satellite data in a convenient form can 

obtain it from me in IEEE format, MS-FORTRAN readable DOS files on stan

dard IBM 5~" diskettes. The icy satellite near-encoWlter data totals almost 30 

megabytes, with 11076 bytes of data and 500 bytes of header information per spec

trum. However I have produced condensed files containing only the header informa

tion, the terrain type (for Ganymede) and information on the effective temperature 

and spectrum shape, determined as described in Chapter 4, for each spectrum. In 

this form there are only 550 bytes per spectrum and all the Voyager 1 Callisto 

spectra, for instance, occupy only 300 kilobytes total. 



CBAPTER3 

POINTING ACCURACY AND TERRAIN CLASSIFICATION 

The Voyager IRIS Reduced Data Records contain pointing information for 

each spectrum, in the form of the latitude and longitude of the point in the center 

of the IRIS field of view at a time close to the interferogram peak. Unfortunately, 

this information is subject to significant error. The nomina13u pointing uncertainty 

is 0.15°, compared to the 0.25° IRIS field of view, (Hanel et al., 1980b) but sys

tematic errors sometimes occur that are larger than this. The pointing errors cause 

uncertainties in the terrain type, time of day, amount of dark-sky contamination, 

etc., for each spectrum and thus make analysis less accurate. 

Pointing Corrections 

Pointing can be corrected by reference to the adjacent images (unfortunately 

not simultaneous, but taken 24 seconds before or after the peak of the IRIS spectra). 

These show, by reference to published maps, the actual pointing of the scan plat

form, which can be compared to the predicted image pointing to give a correction 

that can be applied to the predicted IRIS pointing information. 

I attempted to use this method to refine the pointing of the Voyager 2 

Ganymede spectra, but encountered numerous problems which probably resulted in 

'corrected' spectra being little more accurately located than the uncorrected ones. 

I will therefore not describe the procedure in detail. 

Problems included differences in the the longitude systems used in the pub

lished USGS 1:5 million scale maps of Ganymede and in the IRIS pointing informa

tion, and suspected systematic errors in the maps, which are based on an outdated 

control network (M.E. Davis, pers. comm.). There was also a lack of consistency 

17 
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in calculated pointing corrections between adjacent images, which rendered suspect 

any interpolation to get corrections for intervening IRIS spectra. For instance, there 

were systematic differences in the pointing corrections calculated from narrow- and 

wide-angle images. 

A successful pointing correction effort is probably possible, but would be best 

done using latitude/longitude grids, based on spacecraft navigation data, as overlays 

on the images to get accurate locations, rather than relying on the published maps, 

Despite the problems, I have applied pointing corrections to the Voyager 2 

Ganymede data (only) that is presented in this dissertation. The presence of point

ing errors sometimes amounting to a sizeable fraction of the IR]S field of view, 

possibly even in the Voyager 2 Ganymede data, should be kept in mind in subse

quent discussions. 

Identification of Terrains in Ganymede Spectra 

Ganymede displays a variety of well-defined terrain types which differ in 

both albedo and morphology. Most notable is the dichotomy between the old, 

dark 'cratered terrain' and the younger, brighter, 'grooved terrain'. There are also 

conspicuous bright rayed craters. The spatial resolution of the Ganymede IR]S data 

is such that individual fields of view cail be entirely occupied by either grooved or 

cratered terrain, or occasionally by bright crater ejecta blankets (Fig. 2), so that 

there is an opportunity to look for differences in the thermal emission from the 

three terrain types. 

I have therefore recorded, for all on-planet Ganymede spectra, the relative 

proportions of the field of view occupied by cratered and grooved terrain, and 

bright crater materials. ] accomplished this by constructing a series of overlays for 

particular wide-angle Ganymede images, very much like Fig. 2, showing the location 

of each spectrum field of view on the surface of Ganymede, and also the locations 
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of several control points, from Davis and Katayama (1981). I superimposed the 

overlay on an enlargement of the relevant image, using the control points and the 

satellite limb for alignment. 

I then estimated by eye the fraction of cratered terrain and bright crater ma

terials filling each field of view. A more precise measurement technique would have 

been extremely time-consuming and would not have been justified, given the above

mentioned pointing uncertainties. Also, the definition of 'bright crater materials' 

is subjective, and dependent on illumination conditions and image enhancement, 

but should still be useful. By using far-encounter narrow angle images (which give 

low-resolution coverage of areas that were in darkness at close approach) as addi

tional bases for overlays I was able to estimate the terrain content of all nights ide 

spectra too. The terrain classifications of the Ganymede spectra are shown in the 

data tabulation of Appendix F. 



CHAPTER 4 

THE SHAPE OF THE mIS SPECTRA 

Figure 3 shows several typical Voyager IRIS spectra of the Galilean satellites. 

The 10 spectrum, shown for completeness, is very distinctive, though typical of non

'hot spot' To spectra, but is outside the scope of this study. The three icy satellite 

spectra are notable mostly for their smoothness and for the steady increase in 

brightness temperature (TB hereafter) with wavelength. 

In this chapter I systematically measure the spectrum shapes and describe 

differences in the shapes between satellites and across the surfaces of each. First, 

however, I look for possible discrete spectral features. 

Search for Spectral Features 

IRIS Spectrum Averaging and Results 

The IRIS spectra of 10 show distinctive emission minima at several wave

lengths, thought to be due to various sulfur compounds (Pearl, 1984). These fea

tures are best seen after averaging many spectra to increase the SIN, though some 

are visible in Fig. 3. The Earth's moon also shows features in its emission spectrum, 

due to silicates (Murcray et ai., 1970). 

To check whether similar subtle features might be visible in the spectra of 

the icy satellites, I averaged many spectra of each of them, with the results shown 

in Fig. 4. The averages have been smoothed with a 10-point (14 cm- 1 ) wide boxcar 

filter to further improve the SIN at the expense of some spectral resolution. Ex

perimentation showed that the best SIN resulted when cold spectra were excluded 

from the average: they added more noise than signal. The overall slope of these 

20 
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Fig. 3. Representative IRIS Spectra of the Four Galilean Satellites. 
Each is among the warmest available for that body (except that the 10 spectrum 
does not include any hot-spots). All are from Voyager 1 except the Europa spec
trum, which is Voyager 2. The spectra have been smoothed, before conversion to 
TB , by a boxcar filter of width 28 em- 1 , However, except in the 10 spectrum all 
visible structure is probably noise. The spectra are: 10, 16389.29j Europa, 20650.47; 
Ganymede, 16402.23j and Callisto, 16421.59 (also shown unsmoothed in Fig. 1). 
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averaged spectra is an artifact of the averaging process and the nonlinearity of the 

Planck curve. 

Fig. 4 shows averages of all Ganymede and Callisto spectra with 22-.um 

TB above 130o K, with Voyager 1 and 2 done separately. The greater noise of 

the Voyager 2 spectra is obvious, as is the correlation of the 'noise' between the 

Ganymede and Callisto observations. Out to 1600 cuC 1 (6.25 /till) there are no 

spectral features visible above the noise even in the Voyager 1 spectra for either 

satellite. 

The Europa spectra are much colder than the Ganymede and Callisto spec

tra (the warmest one has a 22-p.m brightness temperature of only 115°K). Also, 

only Voyager 2 spectra, which are noisier, are available. The average shown in 

Fig. 4, including all spectra warmer than 90o K, shows no features in the low-noise 

region below 800 cm- 1 • An apparent feature around 830 cm- 1 is seen also in cold 

Voyager 2 Callisto spectra (but not in warm ones) and is probably noise (but see 

the discussion of the spectral properties of water ice below). 

Thermal Emission Spectroscopy 

Particulate silicate surfaces in the laboratory generally show features in their 

emission spectra (e.g, Conel, 1969), as does the Moon (Murcray et al., 1970). The 

physics of thermal emission from a rough or particulate surface is extremely com

plex, as photons emitted from one level can be re-absorbed or scattered at other 

levels, possibly at different temperatures, before emerging from the surface. The 

resulting spectrum depends not only on composition but also critically on com

paction, grain size, temperature, and surface temperature gradient as determined 

by solar heating and radiative cooling (Logan et al., 1975). 

To first order, the surface emissivity l(A) is equal to 1- A(A) at each wave

length A, where A(A) is the albedo. If l(A) has structure, spectral features will be 
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Includes all spectra with 22-Jtm TB warmer than 1300 K (Ganymede and Callisto) 
or 900 K (Europa), for both spacecraft. The number in parentheses indicates the 
number of spectra in each average. All spectra have been smoothed with a boxcar 
filter of width 14 cm- l . The lower quality of the Voyager 2 spectra is clearly 
seen, No unambiguous spectral features are visible: the features in the Voyager 2 
Ganymede and Callisto spectra above 800 cm- 1 are clearly sytematic calibration 
errors, as they reproduce between the two satellites but were not seen by Voyager 1. 
The arrows labelled 'kmaz ' and 'nmin' by the Europa average show the locations of 
water ice spectral features. 
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seen in the emission spectrum. Particulate ices and silicates are highly absorbing 

in the thermal infrared, so e( >.) is close to unity. Where the absorption coefficient 

k is especially high there is an increase in surface reflectivity (the restralen effect), 

and an emission minimum occurs, especially for large grain sizes. The surface is 

very dark in wavelength regions where the refractive index n is close to unity, (usu

ally on the short wavelength side of peaks in k), because of reduced scattering, 

and an emission peak is likely. Decreasing particle -size reduces spectral contrast 

but does not remove it entirely. Large near-surface thermal gradients, more likely 

on an atmosphereiess planetary surface radiating to space than in most laboratory 

measurements, greatly increase spectral contrast, but isothermal surfaces can also 

show spectral features. 

Hansen (1972, Appendix C) calculated e(.\) between 8 and 30 Ilm for an 

isothermal water ice surface composed of spherical particles with varying grain size, 

using the theory of Conel (1969) and water ice optical properties from Irvine and 

Pollack (1968). He showed significant spectral structure in the 8-14 I'm (1250-

700 cm- l ) region, for grain sizes 1 I'm or larger, but none for 0.3 Ilm grains. 

Figure 5 shows the optical properties of water ice (n and k) from the more 

recent compilation of Warren (1984), through the entire wavelength range of the 

IRIS data. There is an maximum in k at 820 cm- 1 (12.2 I'm), tending to give 

an emission trough with a corresponding minimum in n at 920 cm- 1 (10.9 I'm), 

tending to give an emission peak. This is an intriguing co-incidence with the possible 

Europa feature mentioned above, and these wavelengths are indicated next to the 

Europa spectrum in Fig. 4. Nothing is seen here, however, in the low-noise Voyager 1 

Ganymede and Callisto spectra in the 820-920 cm- 1 wavelength region. 

The other k maximum in Fig. 5 is at 214 cm- l (46.7 I'm), with the cor

responding n minimum at 262 em -1. The original data used by Warren in this 

spectral region (reproduced in Warren's Figs. 5 and 9) was taken at temperatures 
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WAVELENGTH. microns 

Fig. 5. Optical Properties of Warm Water Ice at IRIS wavelengths. 
From Warren (1984), for temperatures> 2100K. None of this spectral structure is 
unambiguously visible in the thermal emission spectra of the icy Galilean satellites 
(Fig. 4). 
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as low as lOooK, and transformed to 264°K in Warren's tabulation. The 100~K 

data shows that this k peak is more prominent at lower temperatures, and occurs 

at the higher wavenumber of 230 cm- 1 (43.5 JLm) at lOQaK. However, there is no 

sign of a feature in this wavelength range in any of the averaged mIS spectra. 

The lack of features in the icy Galilean satellite emission spectra (assuming 

the Europa features around 830 em -1 are noise) makes an interesting contrast to 

the Moon, 10, and laboratory silicate spectra. The fiat Ganymede and Callisto 

spectra in this region may be an indication of ice grain sizes smaller than 1 J-LID, if 

the emission from a real planetary surface is similar to that calculated using the 

idealized assumptions of Hansen (1972), and 11 most of the thermal radiation is 

from water ice surfaces. 

H the surfaces of Ganymede and Callisto are segregated into bright icy and 

dark non~ice regions as suggested in Chapter 8, it is possible that the emission 

from these two bodies is dominated by radiation from the darker, warmer non-ice 

material. Reflection spectra, in contrast, would be dominated by the light from the 

bright icy regions. In this case, the lack of emission features might constrain the 

nature of the dark non-icy material. Europa might be the only one of the three 

objects whose thermal emission comes mostly from water ice. 

Fitting the Spectrum Shapes 

As mentioned above, the steady increase in brightness temperature with 

wavenumber is a characteristic of every icy Galilean satellite IRIS spectrum. A 

positive slope of this sort is a natural consequence of the presence of unresolved local 

temperature contrasts, due to a variety of possible sources, within each IRIS field 

of view. Because of the nonlinearities of the Planck curve, warm surface regions 

always contribute proportional1y more of the radiation as wavenumber increases, 

resulting in higher brightness temperatures. However, the slopes might also be 
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due to non-unit, perhaps wavenumber dependent, emissivity, or a combination of 

factors. 

One of the major goals of this dissertation was to try and explain the spec

trum slopes, and to see how they might be used to understand the nature of the 

satellite surfaces. I also needed to check the possibility that the slopes might be a 

result of calibration errors in the IRIS instrument. To rea~ these goals I needed a 

method of characterizing each mrs spectrum, composed of several thousand data 

points, with a few numbers that could be compared between spectra or modelled 

theoretically. The chosen technique is now described. 

Choice of Fitting Technique 

Because the spectra plot almost as straight lines on a brightness temperature 

VB. wavenumber plot, the first approach I considered was to fit each spectrum with 

a straight line, or a low-order polynomial, in these coordinates. I rejected this 

approach for the following reasons: 

1) The spectra, especially the colder ones, are quite noisy at higher 

wavenumbers. In brightness temperature coordinates the noise becomes very 

'asymmetrical' as the SIN decreases towards unity. A doubling of the true 

spectrum radiance due to noise at high wavenumbers may only increase the 

brightness temperature by 20%. but a reduction of the radiance to zero due 

to the same amount of noise subtracted from the true radiance will reduce 

the brightness temperature by 100%. Negative radiances, which are common 

in low SIN portions of the spectrum, result in undefined brightness temper

atures. A fit to brightness temperature can thus only be done where SIN 

is much larger than 1, and the wavelength range where this is true varies 

depending on the spectrum temperature and the spacecraft. 



28 

2) A brightness temperature / wavenumber gradient is not itself very 

physically meaningful. The way the gradient varies with spectrum tempera

ture, for instance, does not indicate in an obvious way h.ow local temperature 

contrasts vary with 'average' temperature. 

I thus used a second fitting approach, a direct least-squares fit of the spec

trum radiances (rather than brightness temperatures) to combina.tions of blackbody 

curves at different temperatures. Radiances can be fit even in low SIN regions of 

the spectrum, and the parameters of the fit have a direct physical meaning. This 

technique has already been applied to Voyager IRIS spectra, to obtain the temper

atures of the 10 hot spots (Pearl and Sinton, 1982). The fitting algorithm I used 

was the Marquandt X2 minimization routine from Bevington (1969), designed to fit 

arbitrary differentiable functions to noisy data. 

Choice of Fit Paramet.ers 

When fitting the IRIS spectra with combinations of blackbodies, the possi

ble variables are the number of surfac2 components, the temperature of each, and 

the fractional surface coverage of each. The total fractional surface coverage of all 

components can also be allowed to vary from unity, which is equivalent to allowing 

a non-unit, wavelength-independent, emissivity. If there are insufficient free param

eters a good fit will not be possible, and if there are too many the fit will not be 

unique and thus not very useful. 

Blackbody combinations with a total fractional areal coverage of all compo

nents (equivalent to the overall surface emissivity) equal to 1.0 always give spec

tra that are concave upwards at small wavenumbers on a TB / wavenumber plot, 

whereas all the IRIS spectra plot as straight lines or are slightly concave downwards. 

Experimentation showed that the small wavenumber shape of the spectra could .be 

accurately matched by allowing the total fractional areal coverage to be less than 1. 

I thus selected emissivity as a free parameter. 
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There is no a priori reason to expect a. wavelength-independant non-unit 

emissivity over the large wavelength range considered here. What I call emissivity 

is an empirical parameter used to fit the spectra and only coincides with a 'real' 

emissivity (which could be used in calculations of actual surface temperature, for 

instance) if the assumption of wavelength-independence is valid. Even then, the 

emissivity is an average value for the various assumed surface components and the 

individual emissivities of each cannot be determined. 

I could fit all spectra well with just two components. Addition of more 

components did not reduce X2 but prevented a unique fit. However, even with 2 

components there was no unique solution if I allowed their relative fractional cov

erage to vary. Fixing the 2 components to have equal surface coverage gave poor 

fits to many spectra, but all spectra were fitted well if I fixed the fractional areal 

coverage of the warmer of the two components at 30%, and the cooler component 

at 70% (both these percentages being multiplied by the emissivity so that the total 

fractional coverage equalled the emissivity). This resulted in 3 free parameters; the 

temperatures of the 2 components and the total (wavelength independant) emissiv

ity. I have not investigated the possible significance of the 30/70 surface coverage 

ratio: it probably does not imply that all the surfaces observed actually have a 

discrete warm component occupying 30% of the surface. For my purposes this is 

simply an empirical number useful in characterizing the spectrum shapes. 

The synthetic radiance spectrum R(.\) fitted to each IRIS spectrum was thus 

given by: 

R(>') = «O.3B(>.,Td + O.7B(>.,T,» (1) 

with emissivity € and warm and cold component temperatures Tl and T2 as the free 

parameters. B(>.,T) is the Planck blackbody curve for temperature T. 

Another variable to be chosen was the wavenumber interval over which to fit 

the spectra. I chose a range of 218-1400 cm- 1 in order to fit the warmest spectra 
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over the full range of useful data (SIN is unity for a 160c K Voyager 1 spectrum at 

1400 em-I). I used the same fitting interval for all spectra regardless of spacecraft 

or temperature to avoid biasi'ng the fits, though this meant that for the colder 

spectra there was essentially no signal over a large fraction of the fitted interval. 

The Marquandt search algorithm weights different portions of the fitted interval by 

the local SIN so this lack of signal at high wavenumbers in cold spectra does not 

cause a problem for the fit. I provided the algorithm with noise level as a function 

of wavenumber for typical spectra for each spacecraft, and these noise levels were 

used in calculating the X2 for each fit. 

Fig. 4 shows the presence of systematic errors in the Voyager 2 spectra that 

become serious beyond about 900 cm -1, which might be expected to cause errors 

in the fits to these spectra. I tested this by fitting several hundred Voyager 1 and 

2 spectra over the shorter interval of 218-800 cm- 1 and comparing these to the 

'standard' fits. The differences in the fits are very minor, and no greater for the 

Voyager 2 spectra than for the Voyager 1 ones. The SIN in the 'badly behaved' 

region of the Voyager 2 spectra is apparently low enough that this region doesn't 

affect the fits very much. 

With these parameters and reasonable first guesses for their values, the Mar

quandt algorithm generally converged on unique fits in 3 or 4 iterations. Values of 

Xl: for the fits were generally in the range 1-2 (Xl: = 1 indicates a 'perfect' fit if 

the noise has been properly accounted for). Figure 6 shows an example of the fit 

to two typical Callisto spectra. Almost all fits are as close as these: larger values 

of X2 generally indicate an unusually noisy spectrum rather than a poor fit. 

Results of the Spectrum Fitting 

In this section I will describe the patterns of variation in spectrum shape 

between and on each satellite. Interpretation will be generally avoided, and saved 

for Chapters 6 and 7. 
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Fig. 6. Two-Component Blackbody Fits to Two Callisto Spectra. 
The same spectra shown in Fig. 1, with their least-squares fits obtained as described 
in the text. The fit to the warm spectrum (16421.59) has TE =148.6"K, 6T=27.3"K. 
and E=O.943. For the cooler spectrum (16425.22) the fit parameters are U6.0oK, 
39.9°K, and 0.879. The mIS spectra have been smoothed using a 14 cm- 1 wide 
boxcar filter. 
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The three fit parameters are the temperatures of the two components and 

the overall emissivity. However it is more useful to look at the results in terms of 

the emissivity f, the effective temperature, TE , defined by 

(2) 

which is the temperature of a blackbody emitting the same total flux over all wave

lengths, and the temperature contrast, cT, given simply by 

oT=T,-T,. (3) 

TE is an accurate measure of the total radiant energy at all wavelengths (including 

the contribution from the extrapolated portion of the spectrum longward of 50 !Jm, 

beyond the IRIS spectral range). 6T and f measure the spectrum slope. Crudely, 

6T controls the overall, linear, slope, and f controls the downward curving of the 

spectrum at small wavenumbers. Because neither oT or f alone uniquely determines 

the slope in any wavenumber interval, it is also also useful to look at the spectrum 

slope directly. In subsequent discussions and figures I will sometimes use the dif

ference in TB between 500 and 250 cm- 1 (20 and 40 JLm) as a standard measure of 

the spectrum slope. I determine the slope from the synthetic spectrum fit to each 

IRIS spectrum, not the IRIS spectrum itself, in order to avoid noise in the raw data. 

Appendix F tabulates these fit parameters for every fitted IRIS spectrum. 

Spectra whose field of view is not filled by the target, and includes dark sky, 

have unreliable temperatures and shapes (they are always steeper than comparable 

on-planet spectra), and I have excluded them from plots such as Figs. 7-9. For 

every spectrum I calculated the minimum separation of the edge of the field of view 

from the target's limb, and, unless otherwise stated, did not plot spectra for which 

this distance is less than 0.100 (compared to the 0.250 IRIS field of view diameter), 

to allow for pointing uncertainties. For Europa, where there are few spectra this 
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far from the limb, I used the more generous limit of 0.05°. The 'limb separation' is 

tabulated in Appendix F along with the other spectrum parameters. 

In warm spectra, f is remarkably constant at dose to 0.94 except for Voy

ager 2 Callisto spectra which have a significantly lower value closer to 0,92. See 

Figure 7 which plots all on-planet spectra. At lower temperatures there is increased 

scatter in E, including values as low as 0.5 and as high as 1.15. The scatter in the 

Ganymede data is fairly symmetrical about the high-temperature value of 0.94, but 

on Callisto this value appears to be an upper limit to € except in the coldest spec

tra. Much of the scatter is noise: at low temperatures the wavenumber interval with 

good SIN is too short to uniquely determine both € and 6T, and only an average 

slope can be derived from the data. As a result the Marquandt algorithm settles on 

a €, 6T combination that gives the correct slope, but the value of € (or 6T) alone 

is not usefully constrained. The shape of cold spectra is best characterized by the 

standardized spectrum slope. 

After noting the approximately constant value of the fitted emissivity, I tried 

fitting the IRIS spectra holding € constant at 0.94, and having Tl and T2 as the only 

free parameters. While this generally gave acceptable fits, many spectra with low 

'free' values of € were matched less well with € fixed at 0.94 (as checked by comparing 

x2 and also by direct plotting ofspectrum and fit). Much of the € variation in Fig. 7 

is therefore real. 

Figures 8 and 9 plot TE against 6T and spectrum slope for all on~planet 

spectra of the three icy satellites. These figures reveal one of the most striking 

results of this IRIS analysis. There are well-defined correlations between spectrum 

shape and TE , which are dramatically different for each satellite. Also worth noting 

are the large values of 6T: if the spectrum slopes are due to thermal contrasts 

then substantial fractions of each field of view must be occupied by areas with 

temperatures differing by up to 500 K. 
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Fig. 9. Effective Temperature VB. Spectrum Slope for all Spectra. 
'Spectrum slope' is the difference in TB between 500 and 250 em-l. The very 
distinctive trends exhibited by each satellite are clearly visible, as is the genera.lly 
good agreement between the data from the two spacecraft, except that the warm 
Voyager 2 Callisto spectra are steeper than those from Voyager 1. 
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The different trends must reflect a fundamental difference between the sur

faces of Ganymede and Callisto, and probably Europa also. There are many sam

pling biases resulting from the geometry of each Voyager flyby, which might produce 

distinctive correlations between spectrum parameters that would disappear if we 

had spectra at all possible viewing geometries and positions on the surface. How

ever, the very distinctive "(iT / TE trend on Callisto in Figs. 8 and 9, for instance, 

is equally apparent, and only slightly different, in the spectra from both Voyager 

flybys, and the two flyby geometries have virtually nothing in common (Table II). 

The same is true for Ganymede. The differences between the two pairs of data 

sets must therefore be intrinsic differences between the surfaces of Ganymede and 

Callisto, and not a result of different viewing geometries at each object. For Eu

ropa there is only one flyby and a limited range of sampling of the surface, but the 

Europa spectra are a different (less steep) shape than Ganymede spectra with sim

ilar geometries, and again almost certainly reflect an intrinsic difference in surface 

properties. 

I now discuss separately the shapes of the thermal spectra from the three 

satellites. 

Ganymede 

aT decreases steadily with decreasing TE , from a value near 400K for the 

warmest, subsolar, spectra to a mean value around 200K for the cold nighttime 

spectra. Spectrum slope, in contrast, is remarkably constant with temperature, 

though Fig. 11, with an expanded x-axis scale, shows some dependence of slope on 

temperature. 

Figure 10 shows the distribution of spectrum slope with latitude and local 

time on Ganymede, for both spacecraft observations. Note that all the steep cold 

spectra seen in Fig. 9 are from the south polar region, but that otherwise only 
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Fig. 10. Spectrum Slope as a Function of Time of Day and Latitude on 
Ganymede and Callisto. 
Each circle shows a spectrum locatioD, the diameter of the circle increasing linearly 
with spectrum slope from a. minimum of 1.5°K, represented by a dot, with the same 
scale on each plot. Voyager 1 and 2 data are both shown, but are not distinguished. 
The morning and evening terminators and the equator are shown. Note the fairly 
uniform slopes on Ganymede (apart from high values near the south pole), the 
increasing slope away from the subsolar point on Callisto, and the greater slope of 
the nightside spectra on Callisto than on Ganymede. 
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In 11a., circle diameter increases linearly with the fraction of bright crater 'material 
in the field of view. The largest circles indicate a pure bright crater spectrum. Both 
Voyager 1 and 2 data are shown but not distinguished: all the spectra with more 
than 25% bright crater material are from Voyager 2,.however. The small slope of the 
bright crater spectra is readily seen. llb is similar except that the fraction of dark 
(cratered) terrain rather than bright crater material is indicated. Only Voyager 2 
data are shown, in order that the vague slope/terrain correlation visible here is not 
obscured by slight slope differences between the Voyager 1 and 2 spectra. Spectra 
with more that 25% bright crater material have also been excluded, so that the 
smallest circles indicate pure light (mostly grooved) terrain spectra. The largest 
circles represent pure dark terrain spectra. 
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small regional variations are visible. Southern hemisphere nighttime spectra ap-: 

pear steeper than those in the northern hemisphere, but as the northt::rn spectra 

are from Voyager 1 and the southern from Voyager 2, and they refer ttl different 

longitudes, this may be a calibration difference or a variation with longitude rather 

than latitude. 

Figure 11 shows variations in spectrum slope with terrain type (subject to 

the provisos about pointing accuracy mentioned in Chapter 3). Fig. lla shows 

that bright crater materials have noticeably less steep spectra than other areas of 

Ganymede with similar temperatures. All these bright-crater spectra are of the 

ejecta blanket of Osiris, the very fresh large ray crater at 38° S, 1650 W seen in 

Fig. 2, and another bright crater south of it. 

There is less of an obvious difference in the shapes of the spectra of dark 

(cratered) and light (grooved) terrain. Fig. llb suggests that. among Voyager 2 

spectra colder than around 1250 K, dark terrain has steeper slopes than light terrain, 

with an opposite trend prevailing at temperatures between 135 and 1400 K. However, 

the correlation is too subtle to be entirely convincing, and there are many possible 

biases in the data set. Voyager might, for example, have simply happened to be 

observing dark terrain during a period when something else about the viewing 

geometry, such as phase angle, was tending to give steeper spectrum slopes. There 

is too little data to be able to separate out the effects of all the possible variables. 

There is no clearly visible correlation of slope with light/dark terrain fraction in 

the Voyager 1 data, not shown in Fig. llb. The Voyager 2 correlation may be real 

but the data is insufficient to demonstrate its reality. 

Callisto 

Callisto shows the most dramatic variations in spectrum slope. Except for 

the coldest spectra, both liT and slope increase steadily as TE decreases, in a well

defined trend opposite to the Ganymede liT trend. This can be Been in the raw 
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spectra, in Figs. 1 and 6. The warmest spectra are considerably shallower than 

the warmest Ganymede spectra. Again, Fig. 10 shows the global distribution of 

spectrum slopes. The steepest slopes are generally on the daytime hemisphere near 

the terminator, which may be an important clue as to their origin (see Chapter 6). 

The steepest slopes of all (apart from one anomalously-steep post-sunset spectrum), 

occur in the morning at high latitudes, which, intriguingly. is also the location of the 

steepest Ganymede spectra. Most of the nightside spectra are steeper than those 

on Ganymede. 

Unlike Ganymede, there is a difference in trend between the Voyager 1 and 2 

data sets visible on Figs. 8 and 9. The warm Voyager 2 spectra are distinctly steeper 

than those from Voyager 1. The difference is less apparent in the 6T plot, because 

some of the slope difference is interpreted by the least-squares fitting as a difference 

not in 6T but in f, as already noted above and on Fig. 7. The Voyager 2 wann 

(near-subsolar) spectra have both lower £ and higher 6T values than Voyager 1, 

both of which contribute to an increased slope. 

As both spacecraft saw essentially the same shape for the warm Ganymede 

spectra, it is unlikely that the slope difference is due to a calibration difference 

between the two Voyager IRIS instruments. The difference might be a diurnal 

effect: the warm Voyager 1 spectra are of the afternoon regions of Callisto, while 

Voyager 2 saw only the morning regions. However Fig. 10 shows no gradation 

in slope with local time across the noon meridian: there is a sharp jump in slope 

between the steep late-morning Voyager 2 spectra and the shallower early-afternoon 

Voyager 1 spectra (see also Fig. 29, Chapter 7). 

Alternatively, the slope difference might be a reflection of the global asymme

tries in Cdlisto's surface properties seen in groundbased visible-wavelength photom

etry and polarimetry. The warm (TE > 1400 K) Voyager 1 spectra cover longitudes 

0°-60°, (leading hemisphere) while Voyager 2 warm spectra are of the longitude 
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180°-240° region (trailing hemisphere). As discussed in Chapter 1, the trailing 

hemisphere of Callisto is the more Ganymede-like in its ground-based photometric 

and polarimetric properties. It is therefore very interesting that the same may be 

true of the spectrum slopes: the trailing (Voyager 2) hemisphere has warm spectrum 

slopes that are intermediate between the shallow slopes of the leading (Voyager 1) 

hemisphere and the steeper slopes seen in wann Ganymede spectra. 

Europa 

There are only about 20 Europa spectra, also shown on Figs. 8 and 9, that are 

probably not contaminated by dark sky in the field of view, and thus have reliable 

shapes. All are from low latitudes near the evening terminator or in the early part of 

the night. Despite this poor sampling the spectra appear distinctive from either of 

the Ganymede or Callisto trends. aT and spectrum slope are very small, indicating 

spectra closer to simple blackbodies than for the other two objects. There appears 

to be a trend of increasing spectrum slope with increasing temperature. 

Note that several Europa spectra were fitted with 6T = O. This appears 

to be an eccentricity of the Marquandt algorithm: in these cases it chose to fit 

the spectrum slope using non-unit emissivity alone. This only happens with cold 

spectra where, as mentioned previously, SIN is low enough that E and 6T cannot 

be determined independently. The fitted slope for the 6T = 0 spectra should still 

be reliable. 

Possible Explanations of Spectrum Slopes 

This section will give a brief description of the possible causes of the observed 

spectrum slopes, to set the stage for the quantitative modelling of later chapters. 
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Calibration Errors 

The consistent detection of the different slope/temperature trends on Eu~ 

topa, Ganymede and Callisto by the two Voyager ffiIS instruments is a good check 

on the instrument calibration. The spectrum slopes seen by both instruments must 

be real, not artifacts due to calibration errors, or no consistent Ganymede/Callisto 

difference would be seen. It is also comforting that, despite the calibration prob

lems with the Voyager 2 instrument mentioned in Chapter 2, when looking at a 

given temperature region on a given object it detects very similar spectrum slopes 

to the Voyager 1 instrument (with the exception of the warm Callisto spectra al

ready discussed, where there is probably a real shape difference between the two 

encounters) . 

Constant, Non~Unit Emissivity 

Wavenumber-independent emissivity is included as a fit parameter in the 

least-squares fitting procedure, and does appear to contribute to the observed slopes. 

However a good fit also requir~s sometimes large temperature contrasts: non-unit 

emissivity cannot explain the observed spectrum shapes alone. 

Wavenumber-Dependent Emissivity 

As shown above (Fig. 9) the spectra of Ganymede have a slope that hardly 

varies at all with spectrum temperature. At first sight this suggests the possibility 

of an emissivity that varies steadily with wavenumber, but does not depend much 

on temperature, as an explanation for the slope. We can check this possibility as 

follows: 

Suppose a spectrum R(A) is emitted by an isothermal surface at temperature 

To that has wavelength-dependent emissivity f'(.\). Then 

R(A) = "(A)B(A,To). (4) 
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IT R(~) can also be fit using the standard least-squares procedure, with fit param

eters Tll T:.z, and f, then from Equation 1 

and 

,(O.3B(A,T, ) + O.7B(A,T,)) = <'(A)B(A,To) 

"(A) = ,(O.3B(A,T, ) +O.7B(A,T,)) 
B(A,To) 

(5) 

(6) 

so (1(.\) can be determined as a function ofTl ! T:.zI and 10. A typical warm Ganymede 

spectrum can be fit with € = 0.94 and DT = 40oK. If Tl and T:.z are 1700K and 

1300K respectively, TE = 143.5°K (Equation 2). Figure 12a shows (1(..\) as de

rived from Equation 6 with these values, and the assumption of To = 155°K. In 

order to produce an almost constant slope in the TB spectrum from an isother

mal surface, (' must vary drastically and non-uniformly with wavenumber. Though 

little is known about the emissivity of cold, rough, icy surfaces (see the 'Thermal 

Emission Spectroscopy' section of this chapter), such behavior does not seem very 

physical. The Galilean satellite thermal spectrum slopes are thus probably not due 

to wavelength-dependent emissivity. 

In addition, if the emissivity is constant with temperature, Fig. 12b shows 

that such an f'().,) will give a TB spectrum slope which decreases with decreasing 

surface temperature, at variance with the data. So the constant spectrum slopes 

on Ganymede certainly do not reflect a temperature-independent, wavenumber

dependent emissivity. 

Global Temperature Gradients 

Every IRIS field of view covers a range of latitudes and times of day, and 

thus includes temperature gradients related to the global temperature distribution 

(Chaptel' 5). It is not possible to calculate the spectrum slopes produced by these 

gradients because the variations in instrument sensitivity across the field of view 

are not well known. However, I was able to constrain the contribution of the global 



WAVELENGTH, microns 
A 1.0r-__ ~5~0,-~30~~2~0 __ ~1~5~ ____ -21~0 __ ~9 __ ~ __ ~,--, 

>-
t:; .8 

~ 
UJ 

;'; 
::;: .6 
w 

.4 0 

B '60 

140 

120 

" 
I-w 

100 

80 

60 0 

I 
I 

I 

400 800 1200 1600 

WAVENUMBER, cm- 1 

VOYAGER 1 GANYMEDE 

+f + to. + 

~~~ 
I >+; +1 

I + :: 
/ 

... 
I •• + 

I '"..:t-+ -;:+ 
I • • ++ .. . : . 

4 6 8 10 12 
SPECTRUM SLOPE (Ta 500 - Ta 250 ' K) 

45 

Fig. 12. Spectrum Shapes Resulting from Wavelength-Variable Emis
sivity. 
12a shows the variation in emissivity with wavelength that is necessary to produce a 
typical warm Ganymede spectrum from an isothermal surface at 1550 K. The dashed 
line on 12b shows the effective temperature VB. spectrum slope trend produced by an 
isothermal surface at varying temperatures, with this same wavelength-dependent 
emissivity. The spectrum slope decreases steadily with decreasing temperature, 
unlike the Voyager 1 Ganymede data that is also shown. 
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temperature gradients to the spectrum slopes by comparing spectra with differing 

temperature gradients across their fields of view. 

By drawing isotherms on plots similar to Fig. 2 it is a simple matter to 

determine the approximate variation in effective temperature across the diameter 

of an IRIS field of view. For a typical nearwterminatoI low-latitude Voyager 2 

Europa spectrum there is a variation of about 12"K across the field. For Voyager 1 

and 2 Ganymede the equivalent values are 10" K and 7" K respectively, and for 

Voyager 1 and 2 Callisto spectra typical variations are 18"K and 35°K. So for 

Callisto, the temperature gradient across Voyager 2 spectra is typically twice that 

across Voyager 1 spectra, yet the near-terminator spectrum slopes (Fig. 18) are 

much the same for each spacecraft. Similarly, there is a larger gradient across the 

Europa fields of view than the Ganymede ones, but the Ganymede spectra are 

steeper, Therefore the temperature variation across the field of view is a small 

contribution to the total observed spectrum slope for most IRIS spectra. 

Local Temperature Contrasts 

Local temperature contrasts are left as the most likely major cause of the 

observed spectrum slopes. They can be produced by a variety of mechanisms, and 

the likely ones are now listed: 

1) Topography. A rough surface (on whatever scale) will give local vari

ations in illumination conditions, and thus varying temperatures also. Shad

owed regions will be cooler than those tilted towards the sun. Less obvi

ously, under a high sun, depressions will be warmer than elevations because 

a depressed point receives thermal radiation from other points in the same 

depression. Elevations, in contrast, receive little radiation from their sur

roundings, 
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2) Albedo variations. Other things (such as thermal inertia) being equal, 

high-albedo regions will be colder than dark regions at all times of day. A 

'checkerboard' surface of bright and dark regions mixed on a scale smaller 

than the IRIS field of view will result in a sloped IRIS spectrum. 

3) Thermal inertia variations. Low thermal inertia materials show large 

diurnal changes in surface temperature, high thermal inertia gives small di

urnal changes. This means that high thermal inertia materials (e.g. rocks) 

will tend to be colder during the day than low thermal inertia materials (e.g, 

dust), with the reverse being true at night. So a mixed rock/dust surface, 

for instance, will also show temperature contrasts, 

Each of these mechanisms would be expected to produce different patterns of 

variation of spectrum slope with sun angle, time of day, etc., and each is amenable 

to theoretical modelling (to varying degrees), in order to determine these patterns. 

I will describe the modelling in Chapters 6 and 7. 



CHAPTER 5 

GLOBAL TEMPERATURE DISTRIBUTIONS 

This chapter will discuss the global distribution of effective temperature on 

each of the icy satellites. Again, the main purpose is to present the data, and 

interpretation will largely he reserved for subsequent chapters, especially Chapter 7. 

Determining Surface Thermal Conditions 
from Observed Effective Temperatures 

Below I list factors affecting the observed effective temperature that should 

be kept in mind when translating observed TE '8 into actual surface temperatures, 

and when comparing Voyager 1 and Voyager 2 temperature data. 

Local Temperature Contrasts 

As the previous chapter demonstrated, it is probably not meaningful to as

cribe a single kinetic temperature to a region of a satellite, as the slopes of the IRIS 

spectra probably indicate the ubiquitous presence of local temperature variations 

with magnitudes of several tens of degrees. What I do in this chapter is map the 

regional variations in effective temperature, TE , determined by the least-squares fit

ting of the spectra, which is an indication of the total amount of thermal radiation 

emitted by a region. 

Beaming 

Planetary surfaces are known to emit thermal radiation in an anisotropic 

manner, so that the effective temperature of a given region varies with viewing 

geometry. This effect is known as 'beaming'. It should be taken into account 

when mapping surface temperatures, especially with the Voyager IRIS data set in 

48 
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which different regions are observed with very different viewing geometries. Ap

pendix A therefore describes the beaming observed on the Galilean satellites and 

compares it to that on the MooD, the only air less body for which there is compa

rable disk-resolved thermal emission data. The conclusion is that although crude 

measurements of the beaming on Ganymede and Callisto are obtainable from the 

IRIS data, and are comparable to anisotropies observed on the Moon, the data 

are insufficient to allow correction of the observed TE's for beaming effects. There 

are likely to be discrepancies of a few 0 K in T E measurements of the same region 

over the range of viewing geometries found in the IRIS data, higher phase angle 

observations being colder. 

Emissivity 

The effective temperature TE is related to the actual surface temperature T 

of an isothermal surface by the emissivity 10: 

uT~ = R = wT4 (7) 

where R is the radiant flux integrated over all wavelengths and € is the Stefan

Boltzmann radiation constant. Therefore 

(8) 

For the undoubtedly non-isothermal surfaces of the Galilean satellites this equation 

is too simplistic, as there is no single T. However, it should be kept in mind that 

if the € value of around 0,94 determined by the least- squares fitting in Chapter 4 

is a real emissivity, mean surface temperatures will be 1.6% higher than TE , and 

a surface with TE = 130"K will have a mean temperature closer to 132"K. This 

emissivity effect is in addition to the viewing geometry effects just discussed. 
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Distance from the SUD 

Because of the eccentricity of Jupiter's orbit, its distance from the sun 

changed between the two Voyager encounters. At the Voyager 1 encounter on 

5 March 1979 the solar distance was 5.29 A.U., and at the Voyager 2 encounter on 

9 July 1979 the distance was 5.33 A.D. (from the American Ephemeris, 1979). The 

mean solar distance is 5.20 A.D. This change also has an effect on surface tempera

tures. Equilibrium temperature TSQ at solar distance D A.D., with solar incidence 

angle i and bolometric albedo A is determined by equating radiated thermal and 

absorbed solar radiation: 

,uT~Q = (1- A)(FsdD') cos i (9) 

where FS1 is the solar constant at 1 A.U. So, other things being equal, TEQ is pro

portional to D- O•5 • The same relationship with solar distance is essentially true for 

nonequilibrium temperatures resulting from a surface with non-zero thermal inertia. 

Therefore, to be compared with Voyager 1 temperatures, Voyager 2 temperatures 

should be increased by a factor of V(5.33/5.29), or 1.004. A temperature of 130.0o K 

seen by Voyager 2 is equivalent to a temperature of 130.5°K seen by Voyager 1, or a 

temperature of I31.6°K when Jupiter is at its mean solar distance. The correction 

between the two encounters is small enough compared to other effects that I have 

not applied it, in the interests of simplicity. 

Global Lightcurves 

As mentioned in the Introduction, all the icy Ga1ilean satellites have sig

nificant orbital lightcurves, Europa and Ganymede being 34% and 15% brighter, 

respectively, on the leading hemisphere, and Callisto being 13% brighter on the 

trailing hemisphere (all values for the V filter). For constant surface thermal iner

tia, this will introduce temperature variations that may show up as discrepancies 

in the Voyager 1 and 2 effective temperatures for a given latitude and local time. It 
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is interesting to determine the approximate magnitude of these temperature varia

tions. 

Equilibrium temperature varies as (1 - A)O.25 (Equation 9, above). Albedo 

variations therefore have more effect on temperature on bright surfaces. If the 

dark-hemisphere bolometric albedos of Europa, Ganymede, and Callisto are, say 

0.55, 0.30, and 0.13 (c.f. Squyres and Veverka, 1981; Buratti and Veverka, 1983), 

and the bright-hemisphere albedos are thus 0.737, 0.345, and 0.147, then dark

hemisphere equilibrium temperatures will be warmer by 14.3%, 1.7%, and 0.5% 

respectively. These values are from the hemisphericaUy averaged lightcuves so local 

variations will be somewhat larger. The effect on Europa, with its high albedo and 

large lightcurve, is considerable, while on Callisto there is almost no temperature 

variation due to the lightcurve. If the Ganymede lightcurve is due largely to the 

larger amount of dark cratered terrain on the trailing hemisphere (as suggested by 

Johnson et al. (1983)), lightcurve effects will not be apparent if temperatures are 

compared only between similar terrains. 

Distribution of Effective Temperatures 

Figures 13 and 14 are isotherm plots of the effective temperature as a function 

of latitude and time of day on the three icy satellites. Similarly, Figures 16 and 

17 show equatorial TE profiles versus time of day. On Fig. 16, showing Ganymede, 

terrain types are distinguished, and spectra containing more than 25% bright crater 

material are excluded. As there is a large overlap in the latitude / time of day 

coverage of Ganymede from the two spacecraft, there is a separate plot for each 

encounter in both Figs. 13 and 16. On Callisto there is almost no overlap, and data 

from both encounters arc shown on the same plots. For Europa, of course, there is 

only Voyager 2 data and only one plot is needed in each figure. 

The isotherms on Figs. 13 and 14 are hand-drawn using the values of TE at 

each of the spectrum locations shown. For Europa and Ganymede the isotherms 
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Effective tempera.ture is contoured as a function of latitude and time of day for each 
Ganymede encounter. Isotherm interval is 10° K: selected 5° K isotherms are shown 
as dashed lines. The centers of all the spectrum locations used in compiling the 
isotherms are also shown, as are the approximate longitudes corresponding to the 
local times at each encounter. 
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Fig. 15. Albedo Influence on Voyager 2 Ganymede Daytime Tempera
tures. 
5° K interval isotherms of effective temperature are shown on a wide-angle image of 
Ganymede, using the data from the mosaic shown in Fig. 2 (q.v. for details)' The 
dots show the centers of all the spectrum locations used in compiling the isotherms. 
The dark cratered terrain is warmer than the intervening bright grooved terrain, 
and the coldness of the ejecta blanket of the bright crater Osiris is conspicuous. Note 
that the isotherms were drawn 'blind' without reference to the albedo patterns in 
the image. 
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are almost exact (i.e. almost all spectra lie between the appropriate isotherms). On 

Callisto there is more scatter in effective temperatures and more compromises were 

necessary in drawing the isotherms: see the Callisto discussion below. 

I summarize the diurnal equatorial temperature distributions in Table III. 

The maximum observed effective temperature is given, along with its local time in 

degrees. The temperatures at sunset, midnight, and sunrise (local time = 270", 

360", and 900 ) are also shown. I give more detail on the circumstances of these 

observations below. 

Ganymede 

The Voyager 2 temperature distribution, being simpler than Voyager I, will 

be described first. 

The daytime temperature distribution in the Voyager 2 Ganymede data 

shows strong albedo control, dark cratered terrain being warmer than bright grooved 

terrain with the same illumination geometry. There is also a conspicous cold spot 

associated with the crater Osiris and its very bright ray system, up to 15°K colder 

than its surroundings. The albedo control is seen best in Fig. 15, where isotherms 

are overlayed on an actual image. It can also be seen on the diurnal profile in 

Fig. 16, though the full extent of the light/dark terrain temperature contrast is not 

visible because none of the low-latitude warm spectra contain 'pure' light terrain. 

The terrain difference appears to decrease towards the terminator. 

The subsolar effective temperature, on dark terrain observed at 33° solar 

phase angle, is 147°K. The Voyager 2 nighttime temperature distribution is very 

smooth, about 105°K at sunset on the equator (on bright grooved terrain) and 

slowly cooling through the night, reaching about 94°K at midnight. The region 

observed at night by Voyager 2, visible in far-encounter images, is mostly bright 

grooved terrain: no nighttime field of view has more than 50% dark terrain. 
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Table III. Equatorial Effective Temperature Distributions 

The 'SIC' column gives the spacecraft (Voyager 1 or .2). Local time of temperature 
maximum is in degrees. '-' indicates a lack of coverage. Neither spacecraft precisely 
measured or located the maximum temperature on Callisto due to incomplete cov
erage. Therefore the temperatures and local times of the warmest spectra from each 
Callisto encounter are given. 

Effective Temperature, OK 
Satellite S C Max. Time Sunset Midnight Sunrise 

Europa V.2 (- ) 91 

Ganymede V.l 140 (210) 107 94 

Ganymede V.2 147 (190) 105 94 

Callisto V.l 156 (190) <89 80 

Callisto V.2 158 (180) 75 
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Figs. 13 and 16 show that Voyager 1 equatorial temperatures are compara

ble to those from Voyager 2 in the late afternoon (local times 225°-270°), but at 

earlier local times they are cooler than Voyager 2. In fact it seems that the diur

nal temperature profile is more or less flat at local times between 2000 and 2250 , 

whereas there is an appreciable drop in surface temperature over this range of local 

times in the Voyager 2 data. The reason for this difference is not obvious, though 

it is possibly due to beaming effects, as the Voyager 1 data was taken at higher 

phase angles and the near-subsolar spectra are closer to the limb, where thermal 

emission anisotropies might be more pronounced. Alternatively, there may be a 

higher surfac1l thermal inertia on the Voyager 1 hemisphere, which would reduce 

the maximum diurnal temperature and shift it to a later local time. 

The maximum Voyager 1 effective temperature is 140<>K at a local time 

of 210<> and a solar phase angle of 50°. The equatorial temperature at sunset is 

about 107°K (on a mixture of terrains) and the equatorial midnight temperature 

is 94<>K, on mostly dark terrain, though the nighttime temperature distribution is 

not smooth, as discussed below. 

Less albedo control is visible in the Voyager 1 than the Voyager 2 data, except 

that the warmest temperatures occur south of the equator in a region that is mostly 

dark terrain. Albedo contrasts between the grooved and dark terrains appear to 

be less marked than on the Voyager 2 hemisphere (see, for instance, the cylindrical 

projection global mosaics of Johnson et al., 1983: the very dark Perrine Regio, seen 

by Voyager 1, was too close to the limb to be seen reliably by IRIS). The subdued 

albedo contrasts on this hemisphere would result in smoother isotherms. 

There are two anomalously cold regions in the Voyager 1 data, additional to 

the depressed early-afternoon temperatures already mentioned. The first is north 

of the equator in the early afternoon (local time 200°), outlined by the downward

dipping 130<>K isotherm in Fig. 13. It includes dark terrain and thus is probably 
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not albedo-related. It was seen in several spectra and is probably real, though all 

these spectra are rather close to the limb and it is possible that beaming effects are 

responsible for the low thermal emission. H this is a true region of depressed surface 

temperatures, it may be due to anomalously-high thermal inertia. It is centered on 

20° N, 10° W. 

The second cold spot is in darkness, and is outlined by the 900 K isotherm 

near the equator at a local time of around 330c in Fig. 13. This thermal anomaly is 

definitely real: it appears on several spectra from independent scans with differing 

geometries. Again, it is not due to albedo: the cold region includes more dark terrain 

than the warmer areas to the north of it. If it is controlled by thermal properties it 

is a low thermal inertia region, cooling more rapidly than its surroundings during 

the night. It is centered on 0° N, 250° W. 

Callisto 

The abovementioned large scatter in effective temperatures on Callisto is 

perhaps due to the wide range of viewing geometries (which will enhance beaming 

effects) and the close spacing of the isotherms seen on Fig. 14 (which will increase 

the effect of pointing errors on TE ). Even so, few spectra on the Callisto plot 

have TE more than 5°K different from the value obtained by interpolating nearby 

isotherms. In the area of overlap of Voyager 1 and 2 coverage of Callisto there are 

discrepancies of rarely more than 5°K, Voyager 1 spectra tending to be colder. 

A much more complete temperature distribution is available for Callisto 

than for Ganymede, because of the complementary nature of the two flybys. The 

maximum effective temperature of 158° K occurs very close to the subsolar point 

and daytime isotherms are quite symmetrical about the noon meridian, except that 

the equatorial sunset temperature of about 89°K is 14°K warmer than the sunrise 

temperature {75°K}, with a slow cooling during the night. Suprisingly, Callisto 

is colder than Ganymede at night despite its lower albedo and higher subsolar 
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temperature, and as a result the daytime temperature gradients across the surface 

are much steeper than on Ganymede. 

Chapter 7 shows that the late afternoon temperatures on Callisto seen be 

Voyager 1 are too cold to fit with a thermophysical model that matches the rest of 

the surface. This may indicate anomalous thermal properties in this region (around 

0-300 N, 3300 W), or possibly unusual beaming effects, as this region was observed 

at large emission angles. 

Europa 

The small amount of data available is still sufficient to place interesting con

straints on Europa's temperature distribution. The sunset temperature of around 

91°K is comparable to that on the much darker Callisto, and what can be seen of 

the daytime temperature gradient is much shallower than Callisto's (Le. afternoon 

cooling as a function of local time is less rapid than on Callisto). There is measur

able cooling during the early part of the night. The range of longitudes included in 

this data is 90-160° W, in a bright portion of Europa's hemispherically-averaged 

lightcurve (Morrison and Morrison, 1977). 



CHAPTER 6 

SURFACE ROUGHNESS AS A POSSIBLE EXPLANATION 
OF THE IRIS SPECTRUM SHAPES 

I suggested in Chapter 4 that surface roughness (or topography) was a possi

ble cause of the temperature contrasts inferred from the slopes of the IRIS spectra. 

The temperature of a rough surface varies with location because of the varying 

illumination geometry, and the trapping of heat in depressions. 

Figure 18 plots spectrum slope against solar incidence angle for all the on

planet icy satellite IRIS spectra. It shows, in a slightly different form from Fig. 9 in 

Chapter 4, the different trends of spectrum slope observed on Europa, Ganymede, 

and Callisto. The Callisto spectrum slopes increase dramatically towards the ter

minator (i = goo), and then drop off suddenly on the night side (i > 90°). Neither 

Europa nor Ganymede shows such a trend, except for the steep south polar spectra 

of Ganymede mentioned in Chapter 4 (Fig. 10). 

The Callisto trend is what would be expected l intuitively, from a rough 

surface. Spectrum slopes due to roughness should increase with increasing solar in

cidence angle, due to increasing temperature contrast between lengthening shadows 

and warm slopes tilted towards the sun. It therefore seems likely that this is the 

chief explanation for the steep near-terminator slopes seen on Callisto in Fig. 18. 

Once the Bun is below the horizon temperature contrasts and spectrum slopes should 

decrease, also in accord with the Callisto trend in Fig. 18. 

Topographic Thermal Models 

In order to determine whether the steepening of the Callisto spectra at low 

sun angles is due to topography (and to understand the lack of a similar effect 
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All on-planet spectra are shown. The sharp increase in the slope of daytime Callisto 
spectra towards the terminator (90° solar incidence), and sharp reduction of slope 
once on the night side, is well seen. Ganymede and Europa do not show this effect. 
All the steep Ganymede spectra are near the south pole (Fig. 10). 
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on Ganymede and Europa), I have tried to obtain a quantitative understanding 

of the effects of local topography on surface temperatures. This is not a trivial 

problem, because the temperatures on a rough surface are determined not only by 

the absorption of direct sunlight. but also by the absorption of scattered sunlight 

and thermal radiation from nearby topography. 

The temperature distribution across, and the resulting angular distribution 

of thermal emission from, an obliquely-illuminated rough surface has been modelled 

by Winter and Krupp (1971) and Hansen (1977). However both papers are con

cerned with different problems than mine, and neither gives results in a form that I 

can use directly to determine the shapes of thermal emission spectra from a rough 

surface. I have therefore adopted two approaches: 

Model A. Winter and Krupp (1971) calculated and published temperature 

profiles across hemispherical lunar craters with a variety of solar illumination 

angles. I have used these profiles to calculate the expected thermal emission 

spectra as a function of viewing angle and solar illumination angle. 

Model B. I have constructed my own simple (2wdimensional) topographic 

temperature model to investigate the effects of a wider range of input pa

rameters (particularly albedo) than are used by Winter and Krupp. I have 

then calculated the expected thermal emission spectra from this model in 

the same way as from the Winter and Krupp temperature profiles. 

Both approaches are described in detail in Appendix B. 

The possible input variables for both models are the depth/width ratio and 

fractional areal coverage of the trenches (the rest of the surface being smooth and 

horizontal), the surface emissivity (not treated rigorously), and the solar incidence 

and viewing emission angles, and for model B only, the surface albedo. For each 

combination of input parameters the model produces a thermal emission spectrum, 
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or the fit parameters 6T, TEl and E calculated for that spectrum using the same 

2-component blackbody fit routine used on the ffiIS spectra in Chapter 4. 

Figures 19, 20 and 21 show, for each model, the effects of some of these 

variables on the calculated thermal emission spectra, and compare the model trends 

to those observed on Ganymede and Callisto. The slopes of the spectra are shown in 

two ways, as the temperature contrast ST of the 2-component blackbody fit to the 

spectrum, and more directly as the difference in brightness temperature between 

500 and 250 em-I, 

The dependence of spectrum slope on viewing (emission) angle is shown by 

the width of the ribbons representing each combination of trench depth/width ratio 

D and areal coverage. In model B, (Figs. 19 and 20) the main effect of decreasing 

the trench depth is to decrease the variation of spectrum slope with emission angle. 

Otherwise, the trend of spectrum slope with Bolar incidence angle is seen to be 

relatively insensitive to trench depth. In model A (Fig. 21), the effect of trench 

depth is more complex. 

Fig. 19 shows model B albedos roughly appropriate for Ganymede, and 

Fig. 20 shows the same for Callisto, both with the actual data superimposed. The 

model albedos are 'single scattering' albedos, (see Appendix B) so the chosen values 

are higher than the actual satellite albedos, though comparison of the Figs. 19 and 

20 shows that the effect of model albedo on the results is small. The model A albedo 

is fixed at a lunar value (0.08) most appropriate for Callisto, so only Callisto data 

is shown on Fig. 21. 

Ganymede 

Fig. 19 confirIIlB suspicions that the Ganymede spectrum slopes cannot be 

due primarily to topographic temperature contrasts. The main effect of topography 

on the thermal emission spectrum is to increase the spectrum slope with increasing 
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solar incidence, a trend not observed on Ganymede. Multiple scattering of sunlight 

does not wash out temperature contrasts on a bright surface, as can be seen by 

comparing the model B results in Figs. 19 and 20. Therefore the apparently very 

small topographic temperature contrasts on Ganymede are not due to its high 

albedo, and subdued topography is a more likely explanation. 

The topographic model can be used to place very crude upper limits on the 

roughness of Ganymede's surface (see the end of this chapter for a discussion of the 

length scale of the roughness). Whatever else is producing the spectrum slopes on 

Ganymede, it can only add to the slopes due to the inevitable topographic temper

ature contrasts. From Fig. 19, the low-sun Ganymede spectra are consistent with a 

surface with not much more than about 15% coverage of topography rough enough 

to give significant thermal contrasts. A rougher surface would give steeper low-sun 

spectra than are observed. However, this is not a firm quantitative conclusion be

cause of the crudeness of the topographic model. The small number of Ganymede 

spectra in Fig. 19 that show steep slopes at high solar incidence are all from very 

high southern latitudes, as was mentioned previously. Maybe the surface is rougher 

here, perhaps due to reduced ice mobility. 

Callisto 

Both models, with a 60% coverage of trenches (with either aspect ratio), 

provide a good fit to the Voyager 1 Callisto trend of spectrum slopes in the 250-

500 cm- 1 region (Fig. 20). The high-sun Voyager 2 spectra are somewhat steeper 

than the model, maybe indicating a more Ganymede-like surface in the 210° lon

gitude region where they were taken. However the fitted temperature contrast in 

model B at high sun elevations is considerably too small, indicating that the model 

spectra, while of the right steepness in the 250-500 cm- 1 region, are not of the 

right shape across the whole spectrum. Model A, with a 60% coverage of deep 

trenches, matches the fitted temperature contrasts better, but also exhibits very 
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large variations of spectrum slope with emission angle at low solar elevation, which 

are not seen in the data (Fig. 21). 

So neither model fits the Callisto trend perfectly, but as both models are 

rather crude this is not suprising. The differences between them at least give some 

idea of the range of effects that topography can have on thermal emission spectra. 

Because both models can match the increase in spectrum slope with decreasing 

sun elevation, with reasonable topography, and because of the sudden reduction in 

spectrum slope from day to night across the terminator (Fig. 18), I am satisfied that 

the Callisto spectrum slopes are due largely to topography. In Chapter 7 I briefly 

consider the ways in which the fit to the Callisto slopes might be improved further 

by the introduction of a small amount of lateral inhomogeneity on the surface. 

A more complete topographic model, with three dimensions and arbitrarily

shaped topography, (essentially a reconstruction and extension of the Winter and 

Krupp, and Hansen, models) could be developed from model B and would be a 

logical next step in the analysis of the Callisto data. 

Europa 

Fig. 19 also shows the spectrum slopes for Europa. The spectrum slopes are 

remarkably small. It appears that the surface of Europa must be even smoother than 

that of Ganymede, with 15% or less coverage of thermally~significant topography. 

As with Ganymede there is no steepening of spectrum slopes towards the terminator, 

in fact if anything the near~terminator spectra are flatter than the higher-sun ones. 

The variation in thermal emission from a given point with viewing geometry, 

seen (poorly) in the Voyager data for Ganymede and Callisto, (as I describe in 

Chapter 5 and Appendix A), is probably also due to local topography. It was this 

'beaming' effect on the Moon, rather than variations in spectrum slope, that Winter 
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and Krupp (1971) were trying (successfully) to match by their crater temperature 

model. The dependence is mostly in the form of a decrease in thermal emission 

with increasing phase angle, and is conveniently expressed as a 'thermal phase 

coefficient', defined in Appendix A. 

Models A and B should be able to match the observed beaming as well as the 

spectrum slope variations. I used both models to calculate thermal phase coefficients 

as a function of solar incidence angle, emission angle, and the other variables (trench 

fractional coverage, albedo, trench depth) available in each. The model results are 

shown in Fig. 22, along with the thermal phase coefficients observed for Ganymede 

and Callisto, from Appendix A. 

Both models give about the correct beaming if a 60% trench coverage is 

assumed. Deeper trenches give considerably higher thermal phase coefficients: it 

seems that trench depth has more effect on phase coefficient than on spectrum 

slope. The problem, of course, is that the Ganymede phase coefficients sUGgest a 

high value for trench coverage whereas the Ganymede spectrum slopes suggest a 

smoother surface. The discrepancy is probably a result of the inadequacy of the 

current topographic thermal models, as well as the imprecision of the measurements. 

For Callisto the single thermal phase coefficient derived from the data is consistent 

with the surface roughness suggested by the spectrum slopes. 

It is worth noting that Winter and Krupp (1971), using the original version of 

model A, concluded that the beaming observed on the Moon could be matched best 

by a surface with about 2/3 coverage of sharp and subdued craters, with rather more 

D = 0.25 than D = 0.5 ones (D is the crater depth/width ratio in Appendix B). This 

is not too different from the best fit to Callisto spectrum slopes and beaming with 

the current models, i.e. about 60% coverage of significant topography, so Callisto 

probably has a 'thermally significant' surface roughness comparable to the Moon's. 

There is no beaming data available for Europa. 
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Fig, 22. Thermal Phase Coefficients: Comparison of Topographic Mod
els with IRIS Observations. 

Coefficients for models A and B, as a function of solar elevation. The four ribbons in 
each plot are defined as in Figs. 19-21, with the ribbon width giving the variation 
in thermal phase coefficient with emission angle, between 00 and 300 either side 
of the vertical. The model B results are shown for an albedo of 0.2 only: the 
results for A ;::: 0.45 are very similar. Also shown are observed thermal phase 
coefficients for Ganymede (GI-3,6) and Callisto (el) with estimated errors equal 
to the measurements. 
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Fig. 23. Visual Comparison of Topography on Ganymede and Callisto. 
Voyager 1 images of the terminator regions of Ganymede (left) and Callisto (right), 
qualitatively showing the difference in surface roughness. Note the greater frequency 
of highlighted sun-facing slopes on Callisto, indicating a rougher surface at a kilo
meter scale. Both images have very similar resolution, geometry, and processing 
(simple linear stretch). Distance across each image is about 1000 km. Images are: 
Ganymede: 16405.42, range = 133,000 km, solar phase angle = 810. 
Callisto: 16425.18, range = 125,000 km, solar phase angle = 83° , 
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Scale of Topography 

The length scale of the topography whose signature appears (or fails to ap

pear) in the IRIS spectra is not determined by the computer model, the physics in 

the model being scale-independent. Limits can be placed from other considerations, 

though. The topography must be large enough that conduction does not remove 

the temperature contrasts. Conduction will be effective during a diurnal cycle only 

over distances of tens of centimeters on Ganymede and Callisto (the size of the 

skindepthj see Chapter 7), so topography giving a thermal signature is probably 

larger than several centimeters in scale. 

Apart from this limit, the relevant scale of topography will be that for which 

r.m,s. slopes, and thus thermal contrasts, are largest. Planetary surfaces tend to 

get smoother as scale increases, boulders having steeper sides than mountains. It is 

therefore likely, but by no means certain, that the scale of the topography probably 

responsible for the thermal signature on Callisto is larger than centimeter size, but 

not drastically larger. 

It is worth noting that on the scale of the Voyager images Ganymede is no

ticeably smoother than Callisto, as seen qualitatively in Fig. 23, which compares 

Voyager 1 images of Ganymede and Callisto with very similar illumination and view

ing geometry. resolution, and image processing. Though the topography producing 

the thermal signature on Callisto is probably smaller than the kilometer-plus scales 

visible in this image, the Ganymede / Callisto roughness difference may persist at 

smaller scales too. Likewise, Europa appears even smoother than Ganymede in the 

thermal data discussed here and also in the Voyager images, though the spatial scale 

probed by the thermal data is probably smaller than that visible in the pictures. 



CHAPTER 7 

MODELLING OF DIURNAL TEMPERATURE VARIATIONS 

This chapter is concerned with my attempts to match the observed diurnal 

temperature variations on Europa, Ganymede, and Callisto with thermophysical 

models that consider the diurnal flow of heat in and out of the surface. Three 

possible surface models are considered: a homogeneous surface, one whose ther

mal properties vary with depth, and one whose thermal properties (and/or albedo) 

vary laterally across the surface. I attempt to match not only the diurnal tempera

ture curves described in Chapter 5, but also the eclipse cooling and heating curves 

observed from Earth, and the IRIS spectrum slopes (Chapter 4). 

The purpose of this exercise is to try to distinguish among the surface mod

els mentioned above, and to provide quantitative descriptions of thermal properties 

that might constrain the surface composition and structure. Models that success

fully explain the observed temperature distributions are also useful for predicting 

temperatures in regions not observed by Voyager, such as the morning regions of 

Ganymede and Europa. Such 'weather forecasting' can be applied to models of 

temperature-dependent phenomena such as ice sublimation and ion sputtering. 

I will describe the three possible surface pictures separately in the sections 

which follow. The details of the diurnal and eclipse thermophysical models that I 

use are not given here, but can be found in Appendix C. A caveat is in order: all the 

'best fits' given in this chapter are produced by 'eyeball' only. For the eclipse models 

in particular the effects of varying a single parameter are complex and depend on 

the values of other parameters, and this makes determining a 'best fit' difficult. 

More rigorous least-squares methods might give different and slightly better values. 
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I-Layer (Homogeneous) Surfaces 

The only free parameters in a homogeneous surface model, once the distance 

from the SUD, the latitude, and the rotation period are known, are the albedo and 

the thermal inertia. Figure 24 shows the homogeneous thermal model best fits to 

the observed equatorial diurnal temperature profiles on the three satellites, and the 

model parameters are given in Table IV. For Ganymede I fit only the Voyager 2 

diurnal curve, as the Voyager 1 curve is much less 'well-behaved' (Chapter 5). 

These fits are poor, except for Europa where only a small portion of the 

diurnal curve is available. Both the Ganymede and Callisto fits suffer from tem

perature maxima that occur too long after midday. It is known from the work 

of Morrison and Cruikshank (1973), and Hansen (1973), ('MCH' henceforth) that 

homogeneous models cannot match the eclipse cooling and heating curves, and no 

laterally-homogeneous surface will give the observed IRIS spectrum slopes described 

in Chapter 4. I therefore move on to more sophisticated surface models. 

2-Layer (Vertically Inhomogeneous) Surfaces 

Eclipse Thermal Models 

MCH very accurately matched the thermal behavior of Ganymede and Cal

listo during eclipse by Jupiter with 2-layer surfaces in which a thin, very low conduc

tivity layer overlies a substrate with the thermal inertia of solid rock or ice. Europa 

fails to return to its pre-eclipse temperature after re-emergence and the full eclipse 

curve was not successfully matched, but still seemed to require a 2-layer surface. 

Their models, though successful, were very simple: Hansen assumed a flat 

disk, isothermal with depth before the eclipse, and simultaneous eclipse over the 

whole surface. Morrison and Cruikshank calculated cooling in four annuli concentric 

to the subsolar point, each initially in equilibrium with sunlight, and had the leading 
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Fig. 24. I-Layer (Homogeneous) Fits to the Diurnal Temperature Pro
file. 
'TE ' is the effective temperature. All spectra less than 15" from the equator for 
Ganymede, and within 25" for Europa and Callisto, are shown. Only Voyager 2 
data are shown for Ganymede and Europa, while data from both spacecraft are 
given for Callisto. See Table IV for the fit parameters. 
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Table IV. Best-Fit Thermal Model Parameters 

These are the best-fit parameters obtained by 'eyeball' techniques. The units of 
thermal inertia are erg cm- 2 s-1/2 K-l, and the units of heat capacity per unit 
area are erg cm- 2 K- 1 • Estimated errors are subjective and should be treated with 
caution as variations in parameters are often strongly correlated. 

Lower Layer or 
Top Layer or Component 1 Component 2 

Heat Areal 
Thermal Capacity Cover- Thermal 

Body Surface Albedo Inertia Area- 1 age Albedo Inertia 

Europa I-Layer O.72±.02 5±.5xlO" 
2-Layer O.70±.02 1.6±.2xIO' 4.3±2xlO' 3±2x105 

Gany- I-Layer O.32±.04 7±2xlO' 
mede 2-Layer O.30±.04 2.2±.2xlO" 1.6±.2x106 5±lxl05 

2-Com- O.IO±.05 1.6±.6xlO' O.5±.1 O.50±.05 1±.5xIO' 
panent 

Callisto I-Layer O.20±.04 5± 1 X 104 

2-Layer O.20±.04 1.5±.2xIO' 1.5±.2xlO' 

Morrison and Cruik8hank {1979} parameters: 

Gany- 2-Layer 
mede 

Callisto 2-Layer 

Hansen (1079) parameters: 

Europa 2-Layerl 

Gany~ 2-Layer 
mede 

1.4±.2xlO' 1.4±.3xlO' 

1.0±.lxlO'( 1.0±.lxl06 

1.4±.5xIO· 9.7±9xlO' 

1.2±.3 X 10' 8.3±4 X 10' 

3±2xl05 

>3xl05 
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hemisphere of the satellite enter ec1ipse before the trailing hemisphere. However, 

they still started with surfaces that were isothermal with depth in each annulus. 

1 have used a much more complex thermal eclipse model (Appendix CL 

which calculates cooling and heating curves for 52 individual points on the satellite 

surfaces, with a realistic starting temperature profile with depth and correct timing 

of the eclipse at each point. This model shows that the initial isothermal-with

depth assumption is invalid for 2-1ayer surfaces. During the day there is a flow 

of heat from the surface down through the thin low-conductivity upper layer to 

the high thermal inertia substrate, which sets up a strong temperature gradient in 

the upper layer. The Morrison and Cruikshank thermal parameters for Ganymede 

give a subsolar pre-eclipse surface temperature of 1500 K, but a temperature at the 

base of the upper layer of only 115° K. As a result, cooling of the surface during 

eclipse is much more drastic than if, as assumed by the previous work, the whole 

upper layer had been at 1500 K initially. The difference is shown on Figure 25, 

which compares the observed 10- and 20-JLm eclipse curves for Ganymede with the 

the curves derived using the Morrison and Cruikshank parameters in the improved 

thermal model (dashed line). Using the improved model their thermal parameters 

no longer give a good fit to the data, and result in excessive cooling during eclipse. 

The MeR 2~layer models are thus quantitatively incorrect. Fig. 25 also shows 

my best fit to the Ganymede and Callisto 10- and 20-ttm eclipse curves using the 

improved 2~layer model. The thermal parameters, along with the MeR values, are 

given in Table IV. The lower-layer thermal inertias were chosen to give the best fit to 

the Voyager diurnal curves: see the next section. Compared to the previous models 

rather thicker upper layers with about 50% higher thermal inertia are required. 

The Ganymede fit is not as good as the MCH fits: it is hard with my model to 

get sufficient lO-JLm cooling without getting excessive 20-JLm cooling. It isn't clear 

why the improved 2-1ayer model should be less able to fit the data than the original 
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Fig, 25. 2-Layer Fits to the Ganym.ede and Callisto Eclipse Curves 
Data. is from Morrison and Cruikshank (1973) except for the lO-ttffi Ganymede 
data which is from Hansen (1973). The dashed curves show the Ganymede eclipse 
behavior predicted using the thermal parameters of Morrison and Cruikshank, while 
the solid curves show my best fits (Table IV). fu each case the upper curve shows 
the 20-.um flux and the lower the 10-JLffi flux. 
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simple (and incorrect) models. Perhaps the enhancement of thermal emission in a 

sunward (and earthward) direction due to beaming, which is not included in any of 

the models and would be very difficult to include, is responsible for the inadequacy 

of the current Ganymede model. Sub-surface penetration of sunlight, a possibly 

important effect that I do not consider, (Brown and Matson, 1987) might also be 

responsible for the poor fit. Alternatively, the 2-layer surface may not, after all, be 

a good model for Ganymede. The Callisto fit, in contrast, is excellent. 

Diurnal Thermal Models 

Figure 26 shows the diurnal temperature curves for Ganymede and Callisto 

obtained using the current best 2-1ayer fit to the eclipse curve. The thermal inertia 

of the lower layer, which affects the eclipse curve only slightly and is thus poorly 

constrained by the eclipse data, is much more important for the diurnal curve 

(because of the deeper penetration of the diurnal wave), and was chosen to give the 

best fit to the diurnal temperatures. The thermal inertia of solid ice at I30"K is 

2.2 X 106 c.g.s. (Hansen, 1972), and varies little with temperature, so the best-fit 

values for the thermal inertias of the substrate are consistent with somewhat porous 

or fractured ice. 

For Ganymede the 2-layer diurnal curve is a definite improvement over the 

I-layer models. Incidently, the diurnal curves calculated using the MCH 2-layer 

thermal parameters (not shown) are poorer fits to the diurnal curve, being 10"K 

too cold after sunset. For Ca1listo, the fit is better than the I-layer version of 

Fig. 24 during the day, being slightly more symmetrical about midday_ The pre

dawn cooling rate is better matched by the 1-layer model, however, and cannot 

be matched by eclipse-consistent 2-1ayer models. Late afternoon temperatures on 

Callisto are much colder than either the 1- or 2-layer fits, though the 2-layer fit is 

better. Is seems likely, then, that Callisto's thermal properties are anomalous in 

this region (around 330" longitude). 
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Details as Fig. 24. The Ganymede and Callisto curves have the same parameters 
as the eclipse fits of Fig. 25. The dashed curves for each object show equilibrium 
temperatures calcula.ted using the same albedo as in the thermal models. 
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Regional Thermal Inertia Variations on Ganymede. As described in Chap

ter 5, the Voyager 1 Ganymede temperature distribution shows 'cold spots' not 

related to albedo, that may be due to thermal inertia variations. If this is the 

explanation, what magnitude of thermal inertia variations are required? A precise 

answer is not possible without diurnal curves for each anomalous region, but the 

post-sunset cold spot (Fig. 13) is consistent with a regional reduction in top-layer 

thickness and thermal inertia of about 30%, or a reduction in lower-layer thermal 

inertia by a factor of about 2. The midday Voyager 1 cold spot north of the equa

tor, with a lOOK temperature 8upression, is most easily achieved with a regional 

increase in lower-layer thermal inertia of a factor of maybe 3, approaching solid-ice 

values, but this may not be realistic and I have not thoroughly explored other ways 

of achieving the low temperatures here. 

I have not attempted to match the Europa eclipse data with a thermal model. 

However Fig. 26 shows a good 2-layer match to the available portion of the diurnal 

curve. The match shown has a higher thermal inertia upper layer than Hansen's 

(1973) 'nominal' Europa fit, obtained with the simple (and incorrect) 2-layer eclipse 

thermal model, but is within his very wide confidence limits. So even on Europa 

there is an indication that, as on Ganymede and Callisto, the best 2-layer model 

has higher thermal inertia in the upper layer than previously supposed. 

Fig. 26 also shows the diurnal temperatures obtained by assuming instanta

neous equilibrium with sunlight on the three objects. The albedos used are the same 

as for the 2-layer fits shown on the same figure. Midday temperatures on Europa arc 

lS~ K below equilibrium values if the 2-layer fit is realistic and, more reliably, there 

is a lOOK midday temperature supression on Ganymede. On Callisto, because of 

the long rotation period and lower fitted thermal inertias than Ganymede, midday 

temperatures are only about SOK below equilibrium values. It is often said that 

the low surface thermal inertias on the Galilean satellites, inferred from the eclipse 
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cooling, imply daytime surface temperatures very close to equilibrium values, but 

Fig. 26 shows that this statement is not very accurate. 

The 2-1ayer model thus fits the eclipse and diurnal curves quite well. However 

it is still inadequate in that it does not predict local surface temperature contrasts 

and thus cannot explain the IRIS spectrum slopes. A rough 2-1ayer surface might 

explain the Callisto spectrum shapes in addition to the temperatures (Chapter 6). 

However on Ganymede, where it appears that topography cannot explain the 400 K 

temperature contrasts seen in the warm, near-subsolar spectra, another model is 

required. 

2-Component (Laterally Inhomogeneous) Surfaces 

This section considers surfaces in which both albedo and thermal inertia vary 

laterally. I will be concerned mostly with Ganymede because it is on Ganymede 

that there is the greatest problem explaining the IRIS spectrum slopes with topo

graphic models. Also Ganymede, with its intermediate albedo, is the most likely 

object to have a large areal coverage of two materials of contrasting albedo. How

ever, I will finish with a brief consideration of the possible contribution of lateral 

inhomogeneities to the Callisto spectrum shapes. See Chapter 10 for a discussion 

of the relevant spectroscopic evidence. 

For simplicity I will only consider surfaces in which each component is verti

cally homogeneous. This still leaves four free parameters: the albedo and thermal 

inertia of each component. Their relative areal coverage is fixed if the overall albedo 

is assumed to be knownj if it is not known then relative areal coverage (or overall 

albedo) is a fifth free parameter. Calculation of eclipse curves, diurnal curves, and 

thermal spectra for a 2-component surface is straightforward: I calculate the curves 

for each component, and obtain the radiance from the surface from the mean of 

the radiances from the two components, weighted by their relative areal coverage. 

Effective temperature TE of the surface at a given time, if the two components 
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have effective temperatures TEi and fractional coverages Xi' is simply given by 

TE" =X1TE\ + X2TE42 , 

Eclipse Thermal Models 

Though Morrison and Cruikshank (1973) were able to set stringent upper 

limits on the surface coverage of high thermal inertia material on Ganymede and 

Callisto (5% and 1% respectively), this conclusion requires the assumption that 

the whole surface has the same albedo. G.H. Rieke and R.R. Howell (personal 

communication) have suggested that a 2-component surface with a high thermal 

inertia 'bright component and a low thermal inertia dark component might explain 

the eclipse curves as well as did the MCH 2-layer model. The rapid initial cooling 

would be due to the low thermal inertia dark component, which contribut~ most 

of the daytime flux, and the later slower cooling as the eclipse progressed would 

be due to the brighter, higher thermal inertia material, which would become the 

dominant source of flux as the dark material cooled. Figure 27 shows the best-fit 

2-component eclipse curve that is also consistent with the diurnal curve (see below). 

The parameters are given in Table IV: they specify a 50/50 mixture of bright and 

dark components with albedos 0.5 and 0.1 (giving a reasonable mean albedo of 0.3). 

The fit is excellent except that the post-eclipse recovery at 20 J.l.ID is too slow. Other 

similar fits did not suffer from this problem but were poorer matches to the diurnal 

curve. If nothing else, this model demonstrates that Rieke and Howell were correct 

in their suggestion that an alternate explanation of the eclipse curves was possible. 

Diurnal Thermal Models 

Figure 27 also shows the diurnal curve obtained from the 2-component match 

to the Ganymede eclipses shown in the same figure. The fit to the Voyager 2 

Ganymede data is good except for the post-sunset cooling rate, which is more 

constant in the data than in the model. This figure also shows the temperatures 
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Details as Figs. 24 and 25. The same parameters (Table IV) are used for the eclipse 
and diurnal fits. The dashed diurnal curves show the temperatures of the two 
surface components. 
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The solid curves show fitted tempera.ture contrast and spectrum slope as a function 
of local time for the 2~component surface of Fig. 27, assuming no topography. The 
arrows indicate times when topography is likely to increase spectrum slopes and 
temperature contrasts. The dashed lines show spectrum shapes from the best-fit 
2-layer model of Figs. 25 and 26, assuming an emissivity of 0.94 (on the upper plot 
this line runs along the x axis). The points show Ganymede spectrum shapes seen 
by both Voyagers, for all spectra within 300 of the equator. 



88 

of the two components. The bright component has a thermal inertia of 1 x 106 , 

half that of solid ice, and an almost constant diurnal temperature, while the dark 

component temperature curve has large amplitude. 

Spectrum Slopes 

The surface temperature contrasts seen in Fig. 27 will give rise to slopes in 

the thermal emission spectrum. In Fig. 28, I show the fitted temperature contrast 

and spectrum slope (difference in TB between 20 and 40 I'm) as a function of time 

of day, obtained by calculating the emission spectrum from the 2-component surface 

and subjecting the resulting spectrum to the same least-squares fitting technique 

used on the IRIS spectra in Chapter 4. The actual shapes of the Ganymede IRIS 

spectra are shown for comparison. 

The fit of the model spectrum shapes to the data is hardly impressive, but at 

least the magnitude of the daytime slopes is approximately correct. The predicted 

slope becomes small just before sunset, where the two component temperature 

curves cross (Fig. 27) and the surface is momentarily isothermal, and then increases 

rapidly into the evening. No such effect is seen in the data. 

Possibly the 2-component surface of Figs. 27 and 28 could be made to fit 

the spectrum shape data if the effects of topography were included. Topography 

increases the surface thermal contrasts near the terminator (Chapter 6) and would 

increase the spectrum slope in the region where it is too small, as shown by the 

arrows on Fig. 28. However it is impossible to know whether this mechanism would 

work quantitatively without constructing a proper topographic temperature model. 

The 2-component model certainly fits the spectrum shapes better than the 

best-fit 2-layer model which, with the assumption of a wavelength-dependent emis

sivity of 0.94, plots as the dashed line shown on each plot. 
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Though it is possible to construct 2~component surface models that fit the 

spectrum shapes of Fig. 28 (by giving each component a similar thermal inertia so 

that the dark component is always warmer and the surface is never isothermal), 

these models are not consistent with the eclipse curves if the two components are 

vertically homogeneous. However, a 2-component surface in which one or both 

components had two layers could probably be found that would fit all the data. 

Sinton and Kaminski (1987) have recently matched the thermal eclipse behavior of 

10 with such a model. I have not investigated models that are both laterally and 

vertically inhomogeneous: the number of free parameters is so large that with my 

'eyeball' techniques it is unlikely that I could find a unique solution. However it is 

quite possible that the surface of Ganymede really is like that. 

An observation that may support the 2~component model for Ganymede is 

the shallow slope of the thermal emission spectra of the very bright region around 

the crater Osiris (Fig. 11, Chapter 4). H Ganymede does have a 2~component 

surfac'e, and the observed macroscopic albedo patterns result from varying relative 

areal coverage of the two components, then a very bright region such as the Osiris 

ejecta blanket would be dominated by one component (the bright one). This would 

reduce the surface thermal contrasts and thus the spectrum slopes, as is observed. 

A 2-Component Surface on Callisto'? 

Though the thermal data for Callisto seems to be matched quite well by a 

rough, horizontally homogeneous surface, two observations suggest that this cannot 

be a complete picture. 

Firstly, Figs. 20 and 21 (Chapter 6) show that the warm Callisto spectra are 

not completely matched by the topographic temperature models. Model A is the 

most successful match to the warm spectra, but while it fits the Voyager 1 data 

well, the high~sun Voyager 2 spectra are steeper than the model. Model B is a 

poor fit to the warm Callisto spectra from both encounters: standardized spectrum 
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slopes are matched fairly well but the fitted temperature contrasts are much larger 

than model B predicts, for both encounters. The crudeness of the models, and the 

differences in the thermal emission behavior that each predicts, make it hard to 

draw any firm conclusions from the mismatch to the warm spectra. However, a 

face-value interpretation would be that there are local temperature contrasts of 10-

200K in the subsolar regions of Callisto that are in excess of what can be explained 

by topography alone, especially in the Voyager 2 data (longitudes 180°-240° W). 

Additionally, the steep nighttime spectra on Callisto probably cannot be explained 

by topography alone, though this would be difficult to check. A degree of surface 

segregation into two components would be an obvious way to produce the extra 

temperature contrasts. 

Secondly, Chapter 10 shows that Callisto's reflectance spectrum can be best 

matched with a segregated, two-component surface of bright, icy material, covering 

about 10% of the surface, and dark, carbonaceous-like material occupying the other 

90%. 

I have not attempted a simultaneous match of a 2-component surface to all 

data sets for Callisto. However, I have looked at a two simple models, with the same 

surface components as the 'best fit' 2-component Ganymede match (Table IV), 

but with a 90%/10% and an 80%/20% mix of the dark and bright components, 

rather than the 50%/50% mix used for Ganymede. These models have the following 

characteristics: 

1) The 90/10 model does not fit the diurnal temperature profile, being 

too hot at midday, but the 80/20 model fits the Callisto temperatures as well 

as does the 2-1ayer match of Fig. 26. The mean albedo of the 80/20 model, 

0.18, is also a good match to Callisto. 

2) Figure 29 shows the spectrum slopes and fitted temperature contrasts 

for each model. When the subsolar values are added to the predictions of 
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Fig. 29. 2-Component 'Fits' to the Callisto Spectrum Shapes 
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component model described in the text, and the dashed curves show the 
90/10 model. Either model may help towards explaining the nighttime and 
Bubsolar spectrum slopes seen on Callisto. Data from both Voyager Callisto 
encounters is shown. 
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model B (Fig. 20) they give spectrum shapes closer to those observed on 

Callisto (especially the steeper Voyager 2 data) than are obtained using the 

topographic model alone (it is legitimate, to first order, to add slopes and 

temperature contrasts in this way). The slopes predicted by the 80/20 model, 

when added to the topographic effects, might be steeper than the observed 

Callisto suhsolar slopes, and the 90/10 model might be a closer match, but 

this depends on whether topographic model A or B is preferred. Also, both 2-

component models predict very steep nighttime spectra on Callisto, near the 

upper limit of the observed nighttime spectrum slope range (Fig. 29). The 

90/10 and 80/20 2-component models thus account for the steeper nighttime 

spectra on Callisto than on Ganymede, which is matched quite well at night 

by the 50/50 2-component model (Fig. 28). 

3) Unfortunately, the fit to the eclipse cooling curve is poor: both 2-

component models predict much slower 2o-.um cooling than is actually ex

hibited by Callisto. 

As in the case of Ganymede, it is probably possible to find a 2-component 

model for Callisto that is consistent with the subsolar and nighttime emission spec

trum shapes, the diurnal temperature profile, the eclipse cooling, and the reflectance 

spectrum. I suspect that at least one of the surface components will have to be ver

tically inhomogeneous in order to match the eclipse behavior. The search for such a 

model is a major task that I have not attempted, but the above discussion suggests 

that the addition of up to 20% coverage of a bright component on Callisto's sur

face can help to explain the observed shapes of the subsolar and night-time spectra, 

and is consistent with the reflectance spectrum. Because my simple 2-component 

surface models are such a poor fit to the eclipse behavior I am not elevating either 

to the status of a 'best fit' to be included in Table IV, but they point the way to 

better models in the future. 
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Lengthscales 

I now briefly discuss the physical distance over which heat can be conducted 

during the course of a day on the icy Galilean satellites. This is an important 

parameter because it provides a crude lower limit to the size of thermally-significant 

topography (Chapter 6) and the scale of possible lateral segregation of the surface 

(this chapter and Chapter 8). 

The characteristic lengthscale for thermal conduction is the skindepth, given 

by 

8 = ..jj(Pc ,;t;;! pc (10) 

where K is thermal conductivity, p is density, c is specific heat capacity, y'KjiC is the 

thermal inertia, and tD is the length of a day (Appendix C). This equation shows 

that 8 cannot be determined uniquely from the thermal inertia listed in Table IV 

without assuming a value for K or pc individually. 

c for water ice at 120 K is 107 erg °K- 1 g-1 (eRC Handbook), and p will 

vary from 0.9 g cm- 3 for solid ice to perhaps 0.3 g cm- 3 if the ice is porous. vr;; 
varies from 550 S-I/2 for Europa to 1200 ::;-1/2 for Callisto. So for porous ice with 

a thermal inertia of 2xl04 c.g.s., 8 is about 7 em, while at the other extreme almost 

solid ice with a thermal inertia of lx1Q6 will give 8 around 100 cm. These distances 

will apply to horizontal as well as vertical conduction, if there are large horizontal 

temperature gradients as might occur at the boundary between the light and dark 

components on the 2-component model. 

Questions not Addressed 

This thermophysical modelling of the IRIS data has been far from exhaus

tive. I have not covered several interesting aspects of the data, such as: Why are the 

south polar Ganymede spectra so steep? How different are the thermal properties 

of the dark cratered and bright grooved terrain on Ganymede? Are the diurnal 
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temperature curves at high latitudes consistent with the thermal parameters de

rived from fitting the equatorial data? Are the global temperature distributions 

determined from the data and the modelling consistent with the disk-integrated 

out-of-eclipse thermal emission observed from earth? (Beaming effects complicate 

this last question). These questions must wait for further analysis. 

Summary of the Results of the Thermal Modelling 

Table V summarizes the qualitative results of this chapter. My judgements of 

the goodness of fit of particular model are subjective, and can generally be checked 

by reference to the relevant sections and figures of this chapter. I also draw on 

the results of Chapter 6 in judging the rough-surface models. I assume that the 

addition of topography will not affect the diurnal and eclipse models substantially, 

and will significantly affect only the spectrum slopes. Refer to Table N for the 

quantitative details of the various fits. 

The Europa data seems most consistent with a surface that is smooth, be

cause of the small near-terminator spectrum slopes, and 2-layer, because of the 

eclipse results. 

Ganymede probably requires a 2-component surface (about equal surface 

coverage of dark, low thermal inertia and bright, high thermal inertia meterial) 

to match the three data sets, but the near-terminator spectrum slopes are much 

steeper than predicted by such a model if the surface is smooth. It is not yet known 

whether the addition of topography to the model could correct this discrepancy 

and produce the observed almost-constant slopes. A 2-component surface model 

in which one or both components is vertically inhomogeneous is another possibility 

that needs to be checked. 

Callisto is matched quite well by a 2-layer, rough surface, though the fit 

to the diurnal curve is not perfect. Spectrum slopes are probably due mostly to 
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Table V. Surface Thermal Models va. The Data: A Summary 

The table shows how well the various pictures of the surfaces of the icy Galilean 
satellites considered in Chapters 6 and 7 match the thermal infrared evidence. I 
indicate the consistency of each surface with the IRIS diurnal temperature profile, 
the ground-based eclipse curves, and the IRIS spectrum slopes. 'Y' indicates a 
good fit, 'M' a moderately good fit, and 'N' a poor fit. 'p' means the data is 
probably consistent but that my modelling is insufficient to be sure. I assume that 
surface roughness affects only the spectrum slopes and does not otherwise alter the 
thermal behavior of the surface. The 2-component models are those discussed in 
this chapter, which assume that each component is vertically homogeneous. 

Topo- Spectrum 
Satellite Surface graphy Diurnal Eclipse S10pes 

Europa I-Layer Smooth Y N M 
Rough Y N p 

2-Layer Smooth Y p M 
Rough Y p p 

Ganymede I-Layer Smooth N N N 
Rough N N N 

2-Layer Smooth Y M N 
Rough Y M N 

2-Com- Smooth Y M N 
ponent Rough Y M p 

Callisto I-Layer Smooth M N N 
Rough M N p 

2-Layer Smooth M Y N 
Rough M Y p 

2-Com- Smooth Y N N 
ponent Rough Y N 
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topography. There could be a small amount of cold bright material on the surface: 

it might improve the fits to the subsolar spectrum slopes and might explain the 

steepness of the nighttime spectra, if the bright material had high thermal inertia. 



CHAPTER 8 

THERMAL ICE SEGREGATION 

Most of the rest of this dissertation is concerned with the possibility that 

the Galilean satellites may have 'checkerboard' surfaces, with icy and non-icy com

ponents spatially segregated. I was motiva.ted in this investigation by the apparent 

presence of thermal contrasts on Ganymede that are not due to topography, as 

described in previous chapters. Another motivation was the search for a way of 

stabilizing the spectroscopically-inferred low latitude ice on Callisto, when previous 

theoretical studies had implied very rapid poleward migration for dark equatorial 

ice. 

In this chapter I consider a plausible mechanism for producing a segregated 

surface on initially homogeneous dirty ice, and deduce timescales for the mechanism. 

In subsequent chapters I consider other processes that compete in determining the 

distribution of ice on the Galilean satellites, and investigate the spectroscopic evi

dence for ice abundance and distribution. 

Introduction 

It has been argued, for instance by Squyres (1980), that the great geological 

age of the surface units on at least Ganymede and Callisto implies that impact 

gardening will have thoroughly mixed the ice and non-ice components of the surface. 

Clark's (1980) interpretation of the near-infrared reflectance spectra of the three 

objects appears to support the view of a homogeneous surface, with a (minor) 

non-ice component intimately mixed with the ice. However, Seiveka and Johnson 

(1982) and Spencer and Maloney (1984) argue for segregated, bright ice on Callisto 

in order to explain the lack of massive poleward ice migration on that object. Purves 

97 



98 

and Pilcher (1980) and Shaya and Pilcher (1984) implicitly assume a segregated-ice 

surface in their models of ice migration on Ganymede and the other satellites. And 

the IRIS spectrum slopes on Ganymede, discussed in previous chapters, may be 

best explained by a laterally inhomogenoeus surface, perhaps of bright cold ice and 

darker, warmer, non-ice. 

Is it possible to maintain segregated surfaces on the icy Galilean satellites 

in the face of the homogenizing effects of meteorite gardening? One possible way, 

suggested by Spencer and Maloney (1984), is a positive feedback mechanism in 

which regions that are ice-rich will tend to be brighter and hence cooler than their 

surroundings, and will thus act as cold traps for the accumulation of more ice. A 

similar process for trapping of 802 on 10 has been proposed by Fanale et al. (1982). 

This chapter describes an attempt to quantify the cold-trapping model in order to 

determine the possible importance of the mechanism. 

The Segregation Mechanism 

The principles of the proposed segregation model are simple, and are illus

trated in Figure 30. The icy Galilean satellites have surfaces composed of a mixture 

of ice and a darkening contaminant, presumed for present purposes to be initially 

in the form of small embedded particles, well mixed with the ice, as might result 

from a fresh meteorite impact. Variations in surface albedo occur on the scales seen 

in the Voyager images and probably on smaller scales too, due initially to internal 

geological processes and the effects of meteorite bombardment. 

Regions that are darker wiU be warmer J and the ice within them should have 

a greater sublimation rate, than nearby brighter regions. Because sublimating water 

molecules on the Galilean satellites 'jump' tens of kilometers before re-impacting the 

surface (Purves and Pilcher, 1980), any imbalance in sublimation rates in regions 

less than tens of kilometers apart will result in a transfer of ice from the dark 

regions to brighter ones. If addition of ice brightens the bright regions, and loss 
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An initially slightly inhomogeneous surface (A), transfers ice from dark regions to 
light regions because of the imbalance in sublimation rates. The process continues 
until the development of a lag deposit (B). cuts off sublimation from the darker 
regions. 
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of ice darkens the dark regions, the transfer of ice will be enhanced by positive 

feedback, and will only be halted when almost all ice has been lost from the surface 

of the dark regions. The result will be very efficient segregation of an initially fairly 

homogeneous surface into a patchwork of bright icy and dark ice-free areas. 

Timescale for Segregation 

The process of ice segregation is halted when the darker surface regions 

become covered in a lag deposit of non-ice particles that cut off further sublimation. 

The segregation timescale ts is thus given by the thickness of surface ice x containing 

enough non-ice particles to cover the surface, divided by the diurnally averaged net 

rate of surface lowering due to sublimation, SN: 

(11) 

x is the thickness of ice containing, per unit area, unit total cross-sectional 

area of non-ice particles. If the volume fraction of non-ice particles is Ip, and their 

radius is Tp, then by simple geometry, assuming spherical particles: 

,,= (4rp )/(3fp). (12) 

These equations assume a solid surface, without pore space, which is not realistic. 

However if the surface is porous, with a pore space fraction of p, then x is increased 

by a factor of lip, but surface recession rate SN is increased by the same factor 

relative to the solid-ice recession rate. ts is therefore independent of p. 

Sublimation rate can be determined as follows. Assuming instantaneous 

equilibrium with incident sunlight, and unit emissivity, surface temperature T is 

obtained from 

uT' = (I-A)(FsdR')cosi (13) 
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where (1 is the Stefan-Boltzmann radiation constant, A is the bolometric albedo, 

FSl is the solar constant at 1 A.U., R is the distance from the sun in A.U., and i is 

the local solar incidence angle, a function of latitude and time of day. The amount 

of heat removed from the surface due to the latent heat of sublimating ice is too 

small to affect surface temperatures below about ISooK (Lebofsky, 1975). 

Water vapor pressure over ice as a function of T is obtained from 

InP, •• = (-4.77 X 10" /RT) + 28.9 (14) 

where Puap is the vapor pressure, and R is the gas constant (all units erg-ega), 

which is a fit to experimental data in the range 132°K-153°K (Bryson et al., 1974). 

The instantaneous rate of ice surface lowering due to upward sublimation, 8, is then 

obtained from vapor pressure using 

(15) 

where M is the molecular weight of water, and p is the density of ice (taken as 

0.92 g cm- 8 : see remarks above about surface porosity). Water sublimation rate is 

thus obtained as a function of time of day, and diurnal averaging over i gives the 

mean sublimation rate S. 

S is merely the upward sublimation rate. The net rate SN will be reduced by 

the influx of molecules onto the region in question from its surroundings. The influx 

rate will be the areal mean sublimation rate of ice over a surrounding region tens 

of kilometers across, weighted by the Maxwell/Boltzmann distribution of molecular 

jump distances, However, the variation of ice vapor pressure with temperature 

is so extreme that, for instance, a change in albedo from 0,4 to 0.5 reduces ice 

sublimation rate by a factor of almost 6 at the equator on the Galilean satellites 

(from Equations 13, 14, and 15, and Fig. 34 (Chapter 9). If the region being 

considered is significantly darker and warmer than its surroundings (and it will 
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become darker as segregation progresses) its own sublimation rate will be enough 

greater than the average influx that SN will be comparable to S. Use of S instead 

of SN should give the segrega.tion timescale to an order of magnitude. 

The albedo A of the sublimating surface will decrease as segregation pro

gresses, which will reduce the timescale ts but further complicate its determination. 

However, assuming a constant A should allow order-oC-magnitude timescales to be 

determined. 

Figure 31 shows the segregation timescale ts as a function of albedo and 

latitude, at Jupiter's distance from the sun (R = 5.2 A.U.). Non-ice particle size 

rp and volume fraction Ip were held constant at 0.1 mm and 0.01 respectively, 

giving x a value of 13 mm. From Equations 11 and 12, ts is proportional to rp 

and inversely proportional to Ip. allowing calculation of ts from Fig. 31 for other 

values of these parameters. 

For dark or moderate albedo ice at low latitudes, ts is remarkably small, 

indicating surface segregation on timescales of years or decades. Given the assump

tions of the model, which are discussed in more detail below, equatorial regions on 

the icy Galilean satellites are very unstable with respect to this process. Segrega

tion is dramatically slower at high latitudes because of the extreme temperature 

dependence of ice sublimation rates. 

On the Saturnian satellites (R = 9.5 A.U.), assuming the same particle 

properties as for Jupiter, ts has a value of 108 years for 0.4 albedo equatorial ice, 

and at Uranus (R = 19.2 A.U.) ts is nearly 1014 years even for 0.0 albedo ice at the 

equator. Clearly the proposed model for ice behavior is not relevant to the Uranian 

satellites, and its importance at Saturn is doubtful. I am concerned here only with 

the Gali1ean satellites, where thermal segregation, on the basis of the calculated 

timescales, may be a very important process. 
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loglO (ts) in years, as defined in the text, contoured for the Galilean satellites. The 
non-ice particles are assumed to have a grain size of 0.1 m.m and a volume fractional 
abundance of 0.01. Note: contours are hand-drawn from tabulated data, and their 
locations are not exa.ct, though errors are smaller than the contour separation. 
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It should be noted that the ice redistribution I discuss here, which is in 

response to temperature variations, is quite different from the ice grain growth 

mechanism proposed by Clark et al. (1983). Their model assumes an isothermal 

surface, the ice redistribution to larger grains being powered by the increase in 

surface binding energy with the radius of curvature of the grain surface. Grain 

growth by this process is very slow: their Fig. 3 shows that at I50"K a 0.1 mm 

grain takes about 50 million years to double in size. However the same grain has 

a one-way sublimation rate of 0.25 rom yr- 1 (from Equations 14 and 15 above). 

Temperature gradients within a regolith are inevitable, and if, for instance, the 

grain's neighbors are at 149°K, with a sublimation rate of 0.19 mm yr- 1 , the grain 

will sublimate at a rate of 0.06 mIn yr- 1 and disappear entirely in a year! Smaller 

temperature contrasts will give sublimation (or growth) rates that are smaller, but 

contrasts. small enough to allow isothermal grain growth to be important seem very 

unlikely on the Galilean satellites. The redistribution of ice due to temperature 

gradients within the regolith may, in contrast, be a major influence on regolith 

structure, though it is not considered further in this dissertation. Smoluchowski and 

McWilliam (1984) have considered the problem but only in terms of pore migration 

in solid ice. 

Scale of Segregation 

The model assumes that the segregating regions are larger than a few tens 

of centimeters, so that lateral conduction of heat between the regions during a 

day is unimportant (Chapter 7), and smaller than tens of kilometers, so that each 

can receive a full flux of sublimated water molecules from the other. Within these 

very generous limits of scale, the physics of the problem is the same. However, 

the fact that the Voyager images do not show drastic segregation down to the 

limit of resolution (typically a kilometer or two) means that any segregation is at 

scales smaller than this. There is an exception at high latitudes on Callisto, where 
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topographically associated segregation, probably thermally controlled, is visible in 

the Voyager 1 images on a scale of tens of kilometers (Spencer and Maloney, 1984, 

and Fig. 32). This example is discussed shortly. 

Assumptions 

The assumptions implicit in the above discussion of the segregation mecha

nism, and the derivation of timescaies, are now listed and discussed explicitly. 

1) Dirty ice surfaces darken as they lose ice by sublimation. The dark 

particles released by the sublimating ice would be expected to accumulate 

on the surface and thereby darken it, eventually forming an ice-free lag de

posit. However, it is possible that formation of a lag deposit is prevented 

because the dark particles, rather than remaining on the surface, sink be

neath it. Dark particles on the surface may warm the ice immediately around 

them, causing local sublimation around the pa.rticle and eventually creating 

a hole that it can sink into. Darkening of the surface and attendant positive 

feedback might thus be prevented. There is evidence from Viking observa

tions that a phenomenon of this type occurs on the Martian CO2 polar caps 

(Paige, 1985). Such particle sinking has not been observed for dirty water 

ice mixtures in the laboratory, despite attempts to provoke it (by Purves and 

Pilcher; Clark, pers. comm.) but cannot be ruled out as a possibility. 

Another way of violating assumption 1) may be if dark particles em

bedded in the ice brighten as they lose their ice coating, due to an enhanced 

refractive index contrast at their surfaces. Sublimation from a dark dirty ice 

surface could thus brighten it somewhat. However the surface can only be 

brightened to a maximum albedo equal to that of the dry grains themselves. 

As most common non-ice materials in the solar system have lower albedos 

than most icy surfaces, it is unlikely that this brightening effect is sufficient 

to prevent segregation. 
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2) Dirty ice Bur/aces get brighter as ice is deposited on them. This is 

generally the case experimentally (see e.g. Fig. 16 of Clark, (1981)), but 

laboratory deposition rates are much faster than the mm yr- 1 rates relevant 

to the Galilean satellites. It is possible that ice depositing on an already-icy 

surface at low rates forms a surface 'glaze' that lowers, rather than raises, 

the albedo. G.T. sm (pers. comm.) notes that when he has deposited water 

ice from vapor onto a smooth surface at about l30oK, it is initially smooth 

and glassy but becomes bright after it has reached a few p,m thickness. The 

lower the deposition rate the darker the ice at a given thickness, and actual 

deposition rates will be a couple of orders of magnit,ude slower than Sill has 

observed in the laboratory. The effect on albedo of very slow ice deposition 

onto an already rough surface has not been investigated, though nucleation 

of discrete grains seems more likely than on a smooth surface. Bombardment 

by heavy ions is known to rapidly brighten glassy ice surfaces (Brown et al., 

1978) but results in Iwelding' of fine-grained frost (Clark and Nelson, pers. 

corom.) and thus is also an important factor. More experimental work is 

clearly needed in this area. The segregation model I describe here requires 

the albedo to increase as ice is deposited, and will not work if a dark glaze 

forms on the brighter regions and makes them as dark as the rest of the 

surface. 

There is evidence from the appearance of the surface of Callisto in particular 

that supports assumptions 1) and 2}. The evidence comes from Callistoan high 

latitudes (Figure 32), where bright deposits are visible on the north~facing slopes 

of craters, and south~facing slopes are darker than their surroundings (Spencer and 

Maloney, 1984). If one accepts the simplest explanation of the topographically 

controlled albedo patterns, they imply formation of a dark lag deposit (or some

thing equivalent) on the wanner south~facing slopes, and brightening of north-facing 

slopes due to ice deposition. The explanation may be more complicated than this, 
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as a small region near Gilpul Catena shows bright east-facing, rather than north

facing, slopes, but the northward orientation is much more widespread. supporting 

a thermal origin for the albedo patterns. 

3) Daytime surface temperatures of darker ice are not dramatically less 

than prelUded on the basis of equilibrium with sunlight. Daytime tempera

tures of a homogeneous surface will be 5° K to 10° K less than equilibrium 

temperatures (Chapter 7). Segregation timescales for a homogeneous sur

face may thus be a factor of several longer than shown in Fig. 31, but will 

be of comparable magnitude. Bright ice, contributing little to the daytime 

thermal flux, may have high thermal inertia but only exists if segregation 

has already occurred. Assuming unit emissivity for the moment, the actual 

surface kinetic temperature of the ice might be different from the infrared 

effective temperature because thermal emission comes not from the surface 

but from a finite depth. However the discrepancy is probably small because 

of the high opacity of ice to thermal infrared radiation. 

At 40 p,m, near the peak in the blackbody curve for daytime ice tem

peratures, the absorption coefficient for water ice is 0.104 p,m- 1 (Fig. 5, 

Chapter 4), so unit optical depth occurs in a thickness of about 9 p,m, and 

thermal emission will originate preferentially from around this depth into the 

surface. The kinetic temperature at 18 p,m depth must therefore be compa

rable to the observed effective temperature of the thermal radiation. Even 

given the low thermal conductivities of the surfaces of the Galilean satellites 

(Chapter 7) there must be less than a degree or so temperature drop between 

9 /Jffi depth and the actual surface, or the conducted heat flux toward the 

surface would exceed the total radiated heat fiux. Therefore the kinetic tem-

perature of the very surface of the ice, which determines sublimation rates, 

is probably very close to the observed effective temperature of the surface. 
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Fig. 32. Image of Probable Thermally S!lgregated Ice on Callisto. 
A high latitude Voyager 1 image (FDS 16424.48). Bright patches of ice are visible on 
cooler north-facing slopes, resulting in an apparent reversal in i1lumination direction 
(arrow shows the true direction of solar illumination). Latitude/longitude grid from 
Davis and Katayama (1981). From Spencer and Maloney (1984) .. 
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This conclusion is independent of the details of where in the regolith the 

sunlight is absorbed. 

Another related way that surface ice might be colder than the effective 

temperature of the thermal radiation would be if the radiation came mostly 

from the embedded dark particles rather than the ice itself. However, because 

of the ice opacity, only particles within tens of j.tm of the surface can radiate 

to space. The great transparency of ice in the visible means that most of 

the incoming solar radiation will be absorbed much more deeply than this, 

by particles that can only lose their absorbed heat by conduction to the 

surrounding ice. The ice itself must eventually lose this heat by radiation 

and must thus emit the bulk of the radiated flux. The ice must therefore be 

as warm as the effective temperature of the radiation. 

Non-unit emissivity would increase kinetic temperature compared to 

infrared effective temperature, though low values are unlikely due to the 

abovementioned high thermal infrared opacity of ice, and the particulate 

nature of the surfaces. 

Apart from these probably small effects due to the non-zero infrared 

transparency of the ice, the temperature of thermal emission should provide 

a good guide to the expected sublimation rate. Shoemaker et al. (1982) 

suggested that surface roughness could dramatically reduce sublimation rates 

(sublimating molecules could be blocked by surface projections), but this 

seems unlikely, as the projections will be sublimating themselves. Regardless 

of the roughness of the surface, if an infrared photon can escape to space from 

a surface region at a particular temperature, a sublimating water molecule 

should be able to do the same. 

4) Dark regions are warmer at the sur/ace during the day than bright re

gions. This will be true unless dark regions have significantly higher thermal 
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inertia or emissivity than bright regions. However, as discussed above, the 

thermal inertia of the dark regions cannot be very high (because of the over

all low thermal inertia), and the emissivity of icy regions is probably close 

to unity. It is concievable that small albedo variations are prevented from 

growing because correlated small variations in thermal inertia or emissivity 

prevent the expected temperature contrasts, but there is no obvious reason 

to expect such a correlation. Voyager IRIS observations of Ganymede show 

the expected correlation between regional albedo and daytime effective tem

perature (Chapter 5), which provides some confidence that the same may be 

true on local scales. 

5) Other processes do not redistribute the ice more rapidly than thermal 

sublimation. This possibility is considered at some length in the next chap

ter. The conclusion is that thermal sublimation is so rapid that neither 

micrometeorite bombardment nor ion sputtering can compete with it at low 

latitudes on Ganymede, Callisto, and perhaps Europa. At high latitudes and 

on Europa sputtering or perhaps micrometeorites might prevent segregation. 

Assumptions 1 thru 5 thus appear to be at least probably valid, though 

not proved. If the assumptions are correct, segregation by thermal sublimation, at 

rapid rates comparable to those shown in Fig. 31, is a very probable process on 

the icy Galilean satellites, especially at low latitudes on Ganymede and Callisto. 

Indirect observational evidence that segregation has indeed occurred on Ganymede 

and Callisto is discussed in Chapter 11. 



CHAPTER 9 

COMPETING ICE TRANSPORT PROCESSES 

Other surface transport processes may compete with the thermally-controlled 

ice segregation discussed in the last chapter, tending to re-mix the segregated 

materials. Leaving aside internally-driven geological activity, which at least on 

Ganymede and Callisto is not currently important, the important competing pro

cesses, micrometeorite bombardment and ion sputtering, are considered in this chap

ter. 

Micrometeorite Bombardment 

The micrometeorite environment of the Galilean satellites is still poorly 

known. Pioneer 10 detected a flux of particles in the region of Ganymede and 

Callisto that was enhanced over the fairly constant values recorded since leaving 

Earth by a factor of about 100 (Humes et al. 1974). Recently, Zook et al. (1985) have 

successfully modeled the Pioneer detections on the assumption that the particles 

originate on the inner small Jovian moons and then move outwards, in prograde 

orbits, under the influence of plasma drag. These are particles capable of pene

trating the 25 ,urn-thick steel of the Pioneer detector and are thus responsible for 

regolith gardening to depths of tens of ,urn (or maybe somewhat shallower, as impact 

velocities on the satellites will be smaller than on Pioneer). 

Figure 33 compares rates of regolith gardening on the Earth's moon as a 

function of depth, according to numerical models and observational constraints 

from Apollo, with expected diurnally-averaged ice sublimation rates on the Galilean 

satellites for various ice albedos. Also shown is the expected lOO-fold enhancement 

of gardening rates on the Galilean satellites compared to the moon, at least in the 
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Fig. 33. Comparison of Lunar Micrometeorite Gardening Rates with 
Galilean Satellite Ice Sublimation Rates. 
The point 'A12' shows the depth of the regolith at the Apollo 12 landing site 
(Nakamura et al., 1975). The lines 'Gault model' and 'Arnold model' show the 
lunar regolith mixing time as a function of depth as determined from expected 
meteorite fluxes by Gault et al. (1974), and Arnold (1975, Fig. 7). The point 
'Apollo microcraters' shows the surface exposure times of typical100-500 p,m lunar 
soil grains, based on microcrater counts (Poupeau et ai., 1975). 'Durand model' 
shows the surface residence time for 1-50 /-Lm grains, derived from a Monte Carlo 
model tied to observed cosmic ray exposure ages (Durand et al., 1975). The arrow 
shows the expected 100-foid increase in gardening rates on the Galilean satellites 
relative to the moon in the depth range of tens of pm (Humes at al" 1974). The 
diagonal lines show, for comparison, the diurnally-averaged sublimation rates for 
equatorial ice with the given albedo at 5.2 A.U., assuming instantaneous equilibrium 
with sunlight. 
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depth range of a few tens of /.LID, suggested by the Pioneer results. In this depth 

range it appears the surface may be turned over in 50 years or so: an equivalent 

rate of a few xlO- s nun yr- 1 • For greater depths it is likely that the popUlation of 

gardening micrometeorites is dominated by gravitationally-focused interplanetary 

dust, which will be enhanced over interplanetary values by a factor of ten or less 

(Humes, 1980) for reasonable size-frequency distributions, giving consequently lower 

gardening rates. 

If the model of Zook et al. (1985) is correct, and the particles are in near

circular prograde orbits, impact fluxes should be similar on both leading and trailing 

satellite hemispheres. It should be noted, however, that an alternative model in 

which the Pioneer dust is derived from outside the Jovian system, and impacts 

Europa and Ganymede primarily on the trailing hemisphere (but Callisto mostly 

on the leading hemisphere) has been developed by Hill and Mendis (e.g. 1981), and 

also claims to explain the Pioneer data. 

Fig. 33 shows that, even including the likely enhancement of gardening rates 

near Jupiter when compared to the moon, equatorial water ice with a bolometric 

albedo of less than about 0.5 will sublimate at a rate faster than the rate of impact 

gardening. Ice with an albedo of 0.2 that is surrounded by brighter material, and is 

thus sublimating water at a rate comparable to the one-way rate shown in Fig. 34, 

will lose 0.1 mm of ice to its surroundings in a few months, while micrometeorite 

gardening would take decades to redistribute this thickness of material. Segregation 

is controlled by sublimation of the ice in the warmer, darker, surface regions, so 

unless most of the satellite surface has a bolometric albedo higher than about 0.5, 

as is probably the case on Europa (Chapter 7), impact gardening will not affect 

segregation in equatorial latitudes. 

At higher latitudes, of course, sublimation drops precipitously. Figure 34 

shows one-way sublimation rates as a function of ice albedo and latitude, as well 
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Fig. 34. Ice Sublimation Rates Compared to Gardening and Sputtering 
Rates on the Galilean Satellites. 
The contours show logIO of the one-way sublimation rate in mm yr-l, assuming 
instantaneous equilibrium with sunJight and a heliocentric distance of 5.2 A.U., as 
a function of albedo and latitude. The contour value for which one-way sublima
tion equals the expected micrometeorite gardening rate (from Fig. 33) is shown 
as a dashed line. The symbols labelled 'Callisto', 'Ganymede', and 'Europa' show 
the expected sputtering rates on the 3 bodies, taken from Tables VIII and IX, Ap
pendix D. The tick mark on the top of each symbol identifies the contour for the 
sputtering rate for low-energy ions. The three tick marks below show rates for high
energy ions, assuming a plasma composition of S, 0, or H, in order of decreasing 
rate. Note: contours are hand-drawn from tabulated data, and their locations are 
not exact, though errors are smaller than the contour separation. 
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as the estimated rate of impact gardening derived from Fig 33. Gardening rates 

exceed sublimation for dark ice poleward of about 60° latitude. 

Even a vertical impact gardening rate in excess of sublimation may be unable 

to prevent segregation, however. This is because sublimation, with mean molecular 

jump distances of tens of km., is much more effective at lateral transport than 

impact processes, where most of the material lands within a crater radius of the 

crater rim. Impacts can only re-homogenize the surface laterally over length scales 

comparable to the size of the largest ejecta blankets that cover most of the surface in 

the time interval being considered. This distance will be, to an order of magnitude, 

ten times the depth of regolith mixing (because ejecta blanket diameter is typically 

twice crater diameter, and the diameter is typically about five times the crater 

depth for small craters (e.g. Stoffler et al. 1975)). 

If 103 years of impact gardening mix the top 1 mm of the surface, lateral 

mixing will only have occurred up to centimeter length scales. Even if a darker 

region of the surface is sublimating ice at a net rate much smaller than the rate of 

vertical mixing by impacts, significant ice depletion of that region can still occur in 

lOS years provided the region is larger than a few cm., and complete segregation can 

eventually follow. The main effect of the impact gardening will be to slow down the 

rate of ice depletion and lag deposit formation in the darker regions, by increasing 

the thickness of surface material from which ice must be removed. Another effect 

may be to increase the minimum allowable size for the segregated patches. 

There will probably be some sublimation rate below which impact gardening 

will prevent segregation from occurring at all. Using the arguments of the previous 

paragraph this minimum rate will be much lower than the gardening rate, but 

detailed quantification of the effect of impact mixing in these circumstances will 

require sophisticated computer modelling. 



116 

I conclude that impact gardening by micrometeorites is unlikely to affect 

thermal ice segregation except possibly on the very bright surface of Europa and 

at high latitudes on Ganymede and Callisto. Even in these places the reasoning 

outlined above suggests that impacts will probably merely slow the segregation 

process rather than preventing it. However in areas where sublimation rates are 

much lower than gardening rates segregation may be prevented. 

Ion Sputtering 

Unless the icy satellites have substantial magnetospheres or atmospheres 

(Wolff and Mendis, 1983) their surfaces will be bomharded by the abundant ions in 

Jupiter's magnetosphere, resulting in sputtering of surface ice (e.g. Brown et al., 

1978), which will act to counter the thermal segregation process. Unlike microme

teorite bombardment, sputtering is a very efficient means of lateral transport of ice. 

Molecules typically leave the surface with an appreciable fraction of escape velocity 

and travel hundreds of kilometers before re-impacting (Seiveka and Johnson, 1982). 

There is also some net erosion of the surface, as a fraction of the sputtered H2 0 

molecules are dissociated by the incoming ion (Brown et al. 1982). If sputtering 

rates are greater than thermal ice sublimation rates segregation will thus be pre

vented, as ice distribution will be re-homogenized on all scales up to and greater 

than the largest scales at which thermal segregation can occur. 

Appendix D discusses the likely rates and geometry of sputtering on the three 

icy satellites, and the rates, from Tables VIII and IX, are compared to sublimation 

rates in Fig. 34. Sputtering is most intense on Europa, and if the high energy plasma 

is dominated by heavy ions erosion rates on the trailing hemisphere may approach 

sublimation rates for ice with Europa's bolometric albedo of around 0.62 (Buratti 

and Veverka, 1983). Moderate enhancement of sputtering over estimated rates, or 

reduction in sublimation due for instance to small but finite thermal inertia (Chap

ter 7), might be sufficient to prevent segregation here. Sputtering rates on Europa's 
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leading hemisphere are probably less but are hard to calculate. On Ganymede and 

Callisto, because of the lower ion fluxes and lower albedos, it is very unlikely that 

sputtering can prevent segregation except at high latitudes. 



CHAPTER 10 

SPECTROSCOPIC EVIDENCE FOR 
ICE DISTRIBUTION AND ABUNDANCE 

The previous two chapters have indicated the likelihood of the segregation 

of dirty ice surfaces at Jupiter into regions of pure, bright, ice and regions covered 

by a dark, ice-free lag deposit. The reflectance spectra of the satellites contain 

information on the actual distribution of ice on their surfaces, and in this chapter 

I consider this evidence and ask whether it is consistent with the segregation of ice 

on the Galilean satellites. 

Absolute Reflectance Levels 

Figure 35 shows the satellite spectra, taken from Clark (1980) and Lebofsky 

and Feierberg (19S5). The Clark spectra are given in relative form, and I now 

discuss in some detail the derivation of the absolute geometric albedos, which a.re 

critical to some of the following analysis. 

Johnson et al. (1983), Fig. 1, shows absolute geometric albedos for the 

Galilean satellites at specific orbital phases and at zero solar phase angle (neglecting 

the opposition effect), as a function of wavelength. This plot is obtained from a 

combination of the earth·based spectral data of McFadden et al. (1980), the ab

solute V filter geometric albedos, adjusted for orbital phase, from Morrison and 

Morrison (1977), and the Voyager satellite diameters. The albedos are consistent 

with separately calibrated Voyager disk-integrated photometry shown on the same 

plot. 

From this plot it is possible to adjust the D.8-llm geometric albedos to the 

orbital phases of the Clark (1980) spectroscopic observations, again using the V 
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Fig. 35. Reflectance Spectra of Europa, Ganymede, and Callisto. 
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Data are from McFadden et al. (1980) shortward of 0.8 p.m, Clark (1980) from 0.8-
2.5 p.m, Pollack ,t al. (1978) from 2.5-2.7 p.m, and Lebofsky and Feierberg (1985) 
longward of 2.7 p.m. The Europa spectrum is of the trailing hemisphere only, while 
the Ganymede and Callisto spectra are leading hemisphere up to 2.5 p.m and at 
longer wavelengths contain data from various orbital phases. Subearth longitude 
and O.B-.um geometric albedo (see text for derivation) for the Clark (1980) portion 
of the spectra are as foUaws: Europa, 2430 , 0.64j Ganymede, 940 ,0.48; and Callisto 
1350 ,0.19. 
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filter (O.55-.um) orbital phase curves of Morrison and Morrison (1977) and the as

sumption that the O.8/0.55-,um brightness ratio is independent of orbital phase. 

This assumption is justified for Ganymede and Callisto by the constancy of the 

O.73/0.56-J-Lm brightness ratio all around the orbit as shown in Fig. 12 of McFadden 

et al. (1980). The ratio for Europa is also fairly constant over the range of orbital 

phase between the Johnson et al. (1983) Fig. 1 spectrum at 2930 and the Clark 

(1980) spectrum at 2430 • The resulting O.8-ttm geometric albedos are used to scale 

the Galilean satellite spectra shown in Fig. 35 and subsequent figures. 

Method of Analysis 

Recent interpretations of the spectra by Clark (1980) favor homogeneous, 

rather than segregated, surfaces, and would rule out the model for ice behavior 

presented here. Could the spectra also be consistent with segregated surfaces? 

While determination of the spectrum of an intimate mixture of several materials is 

highly complex, if the materials are optically isolated the problem is simple, given 

the spectra of the components. The integrated spectrum is simply the mean of the 

individual spectra, weighted by the fractional areal coverage of each component. 

The individual spectra must, of course, be in the form of absolute reflectance. 

Pollack et al. (1978) used this method to match the spectrum of Ganymede, with 

similar results to those obtained here. Clark (1980) also uses the technique for 

matching Callisto's spectrum with a segregated surface, but rejects the resulting 

match for reasons that may not be compelling (see Callisto discussion below). 

Plausible candidates, with known spectra, are required for the various pos

tulated surface components. Pollack et al. (1978-) used theoretical spectra for par

ticulate surfaces containing ice and bound water, whereas here I use experimentally 

determined spectra of frosts and carbonaceous meteorites. The spectra of other 
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satellites are also used, as they certainly represent plausible candidate surface com

ponents. 

A possible candidate for the dark component on the satellite surfaces is 

carbonaceous chondritic material, though various hydrous or anhydrous silicate 

mineral assemblages (such as FeS+ -bearing silicates (Clark, 1980)) are also possible. 

Figure 36 shows the near infrared spectra of two carbonaceous chondrite meteorites, 

Orgueil (Feierberg, unpublished data) and Murchison (Lebofsky et al., 1982). Both 

are featureless apart from a deep absorption feature in the 3-JLm region, due to 

structural OH and adsorbed water. The overtone bound water absorptions at 1.9 

and 1.4 J,tm (e.g. Clark, 1981) are not visible in either spectrum, being masked by 

the dark material in the samples. Although the data from Orgueil do not extend 

shortward of 1.6 ~m, other data for this meteorite in the 0.5-2.5 ~m range (Johnson 

and Fanale, 1973) show a flat spectrum down to O. 7 ~m, and this flatness is assumed 

in combining Orgueil with other spectra below. 

Ganymede 

Fig. 8 of Clark (1980) shows Ganymede's leading hemisphere spectrum in 

the 0.7-2.5 ~m region to be almost identical to that of a laboratory frost-on-ice 

spectrum, except that Ganymede has a lower absolute brightness. As Clark states, 

the reduced brightness could be due to a small amount of dark material mixed in 

with the frost. However the presence of segregated very dark ice-free material could 

also reduce the absolute brightness level without otherwise affecting the spectrum. 

Almost all the light would still come from the frost, but the frost's areal coverage 

would be reduced. Provided that the non-ice component was much darker than the 

frost (likely to be true except in the 3-JLm region) the areal fraction of frost would 

be given on this model by the brightness ratio between the Ganymede and frost 

spectra. 
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Fig. 36. Reflectance Spectra of Two Carbonaceous Chondritic Mete
orites (Murchison and OrguieI). 
Orgueil data from Feierberg (unpublished), Murchison data from Lebofsky et al. 
(1982). The absolute reflectance of the Orgueil sample was not obtained, and is 
here assumed to equal that of Murchison at 2 p,m. The Orgueil spectrum, obtained 
only longward of 1.8 p.m, has been extended down to 0,7 ",m using the result from 
Johnson et al. (1973) that the spectrum is flat in this range. 
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The absolute reflectance of the froeHn-ice at 1 JLm is 0.78 (Clark, pers. 

comm.). The geometric albedo of the leading hemisphere of Ganymede at this 

wavelength is 0.48, from Fig. 35, but this must be converted to a reflectance for 

comparison with the frost. 

The ratio geometric albedo / reflectance depends on the photometric prop

erties of the surface: it is unity for a planet with a lunar-like surface, i.e. one 

that shows no limb darkening at zero phase, and 2/3 for a Lambertian scatterer. 

Squyres and Veverka (19S1) show that at around 0.47 p.m the surfaces of Ganymede 

and Callisto are photometrically lunar-like, with little limb darkening, so that re

flectance and geometric albedo are about equal. More Lamhertian behavior might 

be expected at 1 #lm due to the higher albedo, but even high albedo craters on 

Ganymede show lunar-like photometry at 0.47 pm, with refiectances (and thus 

albedos) as high as 0.7. It is therefore likely that the average surface at 1 p.m., with 

a geometric albedo of 0.48, is also lunar-like, so that its reflectance is also close 

to 0.48. This includes contributions from bright polar caps and ray craters so the 

reflectance of the 'normal' surface may be a little lower. 

Squyres and Veverka (1981) give an average geometric albedo for Ganymede 

at 0.47 I'm of 0.43 from Voyager data. Application of the orbital lightcurve of 

Morrison and Morrison (1977), Fig. 16.3, which shows the trailing hemisphere 0.05 

magnitudes darker than the average surface, gives a 0.47-p,m albedo of 0.41 for the 

trailing hemisphere. This is brighter than the value of 0.37 obtained from Voyager 

and groundba.sed data. of the trailing hemisphere by Johnson et al. (1983) Fig. 1. 

Beca.use the Johnson et al. Voyager value is obtained in a more direct manner (from 

low phase angle full-disk images rather than extrapolation from high phase angle 

images) and agrees with the groundbased values it is used here in preference to the 

Squyres and Veverka. albedo. 
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Fig, 31. The Reflectance Spectrum of Ganymede Matched by a Frost
on-Ice & Orgueil Checkerboard. 
The frost spectrum is of 30-200 /Lm grains on an ice block (Clark 1980, Fig. 8). The 
spectra have not been normalized: absolute reflectance is shown in each case, 
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So using l-.um refiectances of 0.48 for the Ganymede leading hemisphere and 

0.78 for the frost-on-ice, Ganymede is 0.62 times as bright as the frost. Considering 

normal reflectances alone (a more accurate analys:s would require comparison of 

laboratory and planetary photometric behavior at a wide range of viewing geome

tries and wavelengths), it follows immediately that the spectrum of Ganymede is 

consistent with a surface with a 62% coverage of frost-on-ice and 38% coverage of 

black mate1:1a\ that contributes notn.ln~ to 'tne l?"Pec't'tu:m. l\.\\'n.O\l~'n. TI.() ..,,~n'a.,,-e 'ffi..'O.

teriaI can be entirely black, material such as tbat of the abovementioned OrgueiI is 

very dark compared to water frost, and Figure 37 successfully matches Ganymede's 

spectrum with a linear combination of 55% frost-on-ice (the same spectrum used 

by Clark) and 45% Orgueil. Assuming a non-ice density of 2.5, this is equivalent to 

33% ice by weight in the uppermost surface. 

The Orgueil component contributes so little light that the spectrum is still 

essentially the same as the frost spectrum, except for the reduction in absolute 

brightness caused by the reduced areal coverage of frost. In particular, if the depths 

of the shallow 1.04 and 1.25-JLm features, not easily seen on Fig. 37, are consistent 

with a homogeneous surface of almost pure ice, they are also consistent with a 

segregated surface with 45% coverage of dark material. The depths of these minor 

bands cannot be used to rule out a segregated surface on Ganymede because these 

depths vary very little with increasing fractional coverage of dark material, until a 

large fraction of the I-I'm region light comes from the dark component. 

Water ice is so dark in the 3-.um fundamental absorption band, especially 

in the 2.8-2.9 p,m region where the real refractive index is low, that the light from 

the dark component is no longer negligible. The minimum geometric albedos of 

J2 (leading hemisphere), J2 (trailing), J3, and J4 in the 2.9 p,m region are 0.001, 

0.005,0.011, and 0.035 respectively (Lebofsky and Feierberg, 1985 and pers. comm.) 

while that of Orgueil is about 0.015. So although Ganymede is very dark in this 
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region, it is much brighter than Europa and over half as bright as Orgueil, which 

is ice-free. Ganymede's 2.9-~m albedo is thus compatible with a surface composed 

of 45% Orgueil-like material and 55% icy material with a 2.9-ttm albedo of 0.0043, 

much brighter than the leading hemisphere of Europa in this region and therefore 

not umeasonably dark for icy material at Jupiter. 

It appears, therefore, that from 0.7 J,Lm to the 3-JLID region, Ganymede's 

leading hemisphere spectrum can be interpreted as due to a surface with 55% pure 

water ice and 45% carbonaceous chondritic material. The redness of the spectrum 

in the visible region, however, requires the addition of a minor contaminant in the 

water ice, as noted by Clark (1980). It is possible that a contaminant cannot redden 

the frost sufficiently in the visible without reducing the brightness at all wavelengths 

to the point where the frost is as dark in the near-infrared as Ganymede itself. In 

this case the segregated surface interpretation of the spectrum suggested here is 

no longer possible. Unfortunately the laboratory spectra of dirty ices in Clark 

(1981) do not extend into the visible so direct data is not available. Fig. 13 of that 

paper, however, shows that addition of 5% areal coverage 'red cinder' sprinkled on 

frost greatly reduces the frost reflectance shortward of 1 JLm but has little effect at 

longer wavelengths. It seems likely from this figure that a smaller coverage of cinder 

would redden the frost only in the visible region with little effect in the infrared, in 

which case the redness of Ganymede does not preclude a segregated surface. More 

experimental work would be needed to verify this. 

The match to Ganymede's leading hemisphere spectrum suggested here is 

similar to that of Pollack et ai. (1978), who, using theoretical spectra, inferred a 

surface with about 65% ice coverage and 35% of a dark non-ice containing bound 

water to reduce the 3-JLm albedo to the observed value. They assumed a brighter 

non-ice component than used here, which may account for the difference in areal 

ice coverage. 
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I should stress that the above discussion of Ganymede's spectrum merely 

demonstrates the feasibility of a segregated surface. It shows that our current 

knowledge of the spectrum does not rule out the kind of segregation implied by 

the model presented in Chapter 8. A homogeneous, dirty-ice model may be equally 

consistent with the spectrum, 

Callisto's leading hemisphere spectrum in the 0.7-2.5 p,rn region can also 

be matched quite well with a linear combination of the frost-on-ice and Orgueil 

spectra. Figure 38 shows the best-fitting linear combination of the above candidate 

spectra to have been found by 'eyeball' techniques, comprising 9% frost-on-ice and 

157% Orgueil, or 91% material like Orgueil but having 1.73 times its absolute 

reflectance at all wavelengths. The greater reflectance could be brought about by a 

decreased grainsize, or decreased organic content compared to the Orgueil sample 

measured by Feierberg. Such changes would doubtless alter the depth of the bound 

water absorption at 3 tLm, but comparison of the Orguei1 and Murchison spectra in 

Fig. 36 shows that this depth is very variable between different meteorites in any 

case. This fit corresponds to only 4% ice by weight for a non-ice density of 2.5. 

The fit reproduces the depth of Callisto's 1.55-JLm absorption feature very 

well, though the 2.02-,um feature is somewhat too deep in the model. A better fit to 

this band, also shown on Fig. 38, is given by a combination of 10% Europa trailing 

hemisphere and 180% Orgueil (90% material with twice Orgueil's reflectance). The 

absolute depth of the 2.02-,um band on Europa is reduced due to saturation and 

this fit indicates that the same may be true on Callisto. 

The fit using 10% coverage of Europa-like ice also matches the depth of the 

3-JLm feature on Callisto. Now, the depths of the 1.55, 2.02, and 3-pm features are 

all matched with reasonable accuracy, indicating that the gross features of Callisto's 

leading hemisphere spectrum up to 3 /Lm are consistent with a checkerboard surface 
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Fig, 38. Checkerboard Matches to the Reflectance Spectrum of Callisto. 
The matches are a linear combination of frost~on-ice (the same spectrum as Fig. 
37) and brightened Orgueil, and, over a wider wavelength range, Europa (trailing) 
and brightened Orgueil. As in Fig. 37, the spectra have not been normalized. 
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including only 10% coverage of water ice. There is, however, a large discrepancy 

beyond 3.3 p,m that I discuss later. 

Clark (1980) shows a very similar fit to Callisto's leading hemisphere spec

trum, but rejects it using two arguments: 

1) The fit £8 inconsistent because it gives different ice surface coverage 

depending on the wavelength considered. The numbers given to support this 

argument seem to be derived using the incorrect assumption that one-third 

of the light comes from the ice component at all wavelengths (at least, use 

of this assumption results in the numbers for derived surface coverage that 

are given in the paper). When this error is corrected the surface coverage 

derived at different wavelengths becomes fairly consistent, at least for the 

1.55 and 2.02~J.l.m bands. 

2) The 1.25-p,m band in the model is only hall the depth 01 that on Cal

listo. However, a very similar discrepancy for the 1.25-p,m band in the frost

on-ice fit to Ganymede's spectrum in the same paper is not discussed and 

presumably not considered significant. As discussed below, I do not find 

the depths of either the 1.25 or 1.04-p,m bands to be good evidence against 

segregation on Callisto. Clark (pers. comm.) has recently pointed out that 

in any case the measured depth of the 1.25-p,m band is unreliable due to 

instrumental problems. 

In contrast to the Ganymede case, the depths of all ice absorption features 

are substantially diluted if the ice occupies only 9% or 10% of the surface, because 

a large fraction of the integrated light comes from the spectrally neutral dark com

ponent (the postulated Orgueil-like material is spectrally neutral in the 1-2.5 Jim 

range). It is therefore necessary to check whether the areal mix postulated above 

results in reasonable depths for the minor 1.04 and 1.25-Jlm bands, as well as the 
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major 1.55 and 2.02~Jtm bands visible in Fig. 38, in the assumed ice component, 

given the known depths of these features in the integrated spectrum. 

Figures 39 and 40 show the depths of the 1.04, 1.25, 1.55, and 2.02-JLm bands 

for a variety of icy laboratory and solar system spectra. The depths of the 1.55 and 

2.02-ttm features tend to be comparable, and the 1.25-.um feature is generally about 

twice the depth of the l.04-.um feature. However the ratio of the depths of the 1.04, 

1.25-JLm pair and the 1.55, 2.02-ItID pair is very variable, and depends on the grain 

size distribution (not just the mean· grain size) of the sample. 

Figs. 39 and 40 also show the depths of the four bands for the postulated 

segregated ice component on the leading hemisphere of Callisto, assuming a neu

tral component of 12% reflectance (the same as the Orgueil-like component in the 

Orgueil plus frost-on-ice fit of Fig. 38) and areal coverages of this component of 

90%, 80%, and 70%. Derivation of these band depths is given in Appendix E. 

The ice band depths for 20% ice coverage all match rather closely the depths for 

the trailing hemisphere of Ganymede. The 1.04-p.m ice component continuum re

flectance for this case (also derived in Appendix E) is 0.47, comparing favorably 

with the 0.45 geometric albedo at 1 p.m of the Ganymede trailing hemisphere (Sill 

and Clark, 1982). This means that a surface of 20% Ganymede trailing hemisphere, 

and 80% 0.12 reflectance Orgueil-like material, would match the depths of all four 

Callisto ice absorption bands, as well as the approximate geometric albedo at 1 p.m. 

If the Ganymede trailing hemisphere, like the leading hemisphere discussed in the 

Ganymede section above, could be matched with approximately 50% ice coverage, 

this would again indicate about 10% ice coverage on the leading hemisphere of 

Callisto. Unfortunately I do not have a complete Ganymede trailing hemisphere 

spectrum available to test this match. 

The closeness of the match between the band depths of the Callisto leading 

hemisphere ice component and the trailing side of Ganymede is probably fortuitous, 
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Fig. 39. 1.04~Jtm and 1.55~Jtm Water Ice Absorption Band Depths for a 
Variet,y of Ice Reflectance Spectra. 
The '0' symbols represent laboratory spectra from Clark (1980), Table I. FF, MFF, 
MCF, and CF are his fine, medium~fine! medium-coarse, and coarse grained frosts, 
and FO! e, f, and g are three different frost-on-ice samples. '.' symbols are solar 
system spectra from Clark et ai, (1984), Table II, showing the leading and trailing 
hemispheres of Europa, Ganymede, Callisto, and Rhea, and also Saturn's rings, 
with the obvious abbreviations. Finally, the squares show the band depths for a 
possible segregated icy component in the Callisto leading hemisphere spectrum, 
assuming the non-ice component is spectrally bland between 1.0 and 2.5 Itm and 
has a reflectance of 0.15. The symbol labels show the assumed fractional coverage of 
the ice component in each case. 1-Itm albedos for the ice component assuming 10%, 
20%. and 30% areal coverage are 0.95, 0.55, and 0.42 respectively. Note the large 
range of possible band depths and band ratios for the laboratory ices (especially the 
frost-on-ice sampl~s), and the closeness of the band depths of the 20% areal coverage 
ice component on Callisto to those of the trailing hemisphere of Ganymede both 
here and on Fig. 40 
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Fig. 40. 1.25-JtID and 2.02-JtID Water Ice Absorption Band Depths for a 
Variety of Ice Reflectance Spectra. 
Details as in Fig, 39. 
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but serves to show that the observed band depths on Callisto do not rule out 

an ice-poor, segregated interpretation of the spectrum. Even the ice component 

spectrum for an assumed 10% ice coverage shows band depths well within the 

envelope of laboratory frost and frost-on-ice spectra, and might represent a plausible 

interpretation. The 1.04-J.j.m continuum reflectance for the ice in this case is 0.82, 

which is reasonable for almost pure ice (see e.g. Clark, 1981 Fig. 6), 

Table VI summarizes the Callisto discussion with a truth table for the four 

possible spectrum matches mentioned above. 'Plausible Ice' refers to the 10% ice 

component in the previous paragraph. The 'neutral (A=O.12)' component in the 

last two fits need be neutral only in the 1.0-2.5 p,m region considered in these 

fits, with a 12% albedo. It is thus similar to the brightened Orgueil component of 

the first two fits. The four fits are largely consistent with each other, especially 

if the Ganymede trailing hemisphere in the third fit, like the Ganymede leading 

hemisphere discussed above, is consistent with a 50/50 ice/non-ice mixture, so that 

20% Ganymede trailing hemisphere is equivalent to about 10% ice. 

These results for Callisto are similar to those of Pollack et al. (1978) in that 

the bulk of the surface is found to be covered in ice-free material containing bound 

water. They also mentioned that the spectrum suggested the presence of a 'very 

minor amount of water ice' but did not estimate its abundance. Recently, Clark 

et al. (1986) have recognized that the brightness of Callisto at 3 p,m requires the 

presence of 'some patches' of ice free material but have not estimated the abundance 

of such material. 

The matches suggested here have a brighter non-ice component on Callisto 

than on Ganymede. Attempts to match Ganymede's spectrum using the frost-on-ice 

spectrum and the same brightened Orgueil component used in the Callisto match 

are rather too bright in the 3-p,m region, and have too deep a 2.02-p,m band. My 
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Table VI. 2-Component Fits to the Spectrum of Callisto 

'Y' indicates that the fit matches the data, 'N' indicates an inconsistency, and U 

indicates that the fit does not give information on this feature of the spectrum. See 
text for more detail. 

Icy Icy Non-ice Cont-
Comp- Frac- Comp- 1-1.t:m inuum Band DeEths Shape 
anent tioD anent Albedo Sha e 1.04 1.25 1.55 2.02 3.0 > 3 m 

Frost-on- 9% Orgueil Y Y Y N 
Ice x 1.73 

Europa 10% Orgueil Y Y Y Y Y N 
Trailing x2.00 

Ganymede 20% Neutral Y Y Y Y Y 
Leading (A=0.12) 

Plausible 10% Neutral Y Y Y Y Y 
Ice (A=0.12) 
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modelling is not exhaustive enough to conclusively prove a non-ice albedo differ

ence between the objects, however. It is possible that by using different candidate 

spectra for the two components a match can be made that allows the same non-ice 

component on both bodies. 

Europa's spectrum is unusual, as Clark (1980) notes. The great breadth of 

the 1.55 and 2.02-JLffi features indicate a large effective grain size for the surface ice, 

though coarse-grained ice does not provide a good match to the overall spectrum 

shape. The leading hemisphere of Europa is so dark in the 3-JLm region (minimum 

A = 0.001, darker than 'normal' pure water ice) that any segregated non-ice com

ponent present in significant quantities must be much darker than even Orgueil in 

this region (A = 0.035), and I am unaware of any suitable material. The leading 

side of Europa probably therefore has very little segregated non~ice on its surface. 

The trailing hemisphere is bright enough in the 3~p.m region (0.005) to allow, 

for instance, 11% areal coverage of Orgueil~like material if the remaining ice is as 

dark as the leading side, but the overall strangeness of the spectrum makes detailed 

interpretation risky. Also, the trailing hemisphere receives most of the ion flux and 

is the most likely place for sputtering to prevent segregation. Therefore, the fact 

that it is brighter than the leading hemisphere at 3 /.lm probably isn't due to more 

thermal segregation on the trailing side, but is an indication of some other process. 

Interpretat.ion of the Spectra Beyond 3 urn 

The model fit to Callisto in Fig. 38 breaks down beyond 3.1 p.m, where 

Callisto is much darker than the model. In fact, as noted by Lebofsky and Feierberg 

(1985), all the icy Galilean satellites are anomalously dark between 3.3 and 3.9 p.m, 

compared to the satellites and rings of Saturn, and laboratory spectra of water ice, 

which show a strong peak at around 3.5 j.Lm. A large ice grain size might explain 



136 

Europa's uniform darkness longward of 3 .urn, but can't explain the steady increase 

in albedo with wavelength with no 3.5-.um peak at all, as is seen on Ganymede and 

Callisto. 

Though there may be other explanations of the spectrum shape in this region, 

an intriguing possibility is the presence of sulfuric acid on the satellite surfaces. 

Figure 41 shows that the acid is considerably more absorbing in the 3.5-.um region 

than is water ice, and a small quantity on the surface could produce the required 

darkening in this region. Sill, (1976, Fig. 25) shows > 50% transmission at all 

wavelengths short of 2.7 JLm through 50 .urn of liquid sulfuric acid, so a surface layer 

10 p,m thick, for instance, could drastically reduce 3.5-.um reflectance and have very 

little effect shortward of 2.7 p.m. 

The signature of probable implanted magnetospheric sulfur has been ob

served in the UV spectrum of Europa (Lane et al., 1981), though not the other 

icy satellites. Impact processing of implanted sulfur in water ice would probably 

generate at least some sulfuric acid. A small amount of indigenous sulfur is also 

a possibility. There is, however, no spectroscopic evidence for other sulfur com

pounds that might be expected as a result of the reaction of the acid with the 

non-ice components on the satellite surfaces. 

Summary of Spectral Evidence 

The spectra of Ganymede and Callisto in the near infrared, including the 

depths of the minor water ice absorption features, can be modeled to reason

able accuracy by a combination of optically isolated frost-on-ice and carbonaceous 

chondritic material, with the frost component occupying 55% of the surface of 

Ganymede, and 10% of the surface of Callisto. Europa is so dark at 3 J,tm (at 

least on the leading hemisphere) that a significant segregated non-ice component 

is unlikely. The darkness of the satellites at 3.5 J,tm might be explained by the 

presence of magnetospherically- or internally-generated sulfuric acid on the surface. 
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Fig. 41. Absorption ~athleDgth8 for Water Ice and Sulphuric Acid in 
the 3-,nn Region. 
Pathlength for unit optical depth (reciprocal of t.he absorption coefficien~) for. water 
(at 266C1 K, Warren, 1984) and sulfuric acid (at lOooK, Sill, unpublished) ices. The 
potential effectiveness at sulfuric acid for depressing the 3.5-pm reflectance of a 
surface can be seen. 
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I claim no uniqueness for the above spectral interpretations. My aim is more 

to show that the spectral evidence currently available does not rule out the type of 

segregated surface predicted by the model of ice migration presented in Chapter 8, 

at least for Ganymede and Callisto. 



CHAPTER 11 

INDIRECT EVIDENCE FOR SEGREGATION, 
AND IMPLICATIONS 

This chapter surns up the discussion of possible ice segregation on the icy 

Galilean satellites with some indirect lines of evidence for segregation, and a sum

mary of the implications of this surface picture. 

Indirect Evidence 

Preservation of Albedo Contrasts 

Large albedo contrasts occur at low latitudes on both Ganymede and Cal

listo. Bright ray craters occur in close proximity to much darker terrain on both 

objects, and on Ganymede bright grooved terrain occurs next to darker cratered 

terrain with no gradation in albedo between them at the kilometer resolution of the 

Voyager images. If the surface is mostly homogeneous, with the albedo contrasts 

being the result of slightly different concentrations of a minor dark contaminant in 

the ice, or a grain-size contrast, the ice in the darker regions must be significantly 

warmer, and have a. higher sublimation rate, than in the neighboring bright areas. 

For instance, the diurnally averaged sublimation rate of low thermal inertia 

ice in a bright equatorial ray crater on Ganymede, with a bolometric albedo of 

0.5, for instance, is 0.014 mm yr- 1 , (Equations 13, 14, and 15, and Fig. 34). The 

equivalent rate for 0.25 albedo cratered terrain is 0.62 mm yr- 1 • If these regions 

are within a few tens of kilometers of each other there must be a rapid transfer of 

ice to the bright region, at a rate much faster than can be counteracted by impact 

gardening or sputtering, as discussed in Chapter 9. 

139 
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Given that thermal sublimation is the dominant ice transport mechanism, 

stability is only possible if ice regions close enough together to 'communicate' by 

sublimation have diurnally-averaged sublimation rates that are very similar. The 

only obvious ways of achieving such a balance are discussed below: 

1) Dark ice has a high enough thermal inertia to reduce its max£mum day

time temperature to a value similar to that for bright ice. But on Ganymede 

we can observe the temperature variations associated with the visible albedo 

patterns, using the IRIS data (Chapter 5, Fig. 15). The bright ejecta of the 

ray crater Osiris is somfi 15°K colder than its darker surroundings in the 

mid-afternoon, and dark cratered terrain is warmer than brighter grooved 

terrain. So this is not a viable way of preventing water migration to the 

bright regions. 

2) Even if dark areas have high brightness temperatures, their actual £ce 

surface temperatures are much lower, so sublimation rates are comparable to 

the bright regions. This is unlikely for the reasons given in the discussion of 

point 3 in the 'Assumptions' section of Chapter 8. 

3) All the ice has a similar albedo/ regardless of the large-scale (Vovager 

image resolution) albedo of the surface. In this case, the ice is segregated 

and is everywhere at least as bright as the large-scale albedo of the bright 

ray craters, and the observed albedo variations on Ganymede and Callisto 

result from varying fractional coverage of ice, on a scale too small to be seen 

in the images. The existence of a plausible mechanism for producing such 

segregation, as described in Chapter 8, helps make this alternative the most 

attractive. 

The above arguments for segregation based on the evident stability of albedo 

contrasts on Ganymede and Callisto cannot be applied to Europa, where local 

albedo variations are much more subdued. The Voyager images show a generally 
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bright surface punctuated by dark (mostly linear) markings. Such a surface could 

be stable against transfer of ice from the dark to the bright areas if the bright areas 

are fairly pure ice and the dark markings contain segregated dark regions and ice 

at the same albedo as the bright areas. A disk-integrated reflectance spectrum, 

dominated by the light from the bright areas, would show an unsegregated surface, 

as is observed. 

The problem with Europa is then to explain why its surface has not been 

subject to segregation. Europa is darker than several Saturnian satellites at visible 

wavelengths, and is much redder than water ice, and if this is a result of significant 

amounts of dark impurities in its surface ice the model of Chapter 8 might be 

expected to operate. 

There is a possibility, as discussed in Chapter 9, that sputtering will dominate 

thermal sublimation on Europa's trailing side and thus prevent segregation, though 

it is less clear whether the same is possible on the leading hemisphere. Microm

eteorite gardening is also possibly sufficient to keep the ice mixed. Alternatively. 

assumptions 1) or 2) (Chapter 8) may be violated on Europa (e.g. dark particles 

might sink in warmer surface regions, or ice deposition. might glaze and thus darken 

the surface). There is no a priori reason to expect such different behavior for dirty 

ice on Europa, except to note that its surface is anomalous in many respects, espe

cially in its reflectance spectrum and photometric behavior (Buratti and Veverka, 

1983). It is even possible that active resurfacing preempts segregation (Cook et al. 

(1983). 

Lack of Thick Polar Caps 

A similar piece of indirect evidence for segregated ice on Ganymede and 

Callisto is the apparent lack of massive poleward migration of ice on either body. 

Ganymede's polar caps are extremely thin, as geological albedo boundaries can be 
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seen through them, and Callisto has none at all. Purves and Pilcher (1980), as

suming segregated ice with an albedo of 0.6, inferred migration of tens of meters 

of ice from low to mid-latitudes on both Ganymede and Callisto over the age of 

the solar system. Unsegregated, warm, ice would suffer much more drastic migra

tion, amounting to redistribution of kilometer thicknesses on Callisto (Spencer and 

Maloney, 1984). The Chapter 8 segregation model provides a way of avoiding this 

problem by allowing the ice even on Callisto to be very bright. A high thermal iner

tia for the ice (as may be consistent with the thermal infrared data: see Chapter 7) 

could reduce migration rates still further by reducing daytime temperatures. High 

thermal inertia ice is not possible if the surfaces are homogeneous, because of the 

observed low thermal inertia of the surface as a whole. 

Thermal Infrared Evidence 

The thermal evidence for segregation comes mostly from the slopes of the 

Ganymede IRIS spectra, which imply surface temperature contrasts that are prob

ably not due to topography. See Chapters 4 and 7 for a full discussion. Similar 

surface coverage of bright and dark materials is suggested by the inferred tem

perature contrasts on Ganymede. The thermal data is also consistent with a small 

amount of segregated bright material on Callisto. The limited Europa data suggests 

a relatively smooth, homogeneous surface with little thermal contrast. 

Implications 

I have already considered the implications of segregated surfaces for ice mo

bility (reduced drastically) and spectroscopically-inferred ice abundance (also re

duced considerably) on the Galilean satellites. Here I consider some other implica

tions of this picture of the surfaces. 
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Atmospheres 

Cold surface ice implies a lower atmospheric column density of water vapor. 

Yung and McElroy (1977), assuming an ice albedo of 0.32 for Ganymede (i.e. a ho

mogeneous surface), obtained a surface pressure of O:h produced by UV photolysis 

of water vapor, of about l/Lbar. However, an atmosphere of this density was ruled 

out by Voyager 1 's UVS observation of a stellar occultation by Ganymede, which 

gave an upper limit for oxygen partial pressure of 10~6 ",bars (Broadfoot et at., 

1981). 

Kumar and Hunten (1982) show that variations in water vapor abundance 

can dramatically affect the development of an O2 atmosphere. A reduction in water 

vapor abundance of only a factor of ten would put the atmosphere in a 'low state' 

with an oxygen pressure below the Voyager limit. Segregated ice with an albedo of 

0.6 would have a subsolar vapor pressure more than 200 times less than ice with 

0.32 albedo (Equations 13 and 14), thereby explaining the lack of a ttbar oxygen 

atmosphere on Ganymede. If, as the current work suggests, Callistoan ice is also 

segregated, no ",bar atmosphere is expected on Callisto either, although there are 

no good constraints from Voyager observations. 

Subsurface Composition 

An unfortunate implication of the segregation model is that surface ice abun

dances probably don't provide a good quantitative indication of subsurface abun

dances. Much of the observed non-icy surface component may be in the form thin lag 

deposits overlying more ice-rich material. Radar observations (Ostro, 1982) should 

provide a better indication of the subsurface composition. It is therefore comfort

ing that the radar albedos, which probably correlate positively with ice abundance, 

show the same trend (Europa> Ganymede> Callisto) as the spectroscopically

inferred surface ice abundances (see Chapter 1), which implies, not unreasonably, 

that more extensive lag deposits form on 'dirtier' ice. The dark material may be 
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indigenous or exogenic: in the latter case it has been mixed downwards into the 

subsurface by impact gardening. The possible presence of lag deposits makes it 

difficult to use the quantitative surface ice abundance to constrain the origin of the 

dark material. 

Even Callisto's radar signature probably indicates a substantial quantity of 

subsurface ice, and if the segregated-surface interpretation of Callisto's spectrum is 

correct and there is only 10% areal coverage of ice on the surface (Chapter 10) the 

discrepancy may indicate the existence of lag deposits covering an icier substrate. 

Unfortunately it is not yet possible to determine quantitatively the subsurface ice 

abundance from the radar returns. 

Miscellaneous 

High-energy ion sputtering yields for water ice, which are temperature de

pendant, will be lower on a cold-ice segregated surface, with a factor of four de

crease between 150"'K and 120°K'in laboratory experiments using 1.5 MeV He+ 

ions (Brown et ai., 1982, Fig. 5). 

As mentioned in Chapter 4, daytime thermal emission from a segregated 

Ganymede will be very largely from the dark non-ice. For a 50/50 mixture of ice at 

1200K and dark non-ice at 160o K, only 24% of the thermal emission will be from the 

ice, though light from the ice may completely dominate the reflectance spectrum. 

The thermal and reflected spectra will be 'decoupled' in that each is dominated by 

a different surface component. 



CHAPTER 12 

CONCLUSIONS 

This dissertation has been more in the nature of a survey than a focused 

attack on a particular well-defined problem. The conclusions are therefore varied. 

I present them in this chapter, arranged into categories corresponding to the var

ious lines of investigation. I finish with an anticipation of future lines of research, 

especially the exciting potential of the Galileo Jupiter orbiter mission, currently 

expected to reach Jupiter in the mid-90's. 

Shape of Thermal Emission Spectra 

The emission spectra. are smooth and fe:tureless (Chapter 4). This may 

constrain surface composition and texture but not without more laboratory and 

theoretical work. However the smoothness of the Callisto and Ganymede spectra, 

compared to those from the Earth's moon, shows that, if these objects have seg

regated surfaces (in which case most of the emission is from the dark component), 

the dark material does not have lunar-like silicate composition and texture. 

Perhaps the most important conclusions of the analysis of the IRIS spectra 

concern the variations in brightness temperature with wavelength that are seen in 

the local thermal emission from the Galilean satellites. This dissertation demon

strates for the first time that the shape of the thermal emission spectrum of an 

airIess body, and the variation in shape across the surface, is a useful probe of 

surface physical conditions. 

The spectrum slopes observed by IRIS are real, and are probably due to local 

temperature contrasts, not spatially resolved, with amplitudes of tens of degrees. 

The different patterns of variation of spectrum slope on Europa, Ganymede and 
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Callisto imply that the slopes have more than one cause, different causes being 

dominant on different bodies (Chapter 4). 

On Callisto, the slopes of the daytime spectra appear to be due largely 

to topography, and become more pronoWlced towards the terminator as shadows 

lengthen and topographic temperature contrasts increase. A roughness comparable 

to the Moon's may be sufficient to produce the observed slopes, though better 

topographic temperature models are required to confirm this (Chapter 6). 

Ca.llisto near-subsolar spectrum slopes are smaller than on Ganymede, but 

a little steeper than predicted by current topographic models. This may indicate 

the presence of separated dark and bright materials on the surface, similar to the 

situation inferred on Ganymede (see below), but with one component (the dark, 

low thermal inertia one) dominant, occupying 80%-90% of the surface (Chapter 7). 

Near-subsolar spectrum slopes are steeper in the Voyager 2 data (late morning, 

trailing/farside quadrant) than Voyager 1 (early afternoon, leading/nearside quad

rant). The slopes on the trailing hemisphere are thus closer to those on Ganymede, 

which is interesting as this hemisphere is the more Ganymede-like in its photometry 

and polarimetry also (Chapter 4). 

The nighttime Callisto spectra are also quite steep, steeper than those on 

Ganymede, and require temperature contrasts with amplitudes of around 30C K. 

Whether this is due to 'remnant' topographic effects cannot be checked without 

much more complex thermophysical topographic models. Alternatively, if the pos

sible minor bright component on the surface has high thermal inertia, this might 

also explain the steep nighttime slopes on Callisto (Chapter 7). 

The Ganymede spectrum slopes are probably not due to topography, because 

they do not increase towards the terminator, and are in fact remarkably uniform 

across the satellite. The shallowness of the near-terminator daytime spectra indi

cates a smoother surface than Callisto at an undetermined lengthscale: the higher 
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albedo of Ganymede cannot explain the apparently smaller topographic tempera

ture contrasts than on Callisto (Chapter 6). The slopes are most easily explained 

by a surface with similar coverage of horizontally separated dark, low thermal in

ertia and bright, high thermal inertia components (Chapter 1). The very bright 

ejecta blanket of the crater Osiris shows unusually small slopes, which is consistent 

with the 2-component interpretation as one component (the bright one) would be 

expected to be dominant in this region, resulting in reduced temperature contrasts. 

By far the steepest spectrum slopes seen on Ganymede occur near the south pole, 

for reasons that are not yet clear. 

The spectrum slopes on Europa are smaller than on either Ganymede or 

Callisto, and require local temperature contrasts of 200K or less (Chapter 4). The 

available coverage is too limited to constrain the origin of the slopes. However 

their small amplitude is consistent with the impression, obtained from imaging 

and reflectance spectroscopy, that Europa's surface is topographically smooth and 

compositionally homogeneous. 

Anisotropy of Thermal Emission 

As far as can be determined from the Voyager IRIS data, the falloff in thermal 

emission from a given point on Ganymede or Callisto with increasing solar phase 

angle is comparable to that on the Earth's Moon (Chapter 5 and Appendix A). 

Global Temperature Distributions 

Equatorial surface temperatures are significantly below equilibrium (zero 

thermal inertia) values. The maximum da.ytime temperatures on Ganymede and 

Callisto are about 158 and 147"K respectively, approximately lOOK and 5°K respec

tively below equilibrium. Nighttime temperatures are wannest on Ganymede, which 

is 15°K warmer in the early part of the night than Europa or Callisto (Chapter 5). 

This is due to Ganymede's higher thermal inertia and faster rotation than Callisto, 
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and its much lower albedo that Europa (Chapter 7). Anomalously cold regions, 

not associated with high surface albedos, were seen by Voyager 1 on Ganymede at 

20° N, 10° W (in the early afternoon), and at 0° N 2500 W (just before midnight). 

Large anomalies in thermal properties are required to explain these (Chapter 7). 

Similarly, temperatures around 20° N, 3300 W on Callisto (in the late afternoon) 

are also anomalously cold. 

The 2-1ayer surface models of Morrison and Cruikshank (1973) and Hansen 

(1973) explain both the eclipse and diurnal thermal behaviors of Ganymede and 

Callisto, but only when the top-layer thermal inertias that they used are increased 

by about 50%. The diurnal profiles constrain the thermal inertia of the lower layer 

of this model to be a factor of several lower than solid- ice values. The eclipse and 

diurnal behavior of Ganymede, however, are also consistent with a 2-component 

surface with equal surface coverage of a bright high thermal inertia and a dark low 

thermal inertia component (Chapter 7). 

Ice Mobility 

Thermal segregation of water ice on the icy Galilean satellites is a potentially 

powerful process that may dominate the, appearance of the surfaces at sub-kilometer 

length scales. Gan~mede and Callisto, geologically dead at the scale of the Voyager 

images, may show features at small scales that reflect equilibrium with a process 

that operates on a timescale of decades or less (Chapter 8). The competing ice 

redistribution processes of ion sputtering and micrometeorite bombardment are un

likely to prevent segregation except possibly in polar regions and perhaps on Europa 

(Chapter 9), especially the trailing hemisphere where ion sputtering is intense. 

Evidence for segregation includes direct imaging by Voyager at Callistoan 

high latitudes, the apparent lack of the kilometers of poleward ice migration that 

would be expected on Ganymede and especially Callisto if the ice were unsegre

gated and warm, and the preservation of local albedo contrasts at low latitudes on 
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Ganymede and Calliso. The steep subsolar IRIS spectrum slopes on Ganymede may 

also require a segregated surface (Chapter 7). The reflectance spectra of Ganymede 

and Callisto may be consistent with segregated surfaces, though Europa's spectrum 

probably indicates a homogeneous surface (Chapter 10). 

If the surfaces of Ganymede and Callisto are influenced by thermal segre

gation, the dark material on their surfaces may be mostly in the form of thin lag 

deposits, and the substrate composition is likely to be more ice-rich than the visible 

surface. Segregated surfaces will have lower ice mobility and possibly much lower 

overlying atmospheric pressure (Chapter 11). 

Potential for Future Work 

Galileo 

The Galileo Jupiter orbiter mission will enormously improve our knowledge 

of the surfaces of the Galilean satellites. 

Thermal observations, comparable to those made by the Voyager IRIS in

strument, will be obtained by the Galileo Photopolarimeter-Radiometer (PPR) (see 

e.g. Hunten et al. 1987). Though designed primarily for Jovian atmospheric obser

vations, (like IRIS), it will also be very suitable for satellite work. Below I compare 

its characteristics to those of IRIS. 

Spectral Re8olution. Five broadband flux measurements centered on 17, 21, 

27.5, 37, and above 42 J.tm, compared to the equivalent of about 250 narrowband 

measurements in the 8-50 J.tm range for Voyager IRIS. 

Angular Resolution. 0.14° diameter circular field (IRIS field is 0.25° diame-

ter). 

Spatial Resolution. For typical Galileo satellite flyby altitudes of about 

1000 km, much closer than the Voyager flybys, the smallest regions measured will 
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be 2.5 km across, compared to 100s of km for Voyager. Coverage with such high res

olution will be very limited but there will be good coverage at much higher spatial 

resolutions than possible with Voyager. 

Acquisition Rate. One set of fluxes every 18 seconds in 'cycle mode' (pho

topolarimetry plus radiometry) ~ompared to a spectrum every 48 seconds from 

Voyager. 

Spatial Coverage. Much more comprehensive than from Voyager, owing to 

the larger number of flybys. There will be perhaps 11 targeted encounters of the 

icy Galilean satellites, plus many untargeted encounters which will often provide 

spatial resolution equal to or better than the Voyager flybys. 

So in all respects but spectral resolution Galileo will substantially exceed 

Voyager's capabilities for measuring thermal radiation from the icy Galilean satel

lites. The low spectral resolution is not a great handicap, given the smoothness of 

the thermal spectra revealed by Voyager. If the data are well calibrated, spectrum 

shapes directly comparable to those obtained here (Chapter 4) wil1 be extractable 

from the radiometer fluxes. 

The Galileo data will allow confirmation of the trends of spectrum shape 

seen by Voyager, and better characterize the trends on Europa and on the night 

sides of all satellites. Differences in thermal emission with terrain type will be 

much more easily visible than with Voyager. Improved absolute pointing accuracy 

(if only because of the close flybys) and more comprehensive phase coverage should 

allow characterization of the beaming of thermal emission and correction for it. 

Complete diurnal temperature profiles should be obtainable for all three satellites. 

It will be possible to compare different longitudes at similar illumination and viewing 

geometries on successive flybys, so that the global variations in thermal properties 

can be better characterized. 
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There is also the possibility of thermal observations of the Earth's Moon 

and several asteroids by Galileo on its way to Jupiter. These observations, though 

limited, will be invaluable for comparison with the Galilean satellite data. 

The superior Galileo data set, by allowing better separation and understand

ing of geographical (global and terrain), diurnal, and geometrical (beaming) effects 

on the observed thermal emission from the satellites, should provide much tighter 

constraints on thermal models like those described here in Chapters 6 and 7. It 

should therefore be possible to determine much more clearly the distribution of 

surface roughnesses, albedos and thermal inertias on the satellite surfaces. 

The other Galileo instruments will also provide a great deal of information 

that is relevant to the science discussed in this dissertation, especially the possi

bility of widespread ice segregation. Imaging of the satellite surfaces at very high 

resolution may detect and characterize ice segregation if it exists, and determine 

its dependence on latitude and terrain type. The NIMS (near-infrared mapping 

spectrometer) instrument will also be able to study latitudinal variations in ice dis

tribution on each icy satellite, and will have sufficient resolution, for instance, to 

obtain separate spectra of the bright and dark segregated patches visible in Fig. 32 

at high latitudes on Callisto, thus possibly obtaining a 'pure' spectrum of the dark, 

non-icy surface component. Characterization of the latitudinal variations in ice dis

tribution should allow identification of the dominant redistribution processes and 

their effects. 

The UV stellar occultation technique, used by Voyager to rule out a J.Lbar 

oxygen atmosphere on Ganymede, is sensitive enough for direct detection of the 

water vapor in equilibrium with warm ice on the Galilean satellites (Spencer, 1982). 

Stellar occultations observed with the Galileo UVS instrument will thus be useful 

indirect probes of surface ice temperature and mobility. 
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In addition, the plasma instruments and dust detector on board Galileo will 

greatly improve our understanding of the rates and nature of ice transport processes 

competing with thermal sublimation. 

Other Work 

Improved topographic temperature models (Chapter 6) are fairly easy to 

create, and should allow much better understanding of the effects of topography on 

thermal spectrum shape and on beaming. With the help of such models should come 

a better understanding of the spectrum shapes on Callisto and better constraints 

on the surface roughness on Ganymede and Europa. 

Improved eclipse models are possible and should be studied (Chapter 7 and 

Appendix C). In particular, subsurface penetration of sunlight and oblique eclipse 

geometry should be investigated. Europa's lack of post-eclipse recovery is a major 

outstanding problem to be explained. The use of least- squares fitting techniques 

to determine simultaneous best-fit thermal models to the eclipse, diurnal, and spec

trum slope data may allow a definitive explanation of Ganymede's thermal emission 

behavior, which will show whether a segregated or laterally-homogeneous surface 

exists there. 

Improved groundbased measurements of the thermal emission of Europa, 

Ganymede, and Callisto as a function of orbital phase, solar phase, and wavelength 

would be complementary to the IRIS data and provide an additional constraint on 

comprehensive thermal models. Published values, such as those tabulated by Mor

rison (1977), are barely of adequate quality to provide good constraints, especially 

when comparing fluxes in the 10- and 20-p.rn regions. 

Photometry of Voyager images might provide an independent check on the 

conclusion, derived from the IRIS data, that Callisto has a rougher surface than 

Ganymede (Chapter 6). By using the Hapke (1984) equations, particle albedo, 
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surface texture, and larger-scale surface topography can he determined indepen

dently from a complete enough photometric data set, and this has been done for 

Ganymede by Helfenstein (1986). A similar exercise for Callisto might allow quan

titative comparison of its surface morphology with Ganymede's in a way that could 

be compared to the thermal emission data. However, because of possible effects 

such as the lateral conduction of heat, the scale of the topography that affects the 

thermal emission may be different from that that affects the scattering of sunlight, 

and the two data sets may not be directly comparable. 

The present study of the thermal emission from the Galilean satellites has 

been hampered by the lack of comparable disk-resolved data from other airless bod

ies. The thermal emission from the Earth's Moon is still poorly described or under

stood, and a more complete survey, especially of the beaming of thermal emission 

and the wavelength dependence of the emission, is badly needed. I am not aware of 

any published data on the emission from the moon in the 20-J,tmatmospheric win

dow, for instance, that would show whether the Moon's emission spectrum steepens 

towards the terminator as does Callisto's. A complete survey may have to wait for 

the revival of interest in Lunar studies, which have been dormant since the early 

70's. 



APPENDIX A 

ANISOTROPY OF THERMAL EMISSION 

This appendix discusses what is known about the anisotropy, or beaming, of 

the thermal emission from individual regions of planetary surfaces. It also describes 

the measurement of beaming on the Galilean satellites, using the IRIS data. 

Lunar Observations 

Most of the published observations of the directionality of thermal emission 

have concerned the Moon (see Saari and Shorthill, 1972, and Saari et al., 1972 for 

a summary). It was found that: 

1) Emission from a given point peaks in the direction of zero Bolar phase, 

and decreases with increasing phase angle. 

2) The zero-phase enhancement is greater at larger solar incidence an

gles, so that the brightness temperature of the full Moon decreases more 

slowly from the center to the limb than expected on the basis of eqUilibrium 

temperatures and isotropic emission. 

Unfortunately all the published lunar studies describe the 10-Jtm atmospheric 

window only: there is no available data in the 20-.um window to give information 

on the wavelength dependence of the beaming effect. Observations of beaming at 

a variety of wavelengthfl were made for both Mercury and the Moon by Murdock 

(1974), but these were disk-integrated measurements that are difficult to compare 

with the disk-resolved Voyager data. 

Lunar beaming has been successfully modelled as being a consequence of lo

cal surface topography (e.g. Winter and Krupp (1971)). Sunlit depressions receive 
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radiation (scattered solar and Ie-radiated thermal) from the walls around them as 

well as directly from the sun, and are thus warmer than nearby elevated points. An 

observer at low phase angles will receive the extra radiation from the warm depres

sions, whereas observations of the same area at high phase angles will preferentially 

see the cooler elevations, and shadowed regions that may be cooler still. Chapter 6 

and Appendix B discuss (and partially reproduce) these models, in an attempt to 

explain the variations in spectrum shape with temperature that were described in 

Chapter 4. 

Measuring Beaming on the Galilean Satellites 

There are two motivations in the current work for determining the anisotropy 

of thermal emission from the Galilean satellites. The first is to compare with the 

known lunar beaming, and with theoretical modelling (Chapter 6) to see whether 

the beaming places any useful constraints on surface properties. The second is to 

see if it is possible to use the knowledge of beaming to remove the effects of changing 

viewing geometry from the IRIS data. Because the Voyager IRIS coverage of the 

Galilean satellites is inadequate to fully characterize the anisotropy of the thermal 

emission, this second goal also requires comparison with the Moon to fill in some of 

the gaps. 

The Saari et al. (1972) lunar data refer only to a wavelength of 11 p,m, 

and thus give no information about the wavelength dependence of the beaming. 

Hansen (1977), however, using a topographic thermal model (see Chapter 6 and 

Appendix B), calculates (disk-integrated) beaming at a range of wavelengths. He 

shows that wavelength can be parameterized as the ratio A/Ama:1H where Amu is 

the wavelength of peak thermal emission from the planetary object at zero phase. 

For the Saari et al. observations, he gives this ratio as about 1.2 (in his Fig. 5): for 

Ganymede and Callisto the wavelength corresponding to this ratio is about 26 p,m. 
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This is the appropriate wavelength of the IRIS observations to compare with the 

lunar data. 

I measured beaming on the Galilean satellites by comparing overlapping IRIS 

scans of a single region taken from different viewing geometries. The temperature 

change between the two scans l when corrected for 'real' temperature changes due 

to the rotation of the body, gives a measure of the directional dependence of the 

emission. I concentrated on measuring variations in thermal emission with phase 

angle, as lunar beaming depends mostly on this variable (Saari et at., 1972). 

To be detectable, temperature variations due to beaming must be larger than 

those due to pointing uncertainties. The Voyager 2 Ganymede data, having the 

highest resolution and best pointing accuracy (after correction) of the icy satellite 

data sets, were thus used for this purpose. Even here, the data is barely adequate 

to quantify the beaming effects. I also made one measurement on Callisto for 

comparison, though here the resolution is poorer still. 

In the southern hemisphere of the Voyager 2 region of Ganymede, I found 

six instances of overlapping coverage of the same region at a pair of phase angles. 

Results for these instances (GI-G6) are listed in Table VII, along with the Callisto 

measurement (CI). For each instance, using plots showing brightness temperature 

for each spectrum as a. function of geographical position, I drew isotherms by hand 

for each phase a.ngle. I then recorded the offset between the two sets of isotherms, 

corresponding to the temperature change between the pair of observations. In each 

case the offset was in the expected sense, with higher phase angle observations being 

cooler, providing some confidence that I was observing a real effect. I determined 

the offset for both 26--lLm TB , for comparison with the ll-lLm lunar data, and for 

the wavelength-integrated TE • 
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Table VII. Observations of Beaming on Ganymede and Callisto 

See text for details. al and 0:2 are the two phase angles at which temperatures 
were compared to obtain the thermal phase coefficients c. 

Location Phase T. 26 J.tm Ta Lunar 
Rotat- 06s- Corr- obs- Corr- 11 I'm 

Local ional rved ected erved ected TB 
Lat Long °10:2 Temp ST ST ST cxlQs ST ST cxlOs cx1Q3 

Gl-20 190 34 44 135 +0.13 -2.0 -2.0 -1.47 -1.5 -1.5 -1.11 -0.79 

G2-20 190 44 81 135 +0.03 -5.0 -5.0 -1.01 -3.0 -3.0 -0.60 -1.18 

G3-30 150 44 59 122 -0.67 -3.0 -2.5 -1.38 -3.0 -2.5 -1.38 -1.20 

G4 -55 190 50101 120 +0.13 -7.0 -7.0 -1.15 -6.0 -6.0 -0.98 -

G5 -60 160 48 66 107 -0.32 -4.0 -3.5 -1.81 -3.0 -2.5 -1.30 -

G6-30 150 59 81 120 -0.70 -3.0 -2.5 -0.95 -2.0 -1.5 -0.57 -1.02 

Cl +35 10 50 79 137 -1.10 -4.0 -3.0 -0.73 
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For Ganymede, I corrected for the 'real' cooling of the surface between the 

observations, due to the satellite rotation (all the data comes from afternoon re

gions) , by reference to theoretical diurnal temperature profiles. Direct inference of 

the afternoon cooling rate, from the observed temperature distribution as a function 

of local time, is probably unreliable on Ganymede, because of the quite strong per

turbations due to local albedo variations. At the time that I was doing this analysis, 

my best fit to the Ganymede diurnal temperature profile was a single-layer thermal 

model with a thermal inertia of 106 erg-ega and an albedo of 0.3. I ran this model 

for each latitude in Table VII to determine the expected surface cooling during the 

time interval between the overlapping scans. 

A problem with this approach is that this l-layer model predicts a diur

nal temperature peak that is significantly longer after midday than is observed on 

Ganymede. This means that the temperature is predicted to be still rising slightly 

for locations GI, G2, and G3, while in reality there was probably a slight cooling 

during the observations. Fortunately, as Table VII shows, the rotational corrections 

are much smaller than the observed phase-related reductions in brightness temper

ature so the effect of this error is small. In the three cases where the thermal model 

predicted a temperature rise, I applied no rotational correction (constant surface 

temperature was assumed). 

Subsequent thermal modelling (Chapter 7) gives an improved fit to the 

Ganymede diurnal temperature profile, but I have not repeated the rotational cor

rections because their small magnitude does not justify an improved calculation. 

On Callisto, where albedo variations are much smaller, I used the actual 

observed afternoon cooling rate, deduced from the isotherm spacing, to determine 

the expected surface coo1ing between the pair of observations. 

I define a 'thermal phase coefficient', c, as the fractional change in temper

ature per degree of phase angle, so that for two values of TE (or TB) at two phase 



159 

angles O!, 

(16) 

c is tabulated in Table VII. It varies by almost a factor of two between the various 

cases. Table VII compares the 26-JLm c values for cases Gl, G2, G3, and G6, which 

are quite close to the thermal meridian, with those for corresponding geometries 

at 11 ILm on the Moon, derived from both the observations of Saari et al. Fig. 13, 

and the theoretical model of Winter and Krupp, Fig, 9. It can be seen that there is 

no good correspondence in the variations of c with viewing geometry between the 

lunar and Ganymede data. This suggests, if the beaming on Ganymede is similar to 

that on the Moon, that the twofold variability in c seen on Ganymede is a result of 

observational error rather than a true dependence on viewing geometry. Such large 

errors are not suprising considering the pointing uncertainties and resolution of the 

data. The single value of c for Callisto is probably equally or more inaccurate. 

However, the Ganymede and Callisto thermal phase coefficients are of the same 

magnitude (and sign!) as those observed on the Moon, and are therefore probably 

real. 

Possibility of Corrections for Beaming Effects 

Because of the probable factor of two (at least) uncertainty in the c values, 

and the limited range of geometries for which they are available, I decided that an 

attempt to correct the Ganymede and Callisto effective temperatures for viewing 

geometry would not be worthwhile. There would be too much danger of overcorrect

ing and obtaining 'corrected' temperatures that were less accurate than the original 

values. 

However the values of c that I obtain, close to 10- s, allow an estimate of the 

temperature uncertainties introduced by the varying viewing geometry. Saari et al. 

(1972) Fig. 11 shows, for the Moon, that 'accurate' ll~J.tm brightness temperatures 

(equal to the surface equilibrium temperature) are obtained at phase angles between 
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45° and 600 on the thermal meridian. From equation 15, using a c value of 10- 3 , and 

an 'accurate' phase angle of 50°, a 1200K surface would appear to be at 122.4°K at 

300 solar phase angle and US.3°K at 900 phase. The plots of surface temperature 

distributions· presented in Chapter 5 will include uncertainties of this magnitude 

due to viewing geometry variations. 



APPENDIXB 

DETAILS OF THE TOPOGRAPHIC TEMPERATURE MODELS 

The two methods of determining the thermal emission from a macroscopically 

rough surface, used in Chapter 6, are here discussed in detail. 

Model A: Adaption of the Results of 
Winter and Krupp (1971) 

Winter and Krupp (1971) were considering the observed beaming of ll-p,m 

thermal emission from individual regions on the Earth's Moon (see Appendix A). 

Their model calculated temperatures across an idealized rough surface (a plane 

indented with spherical-section craters) and successfully explained the beaming as 

due to these topographic temperature variations. 

They calculated the temperature at each point in an obliquely-illuminated 

crater of albedo A = 0.08, by considering the direct solar insolation (if any) at 

that point, and the thermal radiation absorbed from the rest of the crater interior. 

They also allowed for radial sub-surface conduction of heat but concluded that, 

using lunar surface thermal inertias, conduction did not affect crater temperatures 

very much. They did not include scattered sunHght within the crater, which may 

be a reasonable assumption given the low albedo of the Moon. 

Note that in this appendix, A is a 'single-scatteI'ing' albedo. As photons in 

the model can encounter the rough surface more than once and thus have more than 

one chance to be absorbed, the actual surface albedo will be lower than A by an 

amount that will depend on the geometry of the surface and the lighting conditions. 

Figures 6 and 7 of Winter and Krupp (1971) show calculated temperature 

profiles along the meridian (the line of symmetry aligned with the direction of 
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the sun) of spherical-section 'craters'. Profiles are given for a hemispherical crater 

(depth/diameter ra.tio, D, = 0.5) at solar incidence angles of 00 ,30",60°,70°, and 

800 , and a. more subdued crater (D = 0.25) at 00 , 300 , and 600 • I digitized these 

profiles, and scaled them to Callisto surface temperatures by multiplying by the 

ratio of the subsolar temperature observed by Voyager on Callisto (158°K) to the 

lunar subsol"" temperature used by Winter and Krupp (3SS.S0K). 

The temperature information provided by Winter and Krupp pertains only 

to the crater meridian: they do not give temperatures elsewhere in the crater so 

a. calculation of the thermal emission from the crater in three dimensions is not 

possible. I therefore used the temperature profile in a two-dimensional calculation, 

applying it to an infinite trench with the same circular-arc profile as the crater 

cross-section. This introduces an error: the geometry of the trench is different and 

the actual temperature profile within it will be somewhat different from that within 

a three-dimensional crater. However I this simplification allows the calculation of 

results that should be at least qualitatively valid. Figure 42 illustrates the model. 

Calculation of Thermal Emission 

The results of tbe IRIS spectrum fitting (Chapter 4) indicate a wavelength

independent emissivity typically about 0.94, rather than unity, for the surfaces 

of the Galilean satellites. This is not included in the Winter and Krupp model, 

which assumes unit emissivity, but has a significant effect on the shape of the 

final spectrum. Therefore a non-unit emissivity E is simulated by increasing the 

temperature of each point on the crater profile by the factor e- O•25 (this is the 

effect of non-unit emissivity on the equilibrium temperature of a smooth surface): 

T' =TE- O•211 (17) 

The radiated flux from each surface element is then reduced by the factor e at all 

wavelengths in Equation 18 below. 
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Fig. 42. lllustration of Topographic Temperature Model A (Cylindrical 
Trench using Winter and Krupp Crater Temperature Profiles). 
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Simple (but tedious) geometry determines what portions of the trench inte

rior are visible from a given emission angle. The visible opening of the trench is 

divided into ten sections of equal projected area and the location of the center of 

each within the crater is determined. The temperature at that point is read from 

the digitized and scaled temperature profile, interpolating as necessary. This gives 

ten temperatures T;, all contributing equally to the thermal emission viewed from 

this angle. 

The thermal emission spectrum R(~) of a surface with fractional trench 

coverage X and emissivity € is given by the weighted combination of blackbody 

spectra at the temperatures of each of the visible surface elements: 

R(.\) = (1- X)'B(.\,T~) +X, I;x;B(.\,Tj) (18) 

where xi' the fraction of the projected trench area, seen at a given emission angle, 

that is occupied by element j, is always 0.1 in this case. B(>..,T) is the Planck 

function at wavelength· A and temperature T. The temperature of a horizontal 

surface outside the trench, Thl was also obtained from Winter and Krupp (1971) 

Figs. 6 and 7, and scaled in the same way as the interior temperatures. 

The spectrum R().) can be compared directly with the IRIS spectra, or can 

be fitted with a 2-component blackbody in an identical way to the IRIS spectra so 

that the fit parameters can be compared. 

I ran this model for all combinations of the following values of the input 

parameters: both available values of D (0.5 and 0.25), all solar incidence angles 

available for each D (0°, 30° , 60°, 70° I 80° for D = 0.5 and 0° , 30°, 60° for D = 
0.25), X = 0.1 and 0.6, and emission angle = 0° I and 30° and 60° on each side of 

the vertical. E was held at 0.94. The results are in Fig. 21, in Chapter 6 of the 

main body of the text. Emission angles of 60° often gave spectrum shapes very 

different from smaller values and were not plotted in order to keep the ribbons 
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narrow enough to be useful. The great majority of the plotted IRIS spectra have 

emission angles less than 60" ! anyway. 

Model B: Triangular Trench 

Whereas Winter and Krupp (1971) and Hansen {1977} considered spherical

surfaced craters, the model I have constructed is only two dimensional, and considers 

the temperature distribution within an infinite trench. It is otherwise similar to the 

abovementioned models, though unlike them it includes scattered solar radiation 

and is thus valid for high albedo surfaces. Emissivity is assumed to be unity, in 

order to avoid the complex calculation of scattered therma.l radiation. A DOTI

unit emissivity can, however, be simulated in calculating the final thermal emission 

spectrum. 

Trench Geometry 

The trench has· an icoseles triangle cross-section, with vertical walls and a 

depth/half-width ratio of D. See Fig. 43 for an illustration. Three surface elements 

are considered: the wall facing away from the sun (1), and the shadowed (2) and 

illuminated (3) portions of the sun-facing wall. The area of element 2 is zero if the 

sun is high enough to illuminate the bottom of the trench. 

The model first calculates the size of each surface element, a function of D 

and the solar incidence angle i, and from this, by stra.ightforward geometry, the 

fractional solid angle (fraction of a full hemisphere) f; k subtended by every element 

k as seen from the center of each other element j. 

Calculation of Scattered Light (Solar Radiation) 

For a given surface element 3, the flux Fi of light scattered from it is related 

to the flux of incident scattered and direct light by the 'single-scattering' albedo A: 

F;=A(2:!;.F.+Fs COSi;). (19) , 
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TEMPERATURE CALCULATED FOR 
CENTER OF EACH OF THREE WALL SEGMENTS 

Fig. 43. Illustration of Topographic Temperature Model B (Triangular 
Trench with Calculated Temperatures). 
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Fs is the incident direct solar flux (zero if the element is in shadow, i.e. for ele

ments 2 and sometimes 1) and i j is the solar incidence angle relative to the local 

surface normal. Solution of the three linear simultaneous equations for Fi is ac

complished by matrix inversion. 

A major (and invalid) assumption implicit in Equation 19 is that conditions 

are the same over the whole of each surface element, i.e. the flux Fj and the pro

jection factor hk applies over the whole of element j. A more thorough model 

would subdivide each surface element for greater accuracy, but the assumption of 

constancy over each element (also assumed in the following calculation of temper

atures) should give useful first-order results. 

Calculation of Temperatures 

Calculation of the temperature Tj of each surface element is similar to the 

calculation of scattered light. Zero thermal inertia is assumed, so that the tem

perature is that for which emitted thermal radiation balances absorbed incident 

radiation (direct and scattered solar, and thermal radiation from other surface ele

ments): 

uTi = I: !;,uT: + (1- A) (I: !i,F, + Fs COSi;). (20) , , 
All Fk '5 have already been determined, so this gives three simultaneous linear equa

tions in T3~' which are again solved by matrix inversion. Equation 20 assumes unit 

emissivity so that scattered thermal radiation can be ignored. 

Finally, the temperature Th of a horizontal surface outside the trench is given 

simply by 

aT: = Fs cosi (21) 

where i is the solar incidence angle. 
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Calculation of Thermal Emission 

Non-unit emissivity, needed to produce emission spectra comparable to those 

of the Galilean satellites, is simulated as in model A, by increasing the temperature 

of each surface element by the factor £-0.26, and then reducing the radiated flux by 

E in Equation 18. 

Finally, the thermal emission spectrum from the trench and its surroundings 

is calculated using Equation 18 as in model A. xi I the fraction of the projected 

trench area, seen at a given emission angle, that is occupied by element i, is not 

constant this time, but can be calculated by simple geometry. 

The resulting spectrum is treated as in model A, being compared directly 

with the IRIS spectra or first fitted with a 2-component blackbody. 

I ran model B with the same range of parameters as model A, with the 

additional variable A (albedo) given values of 0.2 and 0.45. Also, unlike model A, I 

was able to use solar incidence angles of 700 and 800 with D=0.25. The results are 

in Figs. 19 and 20, in Chapter 6 of the main body of the text. As with model A, 

and for the same reasons, emission angles of 600 were not plotted. 



APPENDIX C 

DETAILS OF THE THERMOPHYSICAL MODELS 

This appendix describes the numerical thermal models used in Chapter 7 

to match the observed diurnal temperature distributions on the Galilean satellites, 

and also the cooling and heating behavior during eclipse by Jupiter. The diurnal 

models are described first. 

Diurnal Thermal Models 

Numerical models of diurnal conductive heat flow have been used to de

termine planetary surface temperatures for many years. They have been applied 

to such tasks as the radiometric determination of asteroid and satellite diameters 

(Lebofsky et al., 1986), determination of rock abundance on Mars (Christensen 

1986), and water ice stability on the Galilean satellites (Squyres, 1980). My model 

is similar to most others but differs in detail, and I describe it here for completeness. 

The model obtains the temperature T as a function of depth below the 

surface x and time t by numerically solving the one-dimensional conductive heat 

flow equation 

p(x)c(x) oT(x,!) =!... [K(X) OT(X,!)] 
at ax ax (22) 

where p is density, c is specific heat capacity, and K is thermal conductivity. p, 

c, and K may vary with depth, but at Galilean satellite temperatures they do not 

vary significantly with temperature. The equation is evaluated over the x interval 

from 0, at the surface, to some depth d. 
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Upper and Lower Boundary Conditions 

The boundary condition at the surface is 

K(O) (8TJ:,t))." = wT'(O,t) - (1- A)Fs (t). (23) 

which represents the balance between the conductive heat flux from below, on the 

left-hand side of the equation, and the thermal radiation (first term on the right 

hand side: E is the emissivity and a is the Stefan-Boltzmann constant) and absorbed 

sunlight (second term on the right: A is the bolometric albedo and Fs the time

dependent flux of sunlight). I ignore the possible variation of A with solar incidence 

angle (Squyres and Veverka, 1982), and also the possible subsurface penetration of 

sunJight (Brown and Matson, 1987). 

The boundary condition at the base of the x interval is that there should be 

no heat flux through the boundary, i.e. 

K(d) (8T(x,t)) = 0 
ax :l:=d 

(24) 

which implies no spatial temperature gradient at the lower boundary and therefore, 

from Equation 22, no temperature change with time there either. The constant 

temperature condition is achieved by having the lower boundary deep enough that 

it is below the diurnal temperature variations, which decay exponentially downwards 

with characteristic 'skindepth' 8 = J(KtD)/(pc), where tD here is the length of a 

day. I generally used d = 3.2 for homogeneous surface models. 

I chose the 'deep temperature' T(d,t) by using the fact that for c and K 

independent of T, the 'true' deep temperature (the value for which there is no 

heat flow through the base of the model) is equal to the diurnally-averaged surface 

temperature. I ran every model twice, first with an estimated deep temperature and 

second with a deep temperature equal to the mean surface temperature from the 

first run, with a correction factor based on the imbalance of radiated thermal and 
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absorbed solar radiation at the surface in the first run (too high a deep temperature 

raises the mean surface temperature and thus gives an imbalance in absorbed and 

re-radiated energy at the surface). As a result, thermal balance at the surface on the 

second run was always excellent, equivalent to an error in meaD surface temperature 

of less than O.05°K. 

Parameterization 

If X is replaced with X, defined as x/s, (i.e. if depth is measured as the 

number of skindepths below the surface), and K, p and c are assumed constant 

with x, then Equation 22 simplifies to 

aT(X, I) a'T(X,I) 
tD-a-t-=~ (25) 

and 23 becomes 

1;'/2..jKpC (aT~~,I)) x=o = EUT'(O, I) - (1- A)Fs (I). (26) 

All the physical parameters are combined into one, ,fK/iC, the thermal inertia, 

which is the Bole determiner of surface temperature for a given albedo, insolation and 

rotation rate and a vertically~homogeneous surface. I solved the equations in this 

form, with thermal inertia, length of day, albedo, and latitude (which contributes 

a cosine factor to Fs) as the input parameters 

Numerical Solution 

For the vertically-homogeneous case, I divided the subsurface into 32 'slabs', 

each with an X~thickness SX of 0.1 (to give 3.2 skindepths total), and calculated 

the heat flow from each slab to the next over successive time increments lit using 

the 'discrete' equivalent of equation 25, i.e. 

T(X, t+8t) = (6},\J (T(X +8X,I) - 2T(X,I) + T(X -6X,I)). (27) 
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I obtained surface temperature from 

T(O,t+ot) =T(O,t) +2 (S;,tt
D

) (T(8X,t) - T(O,t» 

- 2 ("fKjiC~X,;r;;) (,,,T'(O,t) - (1- A)Fs (t)), 

(28) 

which is adapted from Equation 23 in a non-obvious manner (see Carnahan et 

al. (1969) for details). I chose the fewest number of timesteps that gave a stable 

numerical solution: typically this was around 600 timesteps per rotation (t5t = 
tD /600). Using smaller values of oX and St did not change the solution significantly. 

As stated above, I ran each model twice to determine the correct deep tem

perature. Each run started at midnight with uniform temperature with depth, and 

continued for 4 rotations until the diurnal temperatures stabilized and Iforgot' the 

initial conditions. The surface temperatures on the final rotation of the second run 

constituted the solution to the thermal model. 

2 Layer Models 

The above discussion refers to vertically-homogeneous models, but I also ran 

models with a low thermal inertia layer overlying a higher thermal inertia substrate. 

For a 2-layer surface there are three physical parameters rather than one: the 

thermal inertias of the two layers and the thickness of the top layer, expressed as a 

heat capacity per unit area (pCXt, where Xt is the top-layer thickness). Calculation 

of surface temperatures is similar to that for the homogeneous case, except that the 

top layer is divided into a fixed number of slabs, usually 6, while the lower layer 

temperatures are calculated with 6X = 0.1 as before. For most 2-layer runs this 

gave top-layer slabs much thinner than for the homogeneous case, necessitating up 

to 30,000 timesteps per rotation for stability in some cases. 
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Time=.OOOO Te=133.4 Flux at 10 & 20 microns=1.0E+08, S.9E+07 

94 102 106 103 

99 112 120 123 120 113 

102 118 128 132 134 133 128 118 

106 120 130 137 140 142 141 138 132 123 

106 118 128 136 141 146 146 146 143 139 133 123 

103 118 130 138 143 146 148 147 146 140 133 123 

Time=.OO10 Te=126.3 Flux at 10 & 20 microns=5. 8E+07 . 6.4E+07 

90 97 101 101 

93 103 112 117 118 112 

96 106 114 121 126 130 128 118 

97 106 114 121 127 132 137 137 132 123 

96 106 112 118 124 129 136 140 142 139 133 123 

96 106 113 120 126 131 137 142 144 140 133 123 

Fig. 44. Illustration of the Eclipse Thermal Model 
Screen output from the eclipse program, showing surface temperatures over a hemi
sphere of Ganymede (using the best fit 2-layer thermal parameters of Chapter 7) 
prior to and during entry into Jupiter's shadow. Location of the numbers corre
sponds approximately to the position of the 52 points on the projected hemisphere. 
The right-hand portion of the hemisphere is still in full sunlight in the second plot. 
The data line refers to time in fractions of a Ganymede day, disk-integrated effec
tive temperature, and disk-integrated 10 and 20-pm broadband fluxes in arbitrary 
units. 
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Eclipse Thermal Models 

The physics of the eclipse modelling is identical to that for the diurnal mod

elling described above, except that the insolation Fs (t), instead of varying smoothly 

during the day, drops rapidly to zero from some 'normal' daytime value, stays there 

awhile, and then sharply recovers tn something like its pre-eclipse value, as the 

sun is eclipsed by Jupiter. Most of the complexities of the eclipse modelling in

volve calculating the timing of the eclipses, and combining temperatures to get a 

disk-integrated flux as a function of time. The procedure I employed was as follows: 

1) I determined the pre-eclipse temperature profile with depth at 52 

points approximately evenly spaced across a projected hemisphere of the 

satellite. To do this I ran a diurnal thermal model as described above for the 

6 latitudes 5.70 ,17.50 ,30.0",44.4",58.2", and 71.8" (sin- 1 0.1, 0.3, 0.5, 0.7, 

0.85, and 0.95 respectively). I recorded the temperature profile at various 

times during each diurnal run: specifically 12, 12, 10, 8, 6, and 4 times for 

successively higher-latitude bands. The times chosen were symmetric about 

the noon meridian and approximately evenly spaced across the projected 

hemisphere (Fig. 44). 

2) For each of these 52 locations I interpolated the temperature profile, 

if necessary, to give slabs that were as thin as the skindepth for a time of 

1.5XlO- 4 satellite days. Such thin slabs were necessary in order to accurately 

track the response to the change in sunlight at the beginning and end of the 

eclipse, as in a central eclipse the sunlight fades and returns at each point 

over a timespan of 2.9xlO- 4 satellite days, due to the finite angular diameter 

of the sun. 

3) I used the interpolated temperature profile at each point as the start

ing point for a thermal model (using Equations 27 and 28) in which the 
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insolation Fs (t) immediately began to fade, _remained at zero for the du

ration of the eclipse, and then returned. I generally ran this eclipse model 

with higher time resolution than the diurnal model, with a tirnestep 6t no 

larger than 6 X 10- 6 satellite days. I modelled the fading and return of the 

sunlight on the assumption that the sun was a uniform-brightness disk being 

occulted by a straight edge: sunlight scattered in the Jovian atmosphere was 

ignored, as justified by the photometric eclipse observations of Price and Hall 

(1971). I continued the model after the eclipse for a time equal to the eclipse 

duration. The 52 surface temperature VB. time curves were stored. 

4) I combined the 52 temperature curves with a program that weighted 

each curve by its projected area (which varied as the satellite rotated) as seen 

at zero solar phase angle, and offset them in time to simulate the passage of 

Jupiter's shadow across the satellite disk. See Fig. 44, which reproduces a 

screen output from this program, showing the temperature at each of the 52 

points over the hemisphere as the satellite begins to enter Jupiter's shadow. 

For each timestep, I determined the disk-integrated radiance in the 10- and 

20-J.lID filter passbands given in Hansen (1972). 

This model is thus very detailed, and probably suffers from overkill in sev

eral respects. Less than 52 surface regions would probably have been sufficient, 

for instance (experiments with 74 regions gave essentially the same results as 52). 

However the program results have shown that the use of a realistic pre-eclipse 

temperature/depth profile is very important in some circumstances, and previous 

models that have assumed isothermal pre-eclipse conditions have been inaccurate. 

See Chapter 7. 

Limitations of the Eclipse Model 

The current program cannot model non-central eclipses, where Jupiter's 

shadow crosses the satellite obliquely. This would require consideration of both 
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hemispheres of the satellite. In the 20-JLID Ganymede eclipse matched in Figure 25 

of Chapter 7, for instance, Jupiter's shadow crossed Ganymede at an angle 52° 

from Ganymede's spin axis, and the Callisto eclipse the corresponding angle was 

68°. I simulated an oblique eclipse by increasing the satellite diameter and penum

bra width so that the time taken for the satellite to cross the penumbra was correct 

even though I was assuming parallelism of the shadow and spin axis. 

In calculating the disk-integrated emission I assumed that the Earth-based 

observations were taken at zero solar phase angle. The true phase angle of the 

Callisto event that I modelled was 8.50 , with the morning hemisphere being pref

erentially in view. However, the Ganymede data I attempted to fit came from 3 

separate events with different phase angles, and the scatter of the Ganymede data 

(Figure 25), is small enough that phase effects do not seem to be too important. 

Beaming (Appendix A) is ignored 'in my model. This may be a serious 

limitation: until we understand beaming fully we cannot predict how it might 

vary during eclipse. This is probably the largest inadequacy of the present eclipse 

modelling and will be very difficult to correct, though a better description of the 

beaming on the Galilean satellites would help in estimating the size of the problem. 

The subsurface penetration of sunlight, which is likely on icy surfaces and 

results in something akin to an increased thermal inertia (Brown and Matson 1987), 

is another missing element, but one that would be easier to include than beaming. 



APPENDIXD 

CALCULATION OF ION SPUTTERING RATES 

The Galilean satellites are immersed in Jupiter's large and dynamic mag

netosphere, which contains ions derived variously from the solar wind, the Jovian 

atmosphere, and the surfaces of the satellites themselves. The major heavy ions 

(Z > 2) are oxygen and sulfur ions derived from the surface of 10. Outside the 

10 tOfUS, the plasma contains a thermalized population with a kT of 100's of eV, 

detected by the Voyager PLS experiment (Bagenal and Sullivan, 1981), and a much 

hotter component with comparable number density and an equivalent kT of lO's 

of keY, measured by the LECP instrument (McNutt et ai., 1981, Krimigis et al., 

1981). There is also a high-energy tail with energies in the MeV range. 

The hot and cold populations differ in composition, satellite impact geometry, 

and sputtering mechanism, and must be considered separately. Tables VII! and IX 

summarize current knowledge of the important characteristics of each component, 

and estimate the ice erosion rates on the surfaces of the icy Galilean satellites due to 

each. An ice density of 0.92 is assumed, to allow comparison with the sublimation 

rate calculations in Chapter 8 that make the same assumption. There are numerous 

uncertainties inherent in these estimates, including the following: 

1) The spatial and temporal variability of the plasma is poorly known, 

as Voyager only provided localized 'snapshots'. The tabulated densities and 

fluxes refer to the 'plasma sheet' near the Jovian equatorial plane, and den

sities outside this sheet are reduced by about an order of magnitude (e.g. 

McNutt et al., 1981). Callisto, and possibly Ganymede, spend some of their 

time outside the sheet. 
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Table VIII. Estimation of Sputtering Rates due to 
Low-Energy Plasma (Voyager PLS) 

Europa 

Ion species H 0 

Mass density, 
amu em- 5 , 1 

1500 

Ganymede 

H 0 
150 

Callisto 

H o 
15 

Composition, 2 Typically 20% H, 40% 0, 40% S where measurable 
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Number density, 15.5 30.9 30.9 1.55 3.09 3.09 0.155 0.309 0.309 
ions cm- s 

Co-rotational energy, 39.5 632 1260 160 2560 5120 192 3080 6160 
eV ion-I, 5 

Thermal kT, eV, 1 Generallyapprox. 100 eV, with a few colder regions 

Co-rotational flux 130 270 270 27 54 54 3.0 5.9 5.9 
(trailing hemisphere), 
106 ioncm- 2 S-1 

Thermal flux 
(isotropic) , 

61 30 21 6.1 3.0 2.1 0.61 0.30 0.21 

106 ions cm- 2 8- 1 

Yield, H2 0 molecules 0.3* 
per ion at co--
rotational energy, 4 

H2 a yield due to ion 
corotational flux, 

39' 

106 malec. cm- 2 s-1 

H2 0 yield due to 
cOIotational flux from 
all ion species, 
106 molec. cm- 2 8- 1 

H2 0 ice erosion rate, 
10- 6 mm yr- 1 

Notes 

16 0.4 

2200 4300 11 

6500 

66 

16 0.5 16 

430 860 1.5 47 94 

1300 140 

13 1.4 

IMcNutt et al., 1981. 2Bagenai and Sullivan, 1981. 3 Wolff and Mendis, 1983. 

4 Johnson et al., 1984, assuming yield for S ions is twice that for 0 ions with same 
velocity (Johnson, pers. comm.). 

*Yield fOT thermal energy used (as higher than corotational energy in this case). 
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Table IX. Estimation of Snuttering Rates due to 
High-Energy Plasma (Voyager LECP) 

Europa Ganymede Callisto 

Assumed Composition H 0 H 0 H 0 

Number density, 3.0 20 40 0.15 0.7 1.4 0.02 0.1 0.2 
ions cm- 3 , 2 

Co-rotational energy, 39.5 632 1260 160 2560 5120 192 3080 6160 
eV ion-I, 1 

Minimum energy detect- 28 66 100 28 66 100 28 66 100 
able by Voyager 2 (Ed, 
keV, 2 

Co-rotational flux 27 180 350 2.6 12 24 0.39 1.9 3.9 
(trailing hem.). 
106 ions cm- 2 8- 1 

'Thermal' flux (iso- 200 500 880 9.8 18 31 1.3 2.5 4.4 
tropic), kT = EI • 

106 ions cm- 2 6- 1 

Yield, H2 0 molecules 30 40 30 40 30 40 
per ion with E = E1 , S 

H2 0 yield due to 400 15000 35000 20 540 1200 2.6 75 180 
'thermal' flux, 
106 molecules cm- 2 6- 1 

Hz 0 ice erosion rate, 4.0 150 360 0.21 5.5 12 0.027 0.77 1.8 
10- 6 mmyr- 1 

Notes 
1 Wolff and Mendis, 1983. 

2 Krimigis et al., 1981. El is used as the energy for all detected ions because of 
the observed steepness of the energy distribution. An unknown number of ions lie 
below the detection threshold of the instrument. 
S Johnson et al., 1984, assuming yield for S ions is twice that for 0 ions with same 
velocity (Johnson, pers. comm.). 
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2) The energy range between a few keY and several 10's of keY per ion 

was not measured by Voyager and ion densities and compositions in this 

range are not known. The sputtering from ions in this range is not included 

in the numbers given. Even the width of the unmeasured energy range is 

not known, as the lower energy limit of the LEep instrument depends on 

the (unknown) ion composition (see point 3 below). 

3) The composition of the ions in the 100 keY range, which may be the 

most important sputterers, is essentially unknown. Table IX therefore sets 

limits by calculating rates assuming the plasma is composed entirely of H, 

0, or S ions. The analysis is complicated by the fact that the Voyager LECP 

instrument, which measures the ions of this energy) responds differently to 

ions of different composition (Krimigis et al., 1981) l so that both number 

densities and energies are a function of assumed composition, It can be seen 

from Table IX that the sputtering rate depends drastically on the assumed 

plasma composition. 

For both the high and low energy ions, fluxes due to both the thermal mo

tions of the ions and their bulk co-rotation with Jupiter are tabulated, in order to 

indicate the anisotropy of the flux on the satellite surfaces. For the low energy ions 

the corotational flux is much greater than the thermal flux, indicating that bulk 

motion dominates and almost all the plasma impacts the trailing hemispheres of 

the satellites. The tabulated sputtering rates thus refer to the center of the trailing 

hemisphere. 

In the case of the high energy ions the co-rotational flux, though always less 

than the 'thermal' flux, is comparable if the plasma is composed mostly of heavy 

ions, indicating considerable concentration of the flux of even the energetic ions 

on the trailing hemispheres. Calculation of net fluxes as a function of position on 

satellite surfaces under these conditions is complex, and is not attempted here. The 
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tabulated sputtering rate is that due to the 'thermal' flux only, and actual rates 

will be greater in the center of the trailing hemisphere and less in the center of the 

leading hemisphere. 

It appears from comparison of Tables VIII and IX that the sputtering rates 

due to the two plasma components are comparable, depending on the composition 

of the high energy component. The values for Europa are in broad agreement with 

those given in Seiveka and Johnson (1982). 



APPENDIXE 

ICE ABSORPTION BAND DEPTHS 
IN SEGREGATED SURFACE SPECTRA 

The calculation of the depth of an absorption band in the spectrum of a 

surface composed of an areal mix of ice and a spectrally neutral material is straight

forward, given a knowledge of the spectral properties of the two components. Clark 

et al. (1986) define absorption band depth D as 

(29) 

where RB is the reflectance in the band center and Re is the reflectance of the 

continuwn at the same wavelength (i.e. the reflectance of a cubic spline fit through 

the peaks between absorption features). If the surface is composed of two compo

nents, an ice component with band and continuum reflectances RBI and Rc I, band 

depth Dr, and fractional areal coverage II, and a spectrally neutral component 

with reflectance RN and fractional areal coverage f N ( f N = 1 - II ), then 

RB = fIRBI + fNRN (30) 

and 

Re = fIReI + fNRN (31) 

so 

D-D ( fIReI ) 
- I fIReI+fNRN 

(32) 

i.e. band depth is diluted by the fraction of the total continuum light that comes 

from the ice component. 
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Similarly, given the band depth in the integrated spectrum and an assumed 

fractional coverage and reflectance of the neutral component, the band depth in the 

ice component is given by 

(33) 

and its continuum reflectance by 

(34) 

These equations are used in Figs. 38 and 39 of Chapter 10 to determine the ice 

component band depths at 1.04, 1.25, 1.52, and 2.02 J./,m for Callisto, assuming a 

spectrally neutral component with a reflectance of 0.15 and varying fractional areal 

coverage. The values of Re for the Callisto spectrum for the four absorptions (0.23, 

0.22, 0.212, and 0.187 respectively) were estimated by eye from Fig. 3 of Clark 

(1980), assuming equivalence of reflectance and geometric albedo. The resulting 

accuracy should be sufficient for present purposes, 



APPENDIXF 

THE IRIS DATA 

This appendix presents the IRIS data set itself. All on-planet spectra with 

a range of less than 400,000 km are listed, with 5 tables covering each spacecraft 

encounter with each icy satellite. 

First I give the FDS count, then the spacecraft range, in kilometers, from the 

planet center, and the subspacecraft latitude and longitude. Longitudes are given 

using the pre-Voyager system, with zero at the sub-Jupiter point. Then follows 

postitional information for the center of the IRIS field of view (corrected values in 

the case of Voyager 2 Ganymede (see Chapter 3)). I give, in order, the latitude 

and longitude, local time in degrees ('LTim'), Bolar incidence angle (i), emission 

angle (e), minimum separation of the field of view from the limb, in degrees ('LSp': 

negative values indicate dark-sky contamination, see Chapter 4), and solar phase 

angle ('Phs'). Then, for most Ganymede spectra, 'fDk ' and 'fet ' give the percentage 

of the field of view occupied by dark cratered terrain and bright crater materials 

respectively (Chapter 3). 

Finally I list the spectrum shape and temperature information. T1 , TE , fiT, 

and € are the fitted warm-component temperature, effective temperature, temper

ature contrast, and emissivity, as defined in Chapter 4. Tl is redundant but it, 

and thus T2 , cannot be derived analytically from TE , 6T, and €, so it is given for 

convenience. 'Sip' is the standardized slope of the fitted spectrum: the difference in 

brightness temperature between 500 and 250 cm- l • A few spectra (usually those 

with dark-sky contamination) could not be fitted: for these only the 'raw' 22-J.tffi 

brightness temperature is listed, in the TE column. 
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Table X. The Voyager 2 Europa IRIS Spectra 

Spacecraft Spectrum Location Spectrum Fit 

FDS Rang. Lat Lon Lat Lon LTim i , LSp Ph. T, TE 6T , SIp 

20649.09 246587 -18.7 133.9 18.5 205.0 194.3 22.9 79.5 -.12 86.1 133.8 108.7 28.6 .770 6.0 
20649.21 243115 -19.2 133.3 29.3 215.3 184.7 30.1 74.4 -.11 87.3 138.9 111.2 31.6 .747 6.8 
20649.27 241431 -19.4 133.0 23.9 224.6 175.8 24.7 84.0 -.12 88.0 137.4 100.2 27.9 .486 11.1 
20649.33 239783 -19.7 132.7 45.1 143.3 257.4 80.8 65.8 -.09 88.3 105.8 86.9 11.7 .616 5.5 
20649.36 238972 -19.8 132.5 47.1 138.2 262.7 84.767.5 -.10 88.6 93.0 80.6 .0 .563 5.4 

20649.39 238170 -19.9 132.3 43.9 13B.1 264.9 86.0 64.3 -.09 88.9 92.5 81.0 .1 .589 5.0 
20B49.41 237641 -20.0 132.2 53.8 159.6 241.6 73.3 77.8 -.12 89.2 97.3 80.8 .0 .474 7.2 
20B49.42 237378 -20.0 132.2 37.5 131.9 269.2 89.1 57.8 -.07 89.2 92.9 85.0 .0 .699 3.6 
20649.44 236654 -20.1 132.1 -3.0 154.4 246.9 67.0 27.8 .08 69.6 118.3 102.3 23.6 .950 2.6 
20649.45 236594 -20.2 132.0 11.6 135.0 266.4 86.6 9.1 .19 89.5 96.6 92.3 .0 .834 2.1 
20649.46 236335 -20.2 132.0 -1.9 167.8 233.6 53.6 39.8 .01 89.8 126.5 109.1 21.9 .881 3.3 
20649.47 236077 -20.2 131.9 12.2 148.0 253.4 73.9 17.5 .14 89.8 110.4 97.7 15.8 .905 2.2 
20649.48 235820. -20.3 131.8 20.5 131.6 210.0 90.1 .3 .25 89.8 93.1 90.9 .0 .907 1.1 
20B49.49 235564 -20.3 131.8 -5.1 166.9 234.7 54.9 37.5 .02 90.2' 121.6 106.9 14.9 .835 3.3 
20649.60 235309 -20.4 131.1 16.5 150.4 251.2 72.1 18.5 .13 90.2 108.2 97.7 10.B .613 2.1 
20B49.51 235055 -20.4 131.7 21.7 133.7 268.0 88.3 2.3 .24 90.2 94.2 91.2 -.1 .875 1.5 
20649.52 234802 -20.4 131.6 -8.2 170.2 231.6 52.1 39.4 .01 90.5 124.B 109.0 16.3 .840 3.4 
20649.53 234550 -20.5 131.6 17.1 152.4 249.4 70.5 20.0 .13 90.5 110.6 99.4 12.9 .901 1.9 
20B49.54 234299 -20.5 131.5 25.4 136.0 265.6 86.4 6.4 .21 90.5 98.8 92.3 5.8 .894 1.4 
20649.55 234049 -20.6 131.4 47.9 192.9 209.0 54.5 56.3 _.OB 90.8 121.4 105.0 21.4 .897 3.0 
20649.56 233800 -20.6 131.4 61.3 171.6 23Q.4 72.5 49.6 -.03 90.8 99.3 95.4 -.1 .849 2.0 
20649.51 233562 -20.6 131. 73.9 139.8 262.2 88.3 53.7 -.05 90.8 91.2 85.6 .0 .778 2.6 
20649.58 233305 -20.7 131.3 51.5 207.4 194.7 53.4 65.8 -.09 91.1 114.9 92.8 18.6 .658 6.0 
20649.59 233059 -20.7 131.2 68.3 193.2 209.0 71.6 60.9 -.08 91.1 106.7 84.2 21.9 .669 5.9 
20650.00 232815 -20.8 131.1 -85.9 187.6 214.6 87.1 67.4 -.10 91.1 90.9 69.0 55.3 1.053 8.7 
20650.01 232571 -20.8 131.1 -51.2 219.4 182.9 51.7 73.2 -.11 91.5 112.1 91.6 8.8 .553 7.1 
20650.02 232328 -20.9 131. -68.1 205.6 196.7 69.5 65.3 -.09 91.5 106.9 84.1 16.2 .580 6.4 
20650.03 232087 -20.9 131. -82.5 270.3 132.1 85.4 75.2 -.lI 91.5 93.1 71.0 38.2 .882 8.1 
20650.04 231846 -20.9 130. -53.2 215.1 186.7 53.9 70.7 -.10 91.8 108.1 91.2 7.3 .598 6.1 
20650.05 231606 -21.0 130. ·59.0 112.5 230.0 71.0 48.5 -.03 91.8 104.0 91.8 10.4 .797 3.0 
20650.06 231368 -21.0 130. -64.1 140.1 261.9 86.9 44.4 -.01 91.8 91.2 82.9 .1 .683 3.7 
20650.21 227916 -21.6 129. ·13.2 185.8 217.6 39.7 54.1 -.05 93.8 130.6 112.3 22.8 .874 3.5 
20650.22 221694 ·21.7 129. -23.7 157.3 246.1 68.4 25.6 .10 93.7 116.7 101.9 19.0 .904 2.6 
20650.23 221474 -21.7 129. -23.4 140.1 263.4 84.1 9.8 .20 93.7 98.2 94.2 .0 .847 2.0 
20650.24 227254 -21.7 129. -23.0 125.1 217.9 97.4 3.9 .24 93.8 93.3 90.1 .0 .871 1.5 
20650.25 221036 -21.8 129. ·20.8 109.6 294.0 112.5 18.7 .14 93.8 90.2 86.7 .0 .852 1.6 
20650.26 226818 -21.8 129. -14.2 94.6 309.1 127.8 34.2 .05 93.8 87.5 83.5 -.1 .830 1.8 
20650.27 226602 -21.9 129. -1.2 75.8 327.9 147.3 54.0 -.05 93.8 95.5 77.8 19.2 .754 4.4 
20650.46 222696 -22.6 128.1 -17.0 185.3 219.5 42.7 54.1 -.05 98.6 133.4 112.2 22.7 .793 4.9 
20650.47 222502 -22.6 128.1 -18.4 162.5 242.3 64.0 32.7 .06 98.6 124.0 107.1 22.4 .903 3.0 
20650.48 222308 ·22.1 128. -17.5 142.9 262.0 82.5 15.0 .17 96.6 100.8 96.8 -.2 .844 2.1 
20660.49 222116 ·22.7 127. -15.4 123.7 281.3 101.0 8.4 .22 96.6 93.4 89.9 .0 .860 1.7 
20650.50 221924 -22.S 127.8 11.2 105.3 299.7 119.2 24.5 .11 96.6 92.6 86.0 3.9 .838 1.9 
20650.51 221734 -22.8 127.8 ·4.2 85.0 320.0 139.9 45.6 -.01 96.6 81.4 82.4 -.1 .786 2.3 
20651.40 213773 -24.6 124.0 8.0 191.4 216.5 37.1 73.6 -.11 103.1 132.7 100.6 27.1 .574 9.2 
20651.44 213242 -24.8 123.7 37.9 204.3 203.8 44.2 68.4 -.10 103.5 128.2 102.6 25.3 .694 6.7 
20651.55 211876 ·25.1 122. 18.6 179.8 228.9 51.3 11.0 -.10 104.9 126.3 93.0 29.9 .548 9.5 
20651.56 211759 -25.2 122. 7.6 153.6 255.1 75.2 44.8 .00 104.9 115.3 99.7 16.1 .820 3.4 
20651.59 211414 -25.3 122.4 31.5 185.3 223.6 52.2 55.3 -.05 105.4 129.9 108.2 23.9 .788 5.0 
20652.00 2lI301 -25.3 122.3 46.7 163.2 245.7 74.0 39.0 .03 105.4 114.9 100.1 18.8 .896 2.7 
20652.10 210236 -25.6 121.5 26.3 154.4 255.1 16.5 61.3 -.07 106.6 101.3 86.7 1.3 .557 6.3 
20652.11 210136 -25.7 121.4 19.2 131.3 278.3 97.7 46.2 -.01 106.6 100.7 89.5 8.' .798 2.8 
20652.12 210037 -25.7 121.3 14.0 110.3 299.3 118.2 41.4 .02 106.5 92.2 87.4 .1 .810 2.2 
20852.13 209939 -25.7 121.2 lOA 163.6 246.1 66.6 43.2 .01 107.0 118.3 104.1 10.6 .766 4.1 
20652.14 209842 -25.7 121.1 20.6 149.8 260.0 80.8 27.0 .11 107.1 111.6 96.9 19.1 .909 2.6 

20652.15 209746 -25.8 121.0 29.4 130.2 279.6 98.6 9.0 .24 107.1 100.9 90.6 13.0 .928 1.6 
20652.16 209652 -25.8 120.9 37.0 105.3 304.6 117.2 17.5 .17 107.1 97.0 87.0 12.4 .919 1.6 
20652.17 209558 -25.8 120.8 54.7 196.3 213.7 61.7 61.2 -.07 107.5 110.0 98.8 7.2 .784 3.3 
20652.18 209466 _25.9 120.8 69.0 167.2 242.8 81.0 51.3 -.03 107.6 104.2 88.8 17.1 .824 3.3 



Table X, Continued 

Spacecraft Spectrum Location Spectrum Fit 
FDS Range Lat Lon Lat Lon LTim i fl LSp Phs Tl TE 5T f Sip 

20652.19 209375 -25.9 120.7 80.0 103.3 306.8 96,4 54.9 -.05 107.5 89.3 78.0 .0 .584 4.8 
20652.20 209285 -25.9 120.6 64.0 357.6 52.5 105.9 80.1 -.12 107.5 93.7 73.1 20.1 .655 5.5 
20652.21 209196 -26.0 120.5 26.1 139.2 270.9 90.6 55.5 -.05 107.8 - 52.8 
20652.25 208852 -26.1 120.1 20.3 131.9 278.5 97.8 48.1 -.02 108.3 91.3 89.7 3.4 .795 2.6 
20652.26 208769 -26.1 120.0 13.1 111.0 299.5 118.5 40.5 .03 108.3 98.0 87.7 10.4 .858 2.1 
20652.21 208687 -26.1 120.0 12.1 89.3 321.1 139.3 49.2 -.02 108.3 99.4 81.8 21.6 .816 4.2 
20652.28 208606 -26.2 119.9 22.0 60.0 350.5 155.7 75.8 -.11 108.3 99.2 69,4 29.6 .510 9.0 
20652.29 208526 -26.2 119.8 21.9 122.1 288.5 107.3 4.8 .27 108.8 101.1 88.5 16.6 .915 2.2 
20652.30- 208447 -26.2 119.7 23.3 104,4 306.3 123.1 14.3 .20 108.8 90.2 85.3 -.1 .800 2.3 
20652.31 208370 -26.3 119.6 23.5 85.8 324.9 138.8 30.9 .08 108.8 96.1 82.9 18.3 ,920 2,6 
20652.32 208294 -26.3 119.5 18.7 62.8 347.9 158.2 52.9 -.04 108.8 95.7 79.8 27.5 1.006 4.3 
20652.33 208218 -26.3 119.4 57.0 111.3 299.5 105.9 31.5 .08 109.3 91.2 84.8 -.1 .743 3.0 
20652.34 208144 -26.3 119.3 55,8 80.4 330,5 119.7 40,9 .02 109.3 95.4 82.9 30.2 1.258 3.4 
20652.35 208071 -26.4 119.2 47.4 38.8 12.1 131.8 65.0 -.08 109.3 92.7 79.1 35.2 1.310 4.9 
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Table XI. The Voyager 1 Ganymede IRIS Spectra 

spacecraft Spectrum Location Spectrum Fit 

FDS fum" Lat Lon Lat Lon LTim i , LSp Phsfok fet T, TE 6T , Slp 

16401.48 292430 3.7 340. 1.3 59.1 148.8 31.7 79.4 -.12 47.9 101.0 
16401.50 290845 3.8 340.1 -34.1 41.1 166.4 36.7 69.1 -.09 47.9 57.9 110.0 34.5 .419 14,7 
16401.52 289263 3.8 340.0 35,3 56.9 150.6 45.0 82.1 -.12 48.1 - 105.0 
16401.59 283742 4.0 339.8 32.3 28.6 179.2 32.6 59.2 -.05 48.5 60.4 119.4 40.2 .590 11.5 
16402.00 282955 4.0 339.8 1.1 353.S 214.0 34.0 14.5 .28 48.3 65 0 53.7 128,0 37.9 .915 4.6 
16402.01 282170 4.1 3S9.7 50.2 10.1 197.7 52.1 53.2 -.02 48.4 49.7 123.0 39.1 .896 5.3 
16402.02 281384 4.1 3S9.7 46.3 33.9 174.0 46.2 63.4 -.07 48.6 51.4 113.0 44.6 .654 10.5 
16402.03 280600 4.1 339.6 55.7 24.1 183.8 55.4 63.1 -.07 48.6 39.9 1011.7 36.4 .638 9.4 
16402.06 2782110 4.2 339.11 113.7 39.9 168.1 54.2 69.9 -.09 48.8 39.1 96.2 43.1 .499 12.7 
16402.08 276686 4.3 839.4 48.7 41.8 166.2 49.8 69,4 -.09 49.0 45.5 98.0 46.0 ,455 14.0 
16402.10 275125 4.3 339.3 14.5 12.4 195.6 20.9 34.5 .11 49.1 2525 158.1 133.9 37.7 .960 3.5 
16402,11 274345 4.3 339.3 16.6 5.1 203.0 27.9 28.4 .16 49.2 40 0 60.1 135.9 36.6 ,947 3.5 
16402,12 2n566 4,4 339.3 10,0 12.2 195.9 18.6 33.4 .12 49.3 2525 157.5 133.3 36.6 ,944 3.7 
16402.13 272788 4.4 339.2 11.8 5.1 203.0 25.6 26.9 .18 49,3 40 o 159.9 135.7 35.5 .933 3.7 
16402,14 272010 4.4 339.2 5.iI 15.8 192.4 13.3 36.8 .10 49.5 30 25 158.0 133.2 38.9 ,960 3.7 
16402.15 271233 4,5 339,1 8.3 8,3 199,9 21.4 29.5 .16 49.5 40 5 159.7 135.5 35.7 .936 3.7 
16402.16 270457 4.5 339,1 4.0 19.1 189,1 9.8 40.3 .07 49.7 30 30 158.1 132.1 39,8 .939 4.3 
16402.17 269681 4.5 339.0 8.8 7.4 200,8 22.4 28.8 .17 49.6 40 5 160.0 135,8 36,0 .940 3.6 
16402.19 268131 4.6 339.0 11.8 3.8 204.5 26.9 25.8 .19 49.7 40 o 160.4 136,1 35.9 .935 3.7 
H1402.20 267357 4.6 338.9 16.8 3.6 204.7 29.P- 32.8 .13 49.8 75 o 165.1 139.8 36.4 .921 4.0 
16402.21 266584 4.6 338.9 11.0 354.5 213.9 35.5 22.3 .23 49,8 80 o 164.9 140,3 36,4 .937 3.6 
16402,23 265039 4.7 338,8 -9.6 356.7 211.8 33.1 23.1 .22 50.0 80 o 164.8 140,3 35,1 .926 3.7 
16402.24 264268 4.7 338.7 13.3 6.6 201.9 25.7 33.3 .13 50.2 70 o 165.3 140.1 36,7 .925 3.9 
16402.26 262727 4.8 338.6 16.6 8.5 200.0 26.0 36.8 .11 50.3 65 o 165.l 139.4 37,2 .922 4.1 
16402.27 261958 4,8 338,6 -13,6358,9 209.7 32.5 27.6 .19 50.3 80 o 165.0 140.0 36,5 ,930 3.8 
16402.28 261189 4,9 338.5 -21.1 13,5 195.0 26.0 43.4 .06 50.5 60 o 164.4 138.5 37.7 .920 4.2 
16402.29 260421 4.9 338,5 -18.6 2.9 205.7 31.6 33.9 .13 50.5 80 o 164.7 139,5 36.6 .925 3.9 
16402.30 259654 4.9 338.4 60.2 18.5 190.1 61.1 72.8 -.10 50,6 - - 147.1 102,5 32.6 .424 13,5 
16402.31 258888 5.0 338.4 -53.0 356.5 212.1 59.7 60,4 -.05 50.6 - - 147.9 116,2 36.4 .724 8.0 
16402.33 257357 5.0 338.3 ·63.0 9.6 199.1 64.9 72.6 -.10 50.8 - - 143.7 105.1 33.0 .52511.2 
16402.35 255829 5.1 338.2 ·64.2 2.7 206.1 67.3 72.2 -.10 50,9 - - 142.4 102.0 31.9 ,475 12.0 
16402.37 254303 5.2 338,1 -58.5 359.2 209.6 63.4 66.4 -.08 51.1 - - 144.1 106.7 35.1 .569 10.6 
16402.39 252781 5.2 338. -56,8 356.2 212.7 62.9 64.4 -.07 51.2 - - 145.0 111.6 33.0 .640 9.1 
16402.42 250503 5.3 337. 64,8 339,5 229.4 73,6 60.0 -.04 51.3 - - 130,4 107.6 31.S .875 4.9 
16402,43 249745 5.4 337, 69.8 315,3 253.7 84.1 66.6 ·.08 51.3 - - 126,3 101.9 32.2 .824 5.8 
16402.44 248988 5.4 337. 58.4 341.8 227.3 68.9 53.6 ".01 51.5 - - 132.6 110.8 31.1 .902 4.3 
16402.45 248231 5,4 337,6 62,6 324.1 244.9 78.4 58.6 -.04 51.5 - - 128.4 105,6 29.8 .841 5.0 
16402.46 247475 5.5 337.6 54.2 342.9 226.1 65.8 49.4 .02 51.1 10 5 137.6 116.0 34.7 .975 3.6 
16402.47 246721 5.5 337.5 57,2 327,9 241.2 74,6 52,8 .00 51.7 15 o 133,0 111.6 33.2 .948 4.0 
16402,48 245966 5,5 337,5 48.1 344.0 225.1 61.643,4 .07 51.9 15 5 142,2 120,0 35.7 .976 3.6 
16402.49 245213 5,6337,4 51.5 331.9 237.2 70,0 46.6 .04 51.9 6 5 136,8 115,2 33.2 .949 3.8 
16402.50 244460 5.6 337,3 20.5 342,8 226.4 49.6 16.0 .32 52.1 15 5 156,1 133,5 33.7 .949 3.2 
16402.51 243709 5.7337.3 23.8 334,6 234.6 57.9 18.5 .30 52.1 20 o 152,8 131.0 31.6 .935 3.3 
16402.52 242958 5.7337.2 19.0 345.0 224.2 47.2 15.5 .33 52.3 20 5 156,5 133,9 34.2 .956 3.1 
16402.53 242201 5.7337.2 22.4 336.3 233.0 66,1 16.9 .32 52.3 10 o 153.3 131.5 31.3 ,931 3.3 
16402.54 241458 5.8337.1 17.9 346.2 223.1 45,8 15.2 .34 52.5 25 5 157,0 134,4 33.8 .950 3.2 
16402.55 240709 5,8 337.0 22.5 338.1 231.2 54.5 16,9 .32 52.5 15 o 154,1 132.0 33.0 .948 3.2 
16402.56 239961 5,8 337.0 19.4 347,6 221.8 45.1 17.2 .32 52.7 20 5 157.5 134.6 33.9 .943 3.3 
16402.51 239214 5,9336.9 23,4 339,3 230.1 53.8 17.9 .31 52.7 10 o 154.2 132.3 32.8 .950 3.1 
16402.58 238468 5,9336,8 19.8 348.5 220.9 44.5 18.1 .31 52.9 25 5 157.4 134.7 33.8 .946 3.2 
16402.59 237723 6.0 336.8 22.9 339.5 229.9 53.4 17.3 .32 52.9 10 o 153.8 132.1 31.5 .937 3.2 
16403,00 236978 6,0 336,7 -4.3 346.1 223.4 43.6 14.0 .36 53.1 40 o 160.7 131.7 33.2 .934 3.4 
16403,01 236235 6,0 336.6 .1 337.2 232.2 52.2 6.0 .45 53.1 10 o 157.1 134.5 33,S .946 3.2 
16403.02 235492 6.1 336.6 -4.0 346.1 223.5 43.6 14,0 .36 53.3 40 o 160.4 137.1 34.2 .939 3.4 
16403.04 234009 6.1 336.4 -3.6 345.3 224.3 44.5 13.3 .37 53.5 30 o 160,8 137.3 34.9 .946 3.3 

16403.05 233268 6,2 336,4 .9 336.3 233,3 53.3 5.4 .46 53.5 5 o 156,6 134,0 33.7 .948 3.2 
16403.06 232529 6.2 336,3 -2,9344,5 226,1 45.2 12.4 .39 53.1 30 o 159.9 136,8 34,4 .947 3.2 
16403.07 231790 6.3 336.2 1.2 335.8 233.8 53.8 5.1 .47 53.7 5 o 155.5 133.4 32.1 .937 3.2 
16403,08 231052 6.3 336.2 -4,4 342.9 226.8 47.0 12.8 .38 53.8 40 o 159.5 136.3 34.4 .944 3.3 
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Table XI, Continued 

Spacecraft Spectrum Loca.tion Spectrum Fit 
FDS Ran,. Lat Lon La.t Lon LTim ; , LSp Ph8iDk fet T, T. 5T , SIp 

16403.09 230316 6.S 336,1 -.8 334.2 235.5 55.5 7.' .45 53.8 15 0.165.2 132.9 38.0 .944 3.2 
16408.10 229580 6.4 336.0 -8.4 340.1 229.7 50.3 15.5 .3' 54.0 50 o 157.0 134.6 33.1 .944 3.2 
16-403.11 228845 6.4 336.0 -4.6 330.B 239.0 59.1 12.3 .3. 54.0 30 o 152.5 130.7 31.2 .929 3.3 
16403.12 228110 6.5 335.9 -7.5 340.8 229.0 49.4 15.0 .37 54.2 " o 157.5 134.7 33.7 .945 3.3 
16403.13 227377 6.5 335.8 -3.7 33104 238.5 58.6 11.2 .• 1 54.2 20 o 153.1 130.9 32.6 .940 3.3 
16408.14 226645 6.6335.7 -8.2 341.1 228.8 49.3 15.9 .3. 54.5 50 o 157.7 134.9 33.S .944 3.3 
16403.15 225914 6.6 335.7 -3.8 331.7 238.2 58,3 11.2 •• 1 54.4. 25 o 152.8 131.0 31.5 ,935 3.3 
16403.16 225183 6.6 335.6 -7.7341.1 228.8 49.3 15.5 .37 54:1 45 o 157.9 135.1 33.8 .943 3.3 
16403.17 224454 6.7335.5 ~3.3 332.1 231.9 57.9 10.7 .42 54.7 20 o 153.2 131.3 31.4 ,932 3.3 
16403.18 223725 6.7 335.4 -6.6 340.8 229.2 49.6 14.5 .38 54.9 35 o 157.7 134.7 34.7 ,953 3.2 
16403.19 222997 6.8 335.4 -2.8 332.6 237.4 57.5 10.1 .43 54.9 20 o 153.5 13U, 32.4 .943 3.2 
16403.20 222271 6.8 335.3 31.9 330.5 239.5 64.7 39.4 .12 55.0 55 15 153.1 130.8 32.1 .932 3.' 
16403.21 221545 6.8 335.2 32.3 321.8 248.3 72.0 41.6 .10 55.0 50 15 146.8 125.1 29.5 ,902 3.7 
16403.22 220820 6.9 335.1 40.1332.1237.3 66.1 48.2 .0. 55.2 40 10 148.6 126.8 29.4 .899 3.8 
16403.23 220097 6.9 335.0 38.4 320.2 249.9 74.6 41.9 .05 55.2 35 15 141.5 120.6 27.9 .892 3.8 
16403.24 219374 7.0335.0 43.3 330.4 239.7 68.7 50.9 .03 55.5 30 10 147.3 125.6 30.3 .913 3.6 
16403.25 218652 7.0 334,9 35,9 318.6 261.6 75.4 46.0 .07 55.4 35 15 142.3 121.1 28.3 .893 3.8 
16403.26 211931 1.1 334.8 39.9 329.0 241.2 68.5 41.8 .05 55.1 35 15 148.1 126.1 30.5 .912 3.7 
16403.27 217212 7.1 334.7 32.9317.5 252.8 75.8 43.7 .09 55.6 25 15 143.2 121.2 31.7 .922 3.8 
16403.28 216493 7.2 334.6 35.8 327.8 242.4 68.2 43.9 .09 55.9 50 15 149.5 127.4 30.5 .909 3.7 
16403.29 215175 7.2 334.6 30.0 316.3 254.0 76.4 41.6 .11 55.9 25 10 143.4 121.1 31.2 .905 4.0 
16403.30 215059 7.3 334.5 31.5 325.9 244.4 69.1 31.6 .21 56.0 5 5 133.4 112.3 33.1 .961 3.7 
16403.31 214343 7.3 334.4 60.9 305.3 265.0 87.3 58.4 -.02 56.0 - - 117.2 98.5 22.5 .835 4.0 
16403.32 213628 7.3 334.3 55.3 329.5 240.8 73.6 48.6 .05 56.3 10 5 124.4 104.1 28.8 .902 '.1 
16403.33 212915 7.4 334.2 60.6 309.0 261.4 85.5 57.1 -.01 56.3 5 - 102.9 84.7 8.7 .580 5.8 
16403.34 212203 7.4 334.1 55.1 331.8 238.6 72.3 48.2 .0' 56.5 5 123.5 102.1 29.1 .866 4.7 
16403.35 211491 7.5 334.0 60.5 311.9 258.5 84.1 56.1 .00 56.5 10 o 107.7 89.9 11.2 .641 6.3 
16403.36 210781 7.5 333.9 55.0 333.5 231.0 71.5 48.0 .OS 56.8 5 5 128.5 107.9 31.5 .945 3.9 
16403.37 210072 7.6 333.9 60.5 313.9 256.6 83.1 55.6 .00 56.8 10 o 120.5 100.1 26.1 .828 4.5 
16403.38 209364 7.6 333.8 55.0 334.5 236.0 71.0 47.9 .0' 57.0 5 5 133.0 112.5 31.4 .951 3.5 
16403.39 208651 7.7 333.7 60.6 315.0 255.5 82.6 55.3 .00 57.0 10 o 125.3 105.1 29.0 .907 4.0 
16403.41 207247 7.8333.5 30.9 318.5 252.1 14.5 27.4 .27 57.3 15 o 141.1 120.4 29.0 .918 3.5 
16403.42 206543 7.8 333.4 27.5 329.7 240.9 64.320.2 .3. 57.5 15 o 147.7 126.2 32.5 .952 3.2 
16403.43 205841 7.9 333.3 31.4 318.1 252.5 74.9 27.7 .27 57.5 10 5 141.1 119.5 30.7 .915 3.8 
16403.44 205140 7.9 333.2 27.9 329.1 241.6 65.0 20.7 .35 57.8 15 o 146.9 125.2 32.3 .943 3.4 
16403.45 204440 8.0 333.1 31.9 317.4 253.3 75.7 28.4 .2' 57.8 10 5 139.3 117.7 31.0 .916 3.8 
16403.46 203741 8.0 333.0 28.5 324.4 246.3 69.2 22.3 .34 58.0 15 o 144.9 123.6 31.4 .938 3.' 
16403.41 203043 8.1 332.9 32.7 311.1 259.7 81.1 32.3 .22 57.9 3015 136.3 115.2 31.3 .934 3.7 
16403.48 202341 8.1 332.8 31.6 321.5 249.3 12.3 26.1 .2' 58.2 15 o 143.3 121.7 33.8 .967 3.3 
16403.49 201652 8.2 332.1 36.0 310.1 260.1 81.8 34.7 .20 58.2 20 10 134.9 114.6 28.2 .907 3.' 
16403.50 200968 8.2 332.6 9.9 322.1 248.7 69.0 10.6 .49 58.5 30 o 148.9 126.6 33.9 .953 3.4 
16403.51 200265 8.3 332.5 13.5 312.9 268.0 78.2 20.2 .37 58.5 50 o 143.5 120.8 33.5 .925 '.0 
16403.52 199514 8.3332.4 10.6 323.7 247.2 67.5 9.0 .51 58.7 36 o 148.0 125.9 32.8 .939 3.5 
16403.53 198884 8.4 332.3 12.7 312.4 258.6 18.8 20.3 .37 58.7 50 o 140.3 117.5 31.7 .891 4.4 
16403.54 198195 8.4 332.2 9.4 320.3 250.7 70.9 12.0 .48 59.0 30 o 145.8 123.6 33.5 .944 3 .• 
16403.55 197507 8.5 332.1 11.3 308.5 262.5 82.6 23.7 .33 59.0 40 o 136.6 113.8 30.6 .870 4.6 
16403.56 196821 8.5 332.0 7.6 316.7 264.3 74.4 15.3 .44 59.2 2. o 143.3 121.1 30.7 .899 4.0 
16403.57 196136 8.6 331.9 11.9 304.4 266.7 86.727.6 .29 59.2 20 o 132.7 110.0 30.6 .865 4.7 
16403.58 195452 8.6331.8 10.4 312.4 258.6 78.8 19.4 .39 59.4 35 o 140.3 117.5 31.3 .889 4.3 
16403.59 194770 8.7 331.7 14.9 300.9 270.2 90.1 31.1 .25 59.4 50 o 128.7 106.9 31A .900 '.5 
16404.00 194089 8.8 331.5 -7.7 324.0 247.2 67.4 18.4 .41 59.9 50 o 148.8 126.7 32.5 .938 3.4 
16404.01 193409 8.8 331.4 -2.2 315.2 255.9 76.0 19.8 .39 59.9 10 o 142.3 120.0 31.0 .898 4.1 
16404.02 192731 8.9 331.3 -4.9 328.3 242.9 63.1 14.3 •• 7 60.2 40 o 151.1 129.1 32.8 .946 3.3 
16404.03 192054 8.9 331.2 -1.4 319.0 252.2 72.2 16.2 .44 60.2 10 o 145.2 123.5 31.3 .926 3.S 
16404.04 191379 9.0331.1 -6.6 330.3 241.0 61.2 15.7 .45 60.5 5. a 151.7 130.1 30.5 .923 3.' 
16404.05 190705 9.0 331.0 -5.0 318.2 253.0 73.1 19.2 .41 60.5 10 o 144.8 122.6 31.3 .912 3.8 
16404.06 190032 9.1 330.9 -9.9 327.8 243.6 64.1 19.6 .40 60.8 60 o 161.1 129.0 32.6 .941 3.3 
16404.07 189361 9.1 330.7 -4.8 315.6 255.8 76.8 20.8 .3. 60.8 10 o 143.0 120.4 32.0 .906 '.1 
16404.08 188691 9.2 330.6 -7.3 325.5 245.8 66.1 17.5 .44 61.1 45 o 149.4 127.5 32.2 .938 3.4 
16404.09 188023 9.3 330.5 -1.7 314.5 255.9 76.9 19.6 .41 61.1 10 o 141.6 119.7 30.9 .910 3.9 
16404.10 187356 9.3 330.4 28.2 321.1 249.8 72.4 38.9 .17 61.4 60 10 145.5 123.4 32.2 .927 3.7 
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Table XI, Continued 

Spacecraft Spectrum Location Spectrum Fit 
FDS Rang. Lat Lon Lat Lon LTim ; , LSp PhaiDk fot T, T. 'T , Sip 

16404.11 186691 9.4 330.3 22.1 311.4 260,0 80.9 37.0 .20 61.4 30 o 138.9 115.9 aO.6 .868 '.6 
16404.13 185364 9.5 330,0 19.1 311.B 259.1 80.4 34.2 .23 61.7 15 o 140.8 117.4 31.4 .870 '.7 
16404.14 184704 9.6 329,9 24.0 323.9 247.6 69.8 34.5 .23 62.0 65 10 148.9 126.5 32.0 .921 3.7 
16404.15 184044 9.6 329.8 21.4 312.7 258.9 79.8 35.7 .22 62.0 10 o 140.6 117.2 32.5 .887 '.5 
16404.16 183387 9.7 329.6 26.9 321.5 250.1 72.5 37.9 .19 62.3 65 10 146.0 123.5 31.7 .911 3.9 
16404.17 182731 9.7329.5 23.5 307.5 264.1 84.8 40.1 .17 62.3 5 o 135.0 112.0 30.9 .S66 '.7 
16404.18 182076 9.8 329.4 25.6 315.9 255.1 77.3 38.3 .19 62.5 40 5 140.2 117.5 31.2 .886 4.4 
16404.19 181424 9.9329.2 18.0 303.7 268.0 88.2 38.1 .19 62.5 010 127.8 105.4 29.7 .850 4.9 
16404.21 180123 10.0 329.0 11.4 21.9 189.8 14.7 52.6 .05 63.8 040 148.1 124.1 35.3 .920 4.2 
16404.22 179475 10.0 328.8 13.0 6.2 205.5 28.3 37.2 .21 63.8 30 o 156.9 133.7 34.5 .940 3.5 
16404.23 178829 10.1 328. 14.1 352.9 218.9 40.8 24.3 .37 63.8 35 10 158.6 135.0 34.9 .941 3.5 
16404.24 178184 10.2 328.6 13.3 340.8 231.0 52.2 12.5 .54 63.8 15 o 153.0 131.6 32.2 .957 2.9 
16404.25 177541 10.2 328.4 15.4 329.1 242.7 63.7 5.3 .65 63.8 30 o 149.1 128.0 30.7 .937 3.2 
16404.26 176900 10.3 328.3 15.1 317.7 254.1 74.6 11.5 .56 63.8 35 o 144.2 122.0 33.6 . 947 3 .• 
16404.27 176261 10.4 328.1 14.5 306.1 265.8 85.8 22.2 .41 63.9 25 o 134..8 111.8 33.8 .909 4.6 
16404.28 175623 10.4 328.0 13.8 291.0 280.9 100.5 36.8 .22 63.8 30 o 115.4 98.6 21.4 .878 3.3 
164.04.29 174987 10.5 327.9 11.8 270.5 301.4 120.6 56.9 .02 63.8 70 5 108.9 92.8 20.8 .881 3.2 
16404.32 173091 10.7 327.4 n.o 34.6.8 225.2 46.2 19.3 .4. 65.3 35 10 162.3 138.2 36.1 .946 3.4 
16404.33 172462 10.8 327.3 ... 13.4 198.6 2D.4 46.1 .12 65.8 25 15 157.8 134.1 35.4 .942 3.5 
16404.34 171836 10.8 327.1 '.6 12.4 199.7 21.745.1 .13 66.0 25 15 157.1 133.6 34.6 .936 3.6 
16404.35 171211 10.9 321.0 11.7 8.3 203.8 26.3 41.0 .18 66.1 20 o 158.2 134.0 37.5 .960 3.5 
16404.36 110588 11.0 326.8 -9.3 9.2 203.0 24.8 47.4 .11 66.4 60 o 162.6 137.5 37.0 .932 3.9 
16404.43 166284 11.4 325.7 29.3 18.6 193.7 32.5 66.1 -.05 67.1 - - 159.0 124.3 35.9 .679 9.2 
16404.44 165677 11.5 325.5 21.7 359.1 213.2 39.2 47.5 .12 67.8 90 o 161.0 136.4 36.3 .934 3.' 
16404.45 165072 11.6 325.4 15.9 345.6 226.7 48.9 34.6 .27 67.8 95 o 158.3 135.9 31.4 .920 3.5 
16404.46 164469 11.6 325.2 10.2 331.4 241.0 61.6 23.1 .43 67.8 75 o 151.6 129.6 31.8 .932 3.4 
16404.47 163869 11.7 325.0 -5.8 316,4 256.0 76.2 19.9 .4' 67.7 15 o 141.2 119.1 31.6 .914 3.9 
16404.49 162674 11.9 324.7 1.3 29o.I 282.4 102,4 36.5 .25 61.7 50 o 110.2 95.4 14.4 .802 3.' 
16404.50 162080 11.9 324.5 3.8 216.6 295.9 115.8 48.8 .11 67.8 40 10 103.1 93.6 5.1 .719 3.1 
16404.51 161489 12.0 324.4 4.1 255.9 316.7 136.4 68.9 ".06 67.8 - - 108.2 91.021.8 .852 3.7 
16404.52 160899 12.1 324.2 ..J.O 353.9 218.1 38.8 33.7 .29 69.4 45 o 156.3 131.7 30.2 .847 5.0 
16404.55 159145 12.3 323.6 54.1 322.9 249.8 78.6 61.3 -.05 69.6 - - 131.0 108.9 24.9 .797 5.0 
16404.59 156838 12.6 322.9 36.2 352.0 220.8 52.6 56.8 .03 70.8 80 o 155.5 132.8 32.1 .920 3.6 
16405.00 156267 12.7 322.7 41.6 351.5 221.3 56.2 61.3 -.01 71.0 50 o 151.9 129.2 29.4 .880 '.2 
16405.01 155699 12.8 322.5 33.0 333.3 239.5 65.0 47.6 .13 71.0 70 o 149.7 128.6 28.9 .914 3.4 
16405.02 155133 12.8 322.3 37.4 331.6 241.3 67.8 51.8 .08 71.2 55 5 146.7 125.5 30.0 .924 3.4 
16405.03 154570 12.9 322.1 30.5 314.7 258.2 80.0 44.6 .17 71.2 25 5 135.0 114.1 28.4 .890 3.9 
16405.06 152896 13.2 321.5 31.7 33.5 179.5 32.0 83.1 -.12 72.7 - 105.6 
16405.07 152343 13.2 321.3 18.6 357.0 216.0 40.1 48.2 .13 72.7 85 o 160.8 136.5 35.2 .926 3.' 
16405.08 151793 13.3 321.1 21.8 352.4 220.7 45,4 41.3 .14 72.9 95 a 158.4 134.9 34.1 .930 3.6 
16405.09 151246 13.4 320.9 14.9337.0 236.1 57.5 33.0 .33 72.9 90 o 154.3 132.2 31.3 .925 3.4 
16405.10 150701 13.5 320. 18.2 333.6 239.5 61.3 34.1 .31 73.1 100 o 152.4 130.4 31.7 .9S1 3.4 
16405.11 150159 13.6 320.5 12.2 320.2 252.9 73.4 26.2 .44 73.1 55 o 143.9 121.8 30.2 ,897 4.0 
16405.12 149620 13.6 320.3 -1.8 301.8 265.3 85.4 25.2 .46 73.1 10 o 132.1 109.8 31.2 .889 4.5 
16405.14 14.8550 13.8 319.9 12.6 27.0 186.2 14.3 72.5 -.08 74.7 - - 155.9 112.4 31.4 .463 13.4 
16405.15 148019 13.9 319.7 -1.6 359.3 214.0 34.0 42.9 .20 74.7 65 o 161,0 136.9 35.8 .941 3.5 
16405.16 147491 14.0 319.4 -4.8 357.3 215.9 36.2 42.7 .21 74.9 50 o 160.6 136.6 35.6 .938 3.6 
16405.17 146966 14.0 319.2 2.2 341.0 232.2 52.3 25.0 .47 74.9 10 o 153.6 131.4 33.2 .949 3.2 
16405.18 146444 14.1 319.0 -.4 341.3 232.0 52.0 26.9 .44 75.2 10 o 153.9 131.5 33.5 .949 3.2 
16405.19 145925 14.2 318.8 5.1 327.8 245.5 65.6 13.1) .68 75.2 10 o 146.9 125.4 31.6 .939 3.3 
16405.20 145409 14.3 318.5 2.7 328.1 245.3 65.3 15.2 .64 15,4 15 o 147.9 126.2 33.5 .960 3.2 
16405.21 144896 14.4 318.3 7,8 315.1 258.3 78.3 7.' .78 75.5 15 o 138.5 116.7 30.8 .904 '.0 
16405.25 142875 14.7317.4 16.6 11.6 201.9 27.0 53.0 .0' 77.4 015 152.8 129.5 35.0 .943 3.6 
16405.26 142377 14.8 317.1 12.3 5.6 207.9 30.1 47.9 .15 71.6 20 o 155.2 131.5 35.4 .938 3.7 
16405.27 141883 14.9 316. 22.7 347.1 226.4 50.3 30.1 .41 77.6 20 5 153.9 131.2 34.6 .956 3.3 
16405.28 141392 15.0 316. 20.5 345.6 228.0 51.0 28.6 .43 17.8 10 5 152.6 13Q.4 33.1 .948 3.2 
16405.29 140904 15.1316.4 25.8 331.5 242.2 65.0 18.0 .62 17.8 5 o 144.9 123.3 32.4 .946 3.4 
16405.30 140420 15.1 316.2 21.9 331.5 242.1 64.1 16.4 .65 78.1 15 o 145.2 123.7 32.0 .942 3.4 
16405.31 139939 15.2 315.9 25.3 316.2 251.5 78.5 10.3 .76 78.1 65 o 135.4 113.7 32.3 .930 '.0 
16405.36 137586 15.7 314.6 22.9 11.1 202.1 31.5 54.4 .0' 80.3 45 5 152.8 128.732.7 .886 4.4 

16405.37 137126 15.8314.4 31.8 351.5 222.4 50.8 37.9 .30 80.4 45 5 153.1 130.3 33.6 .937 3.5 
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Ta.ble XI, Continued 
Spacecraft Spectrum Location Spectrum Fit 

FDS Rang. Lat Lon La.t Lon LTim i , LSp PhsfDk fat T, TE ST , SLp 

16405.38 136669 15.8 314.1 29.1 349.0 224.8 5Ui 35.3 .3' 80.6 45 o 153,4 130.5 36.1 .973 3.2 
16405.39 136216 15.9 313.9 35.9 329.4 244.5 69.3 24.8 .52 80.6 5 o 140.9 120.0 31.3 .941 3.3 
16405.40 135767 16.0 313.6 33.6 327.2 246.7 70.521.8 .57 80.9 5 o 140.7 119.0 34.6 .972 3.5 
16405.41 135322 16.1 313.3 39.7 308.3 265.7 66.4 24.5 .53 80.9 10 o 125.7 106.0 28.3 .914 3.8 
16405.46 133151 16.6 311.9 44.5 10.1 203.9 49.0 56.9 .06 83.1 50 0 150.4 123.4 36.4 .851 5.6 
16405.47 132728 16.6 311.6 54.2 344.7 229.4 67.3 46.2 .19 83.1 5 0 135.1 114.1 33.7 ,975 3.6 
16405.48 132309 16.7 311.4 48.8 340.0 234.2 61.0 40,3 .28 83.4 5 0 137.6 116.2 33.1 .956 3.6 
16405.49 131896 16.8 311.1 55.2 316.6 257.6 82.739.4 .29 83.4 10 0 126.3 105.4 31.3 .926 4.2 
16405.56 129107 17.5 309.0 68.0 48.0 166.4 68.3 78.3 -.10 85.9 - - 114.6 76.9 35.7 .444 U.3 
16405.57 128726 17.5 308.7 81.8 72.4 142.0 83.2 78.3 -.10 86.0 - -' 97.2 69.1 90.1 .851 10.8 
16406.06 125492 18.4 305.8 1.4 327.5 247.2 67.2 27.7 .52 89.3 20 0 145.2 123.4 32.9 .948 3.4 
16406.01 125155 18.4 305.5 3.4 309.9 264.8 84.8 15.9 .75 89,2 10 0 129.4 IOU 30.6 .920 4.0 
16406.08 124823 18.5 305,2 3.7293.0 281.7 101.7 19.5 .68 89.2 40 0 112.9 95,5 23,3 .888 3.5 
16406.09 124496 18.6 304.8 1.7 274.6 300.2 120.1 34.8 .40 89.2 35 5 109.6 93,0 17,8 .803 3,7 
16406.10 124174 18.7 304.5 -3.2 251.6 323,1 143.0 57.5 .07 89.2 75 5 107.0 88.5 26.9 .901 4.3 
16406.25 119934 20.0 299.2 19.3 19.0 196.2 24.7 75.5 -.08 96.7 - - 127.0 96.1 - 1.091 14.1 
16406.26 119693 20.1 298.8 30.9 344.6 230.6 56.8 43.3 .27 96.7 25 0 147.8 125.7 32.9 .938 3.5 
16406.28 119226 20.2 298.1 31.8 302.9 272.3 91.6 18.5 .74 96.8 10 0 117.8 100.8 24.7 .935 3.0 
16406.29 119001 20.3 297,7 36.9 278.5 296.7 110.9 24.1 .63 96.7 0 0 109.3 95.9 18.1 .926 2.2 
16406.30 118781 20,4 297.3 33.1 254.4 320.9 130.3 40.9 .31 96.7 5 5 109.0 94.3 20.4 .923 2.6 
16406.31 118567 20.5 297.0 25.7226.5 348.8 151.8 65.4 -.01 96.7 - - 110.5 94.7 23.1 .938 2.9 
16407.10 114714 22.8 281.1 79.6 104.0 112.4 85.7 78.8 -.10 113.4 - 55.3 
16407.11 114735 22.9 280.6 55.8 269.4 307.1 109.5 34.7 .44 113.5 25 0 109.2 92.5 23.9 .917 3.4 
16407.17 114986 23.1 278.1 11.9305.1 271.5 91.4 28.6 .56 116.5 10 0 115.3 97.4 29.2 .983 3.6 
16407.19 115118 23.1 277.3 73.6 281.0 295.7 96.751.5 .16 117.0 
16407.20 115193 23.1 276.8 71.4 244.2 332.5 106.1 52.7 .14 117.1 
16407.21 115274 23.2 276.4 58.5 183.3 33.4 115.5 73.2 -.07 117.1 
16407.23 115453 23.2 275.6 61.8 331.9 244.9 80.5 57.2 .08 119.0 
16407.24 115552 23.2 275.2 72.9 305.8 271.0 90.0 53.5 .13 119.2 
16407.25 115656 23.3 274.7 72.2 268.0 308.8 100.7 50.1 .18 119.3 
16407.26 115767 2:1.3 274.3 68.5 238.3 338.6 109.6 51.2 .16 119.5 
16407.28 116006 23.3 273.5 55.1 333.5 243.4 14.9 55.1 .11 121.1 
16407.29 116134 23.3 273.1 61.2 299.7 277.3 93.2 42.9 .29 121.2 
16407.30 116268 23.3 272.7 61.0 262.9 314.1 109.4 39.1 .35 121.2 
16407.31 116407 23.3 272.2 56.4 226.9 360.1 122.7 47.5 .22 121.2 
16407.32 116553 23.4 271.8 44.2 182.7 34.4 126.0 74.6 -.08 121.2 
16401.33 116704 23,4 271.4 70.8 292.7 284.4 94.3 50.0 .18 122.6 
16401.34 116861 23,4 271.0 43.5 261.5 315.6 120.9 22.1 .68 122.6 
16407.35 117024 23.4 270.6 41.1 235.1341.5 135.2 34.9 .43 122.6 
16407.36 111192 23.4 270.2 33.8 205.5 11.1 144.2 58.0 .07 122.6 
16407.37 111367 23.4 269.8 51.6 217.3 299.9 107.7 29.4 .53 124.0 
16407.38 117546 23.4 269.4 28.6 259.5 317.7 130.3 10.5 .93 124.0 
16407.39 111732 23.4 269.0 26.0 238.0 339.3 146.9 28.8 .54 124.0 
16407.40 117923 23.4 268.6 19.7 212.6 4.7 159.4 52.9 .13 124.0 
16407,41 118119 23.4 268.2 38,6 272.2 305.1 116.5 15.9 .80 125.4 
16407.43 118529 23.4 267.4 14.2 238.2 339.2 154.8 29.7 .62 125.4 
16407.44 118742 23.4 267.0 7.8 214.0 3.4 171.2 54.1 .12 125.4 
16401.45 118961 23.4 266.6 26.2 270.0 307.4 122.8 4.3 1.05 126.0 
16407.46 119184 23.4 266.2 4.9 256.6 320.8 140.5 21.1 .69 126.8 
16407,47 119414 23.4 265.8 2.0 237.8 339.7 159.5 35.3 .41 126.8 
16407.48 119649 23.4 265.4 -5.3 213.1 3.8 173.8 59.1 .05 126.8 
16407.49 119889 23.4 265.0 16.4 269.3 308.2 126.2 9.2 .96 128.2 
16401.50 120134 23.3 264.6 -5.5 266.9 320.6 140.3 30.4 .50 128.2 
16407.51 120385 23.3 264.2 -7.6 239.7 337.9 156.8 39.9 .32 128.2 

10 0 96.1 81.8 28.3 1.110 
10 0 94.2 BO.l 30.0 1.160 
- - 94.7 78.8 19.6 .831 
0 o 114.5 96.2 27.6 .935 

10 o 102.6 86.2 25.2 .943 
10 0 93.9 SO.7 26.0 1.108 
20 0 95.5 19.9 23.7 .937 

5 5 123.9 105.3 33.2 1.039 
25 o 105.9 91.6 19.3 .916 
10 o 100.5 87.0 18.6 .924 
35 25 10o.a 86.0 24,4 .993 
- - 104.2 87.8 18.4 .812 

20 o 105.1 91.3 19.8 .944 
40 25 106.4 93.5 19.4 .974 
20 o 104.9 91.3 15.0 .850 
50 o 110.1 94.1 25.3 .911 
65 o 107.2 94.7 14.9 .889 
o 10 108.3 92.9 21.9 .925 
5 5 107.6 92.7 20.8 .923 

80 o 111.6 93.S 24.S .881 
o 10 109.0 93.7 21.9 .933 

'0 o 108.3 90.4 23.7 .866 
65 o 111.5 93.6 23.3 .866 
25 o 106.2 89.8 29.2 1.038 
90 o 104.6 87.5 25.6 .930 
80 o 107.8 89.0 25.3 ,862 
90 o 110.9 93.9 18.6 .809 
60 0110.5 93.5 23.3 .891 
65 o 105.9 87.7 21.6 .808 
50 o 106.8 88.2 25.2 ,863 

3.7 
4.1 
3.7 
3.8 
3.7 

3.2 
3.8 
3.3 
2.5 
2.5 
3.1 
3.7 
2.' 
1.9 
2.8 
3.0 
2.3 
2.9 
2.7 
3.8 
2.8 
3.9 
3.8 
3.7 
3.8 ,., 
3.8 
3.5 
'.2 
4.3 
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Table XII. The Voyager 2 Ganymede IRIS Spectra 

Spacecraft Spectrum Location Spectrum Fit 
FDS Range Lat Lon Lat Lon LTim i , LSp PhsfDk fO t T, TE 'T , 81p 

20631.00 321988 -.3 165.0 21.5 231.5 137.3 46.9 68.8 -.09 24.2 - - 168.9 137.7 43.1 ,858 6.2 
20631,02 320848 ·,4 165.0 21.8 216.9 152.0 35.1 55.6 -.04 24.2 - - 170.4 142.5 42.6 .939 '.3 
20631.03 820279 -.4 165.0 29.0 178.9 190.0 30.7 32.5 .09 24.0 - - 168.7 142.5 39.0 .933 '.0 
20631.04 319709 ·.4 166.1 27.2 178.8 190.1 29.1 30.9 .11 24.0 - - 168.7 142.9 36.7 .917 '.1 
20631.05 319140 ·.4 165.1 24.2 178.3 190.7 26.5 28.0 .13 24.0 - - 169.9 143.6 38.7 .930 '.0 
20631.06 318570 ·.4 165.1 22.5 177.9 191.1 25.2 26.3 .14 24.0 - - 170.5 144.1 39.4 .938 3.6 
20631.01 318001 ·.4 165.1 20.1 177.4 191.6 23.2 24.0 .16 24.0 - - 171.0 144.5 39.4 .934 3.9 
20631.08 317432 -.4 165.1 11.3 111.4 191.6 20.9 21.1 .18 24.0 - - 111.3 144.9 39.4 .939 3.8 
20631.09 316863 ~.5 165.1 24.1 144.3 224.8 49.9 32.5 .10 23.8 - - 164.3 139.3 36.1 .932 3.8 
20631.10 316294 ~.5 165.1 23.8 138.2 230.9 54.8 35.9 .07 23.8 - - 162.3 131.4 36.1 .930 3.9 
20631.11 315726 ~.5 165.1 22.8 132.9 236.2 59.3 39.4 .05 23.8 ~ - - 159.1 184.5 34.1 .902 '.2 
20631.12 315157 ~.5 165.2 21.6 121.1 242.1 64.3 43.6 .02 23.7 - - 155.9 131.1 33.5 .883 '.6 
20631.13 314589 ~.5 165.2 20.0 123.4 245.8 67.4 46.1 .01 23.7 - - 154.9 129.2 35.5 .885 '.8 
20631.15 813453 ~.5 165.2 -6.2 216.5 152.7 27.9 51.9 -.02 24.4 - - 173.9 145.5 41.6 .917 '.6 
20631.16 312885 -.6 165.2 -9.6 214.7 154.6 21.0 50.4 ~.OI 24.4: - - 173.8 145.4 41.9 .921 '.5 
20631.17 312317 -.6 165.2 13.2 213.0 156.3 26.8 49.3 ~.01 24.4 - - 173.1 144.9 42.1 .926 • .4 
20631.18 311749 -.6 165.2 16.0 211.9 151.4 21.3 48.9 ~.01 24.4 - - 172.6 144.2 42.1 .923 '.5 
20631.19 311182 -.6 165.3 20.0 211.5 161.9 29.4 49.5 ~.01 24.4 - - 111.5 143.4 41.6 .923 '.5 
20631.20 310614 -.6 165.3 23.3 210.6 158.8 31.0 49.8 ~.01 24.4 - - 110.4 142.5 42.1 .939 '.3 
20631.21 310047 -.6 165.3 17.0 174.8 194.6 22.2 19.1 .20 24.2 - - 168.8 141.0 42.2 .933 • .4 
20631.22 309480 -.7 165.3 16.3 111.2 198.3 24.2 16.8 .22 24.2 - - 168.7 141.1 41.0 .923 '.5 
20631.23 308913 -.7 165.3 16.8 169.0 200.5 25.6 15.1 .23 24.2 - - 169.0 141.3 42.1 .935 ,.4 
20631.24 308346 -.7 166.3 14.7 166.4 204.1 27.9 14.1 .25 24.2 - - 168.7 141.2 41.3 .930 '.3 
20631.25 301179 -.7 165.3 15.3 163.9 205.6 29.5 14.7 .24 24.2 - - 168.4 141.0 42.0 .940 '.2 
20631.26 3M213 ~.7 165.8 16.3 164.5 205.1 29.6 15.8 .23 24.2 - - 168.3 140.4 42.2 .932 '.5 
20631.27 306646 ~.7 165.4 -9.5 133.9 235.7 56.232.8 .10 24.0 - - 159.2 133.0 38.7 .91S '.5 
20631.28 3060S0 -.7 165.4 11.1 134.8 234.9 55.632.4 .10 24.0 - - 158.4 132.6 31.7 .916 ,., 
20631.29 305514 -.S 165.4 15.0 131.9 237.7 58.936.2 .08 24.0 - - 156.9 130.9 31.5 .904 '.6 
20631.30 304948 ~.S 165.4 18.6 130.4 239.3 61.0 39.0 .06 24.0 - - 154.5 128.7 36.8 .S99 '.7 
20631.31 304382 ~.S 165.4 22.3 127.3 242.4 64.5 43.1 .03 24.0 - - 152.4 126.0 37.9 .894 5.0 
20635.23 117417 -7.1 167.9 61.3 234.9 143.2 67.5 85.6 ~.12 31.5 - - 151.0 104.5 49.5 .519 13.7 
20635.24 116954 -7.2 167.S 56.0 21O.S 161.4 57.1 72.4 -.09 31.5 - - 154.1 119.1 42.4 .125 8.' 
20635.25 116431 -1.2 167.8 50.9 199.2 179.0 51.1 64.1 ~.04 31.5 - - 156.1 12S.1 41.1 .895 5.4 
20635.26 175908 -1.2 161.8 48.3 192.1 186.2 48.7 59.5 ~.01 31.5 - - 157.6 132.3 41.2 .916 3.8 
20635.32 172718 -7.5 167.1 34.0 229.2 149.2 44.1 71.4 ~.08 32.2 - - 163.9 129.6 45.9 .800 7.' 
20635.33 172257 ~7.6 167.7 28.6 218.1 160.4 34.4 60.6 ~.01 32.2 - - 167.4 140.5 40.4 .933 '.2 
20635.34 111736 -7.6 167.7 25.0 211.0 161.5 27.9 58.3 .05 32.2 60 o 110.7 143.9 41.9 .959 3.7 
20635.35 171216 -7.1 161.1 34.6 200.5 17S.0 34.8 52.5 .06 32.1 70 o 168.7 142.4 3S.5 .926 '.1 
20635.36 110696 ~7.7 167.6 29.9 192.3 186.3 30.7 44.5 .14 32.1 75 o 168.4 143.0 37.2 .931 3.6 
20635.31 110177 -7.8 167.6 26.2 186.8 191.7 28.63S.7 .21 32.1 65 o 168.2 142.7 38.4 .946 3.6 
20635.3B 169658 -7.8 167.6 22.9 183.7 194.9 27.234.5 .28 32.1 55 o 167.9 142.6 39.1 .958 3.' 
20635.40 168620 -7.9 167.6 17.9 23S.2 140.4 42.9 14.4 ~.09 32.8 - - 171.3 133.7 46.4 .747 9.1 
20635.41 168102 ~S.O 167.5 12.9 229.7 14S.9 33.5 65.2 ~.04 32.8 - - 172.6 143.0 43.2 .903 5.1 
20635.42 167584 -8.0 161.5 9.3 224.6 154.1 27.5 59.5 .00 32.8 70 o 114.0 145.S 41.9 .925 4.4 
20635.43 161066 -8.1 161.5 14.5 215.4 163.3 22.1 52.6 .05 32.8 " o 173.1 145.3 40.S .921 4.4 
20635.44 166549 -B.l 167.5 8.4 211.2 167.5 15.1 46.6 .12 32.8 75 o 114.6 146.6 41.7 .921 '.3 
20635.45 166032 -B.2 167.4 4.9 206.5 172.3 9.341.1 .19 32.8 75 o 114.3 146.8 40.3 .925 '.2 
20635.46 165515 ~B.2 167.4 2.7 202.9 175.9 5.037.0 .24 32.8 75 o 114.4 146.9 41.2 .936 '.1 
20635.47 164999 -8.3 167.4 10.6 191.3 187.6 13.2 30.3 .33 32.1 95 o 173.8 147.5 38.3 .929 3.9 
20635.48 164483 -8.3 167.4 7.3 185.0 193.8 15.723.5 .43 32.7100 o 173.3 146.9 38.8 .933 3.6 
20635.49 163967 ~S.4 167.4 3.6 182.1 196.8 17.2 lS.9 .50 32.7100 o 171.S 145.9 37.7 .928 3.9 
20635.50 163451 -S.4 167.3 .7 180.8 19S.1 18.1 16.3 .54 32.7 90 o 171.1 144.8 39.4 .941 3.8 
20635.52 162422 -8.6 167.3 ~.9 22S.0 151.0 29.0 60.9 -.01 33.5 - - 174.1 146.1 41.4 .912 '.7 
20635.53 161907 -8.6 167.3 .1 216.9 162.2 11.S 50.2 .09 33.5 90 o 114.5 146.6 40.4 .915 ... 
20635.54 161393 -8.1 167.2 -3.8 214.5 164.6 15.S 47.2 .12 33.5 80 o 174.1 146.5 39.8 .913 4.4 

20635.55 160879 -8.7 161.2 ~7.0 210.4 168.6 13.3 42.8 .16 33.5 75 o 114.4 146.2 42,4 .932 '.3 
20635.56 160366 -8.8 167.2 -4.7 191.9 181.2 4.730.S .34 33.4 65 o 112.9 146.0 38.8 .919 '.2 
20635.57 159853 -8.8 167.2 -8.2 193.1 186.1 10.1 25.6 .41 33.4 50 15 111.5 144.5 41.5 .949 3.' 
20635.58 159340 -8.9 167.1 11.3 18S.4 190.8 15.4 21.0 .48 33.4 40 15 169.0 142.6 40.2 .947 3.6 
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Spacecraft Spectrum Location Spectrum Fit 
FDS Rang. La.t Lon Lat L<ln L'rim • , LSp PhsfDk fet T, TE 5T , Sip 

20635.59 158828 ~8.9 167.1 -8.4 178.0 201.2 22.7 10.8 .65 33.3 85 5 169.8 143.4_ 40.0 .943 3.8 
20636.00 158316 -9.0 167.1 12.0 114.9 204.3 26.9 8.3 .60 33.S 7' o 168.4 142.2 39.2 .936 3.0 
20636.01 157804 -9.1 161.0 15.9 172.5 206.8 30.8 8.7 .69 33.3 40 o 166.2 139.9 40.0 .943 3.0 
20636.05 155761 ·9,3 166.9 -9.7 246.9 132.5 48.2 78.6 -.11 34.4 - - 175.1 132.5 41.3 .608 12.0 
20636.06 155252 -9.4 166.9 14.5 233.4 145.9 36.6 65.1 _.03 34.4 - - 172.8 142.9 42.7 .S90 ,.4 
20636.07 154742 .904 166.9 18.1 225.1 Hi4.3 31.3 57.0 .03 34.4 '0 o 171.4 143.9 39.8 .915 4.4 
20636.08 154233 -9.5 166.8 17.6 205.9 173.5 18.5 38.8 .'4 34.2 60 o 171.8 145.1 39.3 .930 4.0 
20636.09 153724 -9.5 166.8 20.5 200.4 179.0 20.4 34.2 .31 34.2 60 o 170.4 143.7 41.5 .956 '.7 
20636.10 1532UI ~9.6 166.8 23.9 196.5 183.0 23.9 31.7 .34 34.2 '0 o 168.0 141.9 39.2 .938 '.9 
20636.11 152708 ~9.7 166.8 22.1 188.1 191.5 24.6 23.9 .46 34.2 5 o 165.1 139.3 39,4 .948 '.8 
20636.12 152201 -9.7 166.7 26,4 185.4 194.2 29.6 24.3 .46 34.2 5 o 163.9 137.7 40.3 .947 4.0 
20636.13 151693 -9.8 166.7 30.2 183.1 196.5 33.925.6 .44 34.2 10 5 161.1 135.4 40.2 .956 3.9 
20636.20 148155 -10.2 166.4 28.7 218.3 161.4 33.6 51.8 .00 35.2 " o 168.7 141.6 40.8 .034 4.' 
20636.21 147651 -10.3 166.4 31.9 216.6 163.2 35.5 51.0 .10 35.2 40 o 167.3 140.6 39.7 .929 4.' 
20636.37 139649 -11.4 165.8 73.2 230.1 150.1 75.3 71.8 -.07 36.0 - - 129.2 94.5 41.3 .636 10.2 
20636.38 139lfi3 -11.5 16S. 32.1 191.6 188.7 33.0 31.5 .39 36.4 15 o 162.7 136.6 40.9 .9S7 '.0 
20636.39 138657 -l1.S 165.7 64.1 180.6 199.7 65.8 76.5 -.09 36.6 - ~ 98.5 
20636.41 137667 -11.7 165.6 64.4 159.6 220.7 71.1 76.3 -.09 36.6 90.1 
20636.42 137173 -11.8 165.5 64.0 149.1 231.3 74.2 76.8 -.10 36.6 - - 139.8 95.8 38.0 .444 12.9 
20636.43 136679 -11.8 165.5 59.8 141.8 238.6 75.0 74.2 ~.08 36.6 - - 141.0 107.3 39.3 .664 0.1 
20636.44 136186 -11.9 165.5 60.9 131.6 248.9 80.0 77.6 -.10 36.7 - 84.2 
20636045 135693 -12.0 165. 58.9 124.6 255.8 82.9 78.2 -.10 36.7 - - 133.6 92.0 40.9 ,48512.3 
20636046 135201 -12.1 166. 61.4 125.9 264.6 80.6 72.1 -.07 36.7 - - 137.9 105.0 41.7 .723 0.0 
20636.47 134709 -12.1 166. 64.8 114.8 266.7 87.779.2 -.11 36.7 - - 112.6 72.2 68.4 .500 14.7 
20636048 134218 -12.2 166. 51.6 109.2 271.4 91.0 80.1 -.11 38.7 - - 128.5 85.6 40.8 043612.8 
20636049 133728 -12.3 165. 43.0 11304 267.2 8S.1 72.S -.07 36.7 - - 130.1 94.6 39.8 .604 10.3 
20636.50 133238 -12.4 165. 59.2 203.6 177.0 59.4 78.0 -.10 37.9 - - 160.5 104.8 46.9 .51313,4 
20636.51 132748 -12.5 165.1 51.8 190.0 190.7 52.7 67.8 -.04 37.9 - - Hi3.9 127.3 37.4 .883 '.1 
20636.52 132259 -12.5 165.1 42.7 179.9 200.8 46.7 56.9 .06 37.9 '0 015904 135.2 37.8 .965 , .. 
20636.53 131771 -12.6 165. 48.3 173.0 207.7 54.061.3 .0' 37.9 65 o 156.7 132.2 36.8 .940 '.8 
20636.54 131283 -12.7 164. 40.9 166.6 214.1 5104 53.6 .10 37.9 100 o 169.7 136.7 32.7 .925 3.' 
20636.55 130796 -12.8 164. 34.5 161.5 219.3 50.5 47.4 .16 37.9 100 o 160.9 137.9 33.3 .935 '.4 
20636.57 129823 -13.0 164. 34.5 150.2 230.6 58.5 49.4 .16 37.9 100 o 156.2 133.2 32.8 .923 3.6 
20636':i8 129338 -13.0 164. 29.2 147.2 233.6 53.945.5 .21 37.9 100 o 156.3 132.9 34.5 .937 '.5 
20636.59 128853 -13.1 164. 34.6 139.8 241.0 66.6 53.2 .11 38.0 100 o 152.2 127.9 36.1 .927 4.1 
20637.00 128369 -13.2 164. 28.2 137.5 243.4 66.8 49.1 .16 38.0 100 a 150.7 127.1 32.4 .895 4.' 
20637.01 127885 -13.3 164.5 23.5 133.5 247.5 69.547.7 .18 38.0 100 o 149.4 124.5 37.3 .926 4.4 
20637.02 127402 -13.4 164.5 37.0 187.6 193.4 39.2 54.9 .00 39.1 50 o 163.7 139.6 36.3 .950 3.3 
20637.03 126919 -13.5 164.4 30.2 180.1 200.9 36.3 46.2 .21 39.1 '0 o 164.5 140.2 36.7 .950 3.4 
20637.04 126437 -13.6 164. 23.9 173.8 207.2 35.7 38.5 .33 39.1 40 o 163.6 139.7 35.2 .940 '.4 
20631.05 125956 -13.6 164. 27.5 167.3 213.7 42.641.3 .28 39.1 100 o 163.4 140.0 33.8 .935 '.4 
20637.06 125476 -13.7 164.2 22.3 162.1 219.0 44.1 36.1 .'7 39.1 100 o 163.9 139.9 36.7 .959 ,., 
20637.07 124996 -13.6 1&4.2 16.8 157.6 223.5 46.1 31.3 .46 39.1 95 o 162.7 138.9 35.3 .944 3.4 
20637.08 124516 -13.9 164.1 20.0 151.8 229.4 52.336.0 .38 39.1 95 5 159.3 136.2 34.1 .1141 ,.4 
20637.09 124038 -14.0 164.1 14.2 148.1 233.0 54.332.3 .44 39.1 100 a 159.0 135.3 35.8 .948 3.4 
20637.10 123560 -14.1 164.0 8.8 144.6 236.6 67.1 29.9 .40 39.1 80 o 156.7 133.0 35.2 .938 '.6 
20637.11 123082 -14.2 163.9 11.9 138.9 242.3 fi3.0 36.0 .38 39.1 80 o 153.0 129.1 34.9 .924 4.0 
20637.12 122606 -14.3 163.9 6.8 135.0 246.2 66.4 35.6 .39 39.1 9' o 150.8 126.2 37.2 .935 4.' 
20637.13 122130 -14.4 163.8 2.8 130.0 251.2 71.3 37.6 .sa 39.1 65 10 145.5 120.9 37.6 .933 4.' 
20637.14 121654 -14.5 163.7 10.8 178.3 203.0 25.4 29.1 .51 40.3 '0 a 168.4 143.9 36.3 .943 , .. 
20637.15 1211S0 -14.6 163.7 6.8 172.4 208.9 29.7 23.0 .63 40.2 '0 o 166.4 141.2 38.3 .951 ,., 
20637.16 120706 -14.7 163,6 2.6 167.0 214.3 34.4 17.6 .7' 40.2 10 o 163.1 138.4 37.2 .944 '.6 
20637.17 120233 -14.8 163.5 6.5 160.7 220.7 41.121.5 .67 40.2 '0 o 161.8 137.4 36.0 .934 3.7 
20637.18 119760 -14.9 163.4 2.2 156.6 224.8 44.8 18.3 .74 40.2 25 o 160.1 135.3 37.3 .941 3.8 
20637.19 119289 -14.9 163.4 -1.8 152.3 229.1 49.1 17.1 .77 40.2 15 o 156.9 133.0 36.6 .9S3 3.5 
20637.20 118818 -15.0 163.3 .1 146.8 234.7 54.122.3 .66 40.3 4' o 155.3 131.5 34.0 .916 3.9 
20637.21 118347 -15.1 163.2 .5.8 143.0 238.5 58,6 21.9 .67 40.3 '0 o 152.2 128.3 34.7 .920 4.0 
20637.22 117878 -15.2 163.1 11.3 138.3 243.2 63.724.5 .63 40.3 " o 150.2 125.6 38.7 .952 4.' 
20637.23 117409 -15.3 163.1 -7.4 131.9 249.6 69.8 31.5 .49 40.3 '0 o 144.3 120.5 36.0 .932 4.' 
20637.24 116941 -15.4 163.0 -9.8 125.9 255.7 75.9 36.6 .40 40.3 0 0 38.0 115.1 36.2 .955 4.' 
20637.25 116474 -15.6 162.9 11.9 118.9 262.7 82.8 42.8 .29 40.3 0 o 129.6 108.9 28.7 .895 4.0 
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Spacecraft Spectrum Loca.tion Spectrum Fit 
FDS Range Lat Lon Lat Lon LTim i , LSp PhsfDk fet T, T, 5T , SIp 

20637.26 116008 -15.7 162. -7.2 167.3 214.3 34.9 9.' .96 41.5 85 o 164.9 140.0 31.6 .948 3.' 
20637.21 115542 -15.8 162. -11.4 162.7 218.9 40.2 4.41.08 41.5 90 o 162.1 137.5 31.5 .951 3.5 
20637.28 115077 -15.9 162. -15.8 158.6 223.1 45.3 3.91.10 41.5 90 o 160.4 136.0 36.9 .949 3.5 
20637.29 114613 -16.0 162. -S.9 162.l 219.6 40.4 7.11.03 41.7 90 o 161.4 137.4 35.8 ,943 3.5 
20631.30 114150 -16.1 162. -12.8 157.6 224.1 45.5 5.81.07 41.7 90 o 160.6 136.1 31.6 .954 3.5 
20637.31 113688 -16.2 162. -16.9 152.9 228.9 51.0 9.2 .99- 41.8 85 o 158.2 134.2 35.8 .939 3.7 
20637.32 1l3~,26 -16.3 162. -11.2 156.8 225.0 46.0 7.41.04 42.0 9' o 158.6 135.8 32.3 .923 3.' 
20631.33 112765 -16.4 162. -16.4 152.6 229.3 51.2 9.31.00 42.0 86 a 158.6 134.2 36.8 .945 3.7 
20637.34 112306 ·16.5 162. -21.7 148.0 233.9 66.7 14 .• .89 42.0 70 o 153.8 129.6 35.8 .932 3.9 
20637.35 111847 -16.6 162.1 -16.1 15l.6 230.3 52.1 10.1 .99 42.3 90 a 157.9 133.8 35.1 .928 3.8 
20637.36 111388 ·16.7 162. ·19.9 146.1 235.8 58.1 15.4 .87 42.3 70 a 153.2 129.1 36.2 .935 3.9 
20637.37 110931 -16.8 161. 23.5 139.8 242.2 64.621.8 .73 42.3 50 a 147.1 123.4 35.5 .931 4.1 
20637.38 110475 -17.0 161.8 ·11.1 187.4 194.5 18.1 25.5 .65 43.5 40 o 166.1 140.5 40.9 .974 3.4 
20637.39 110020 -17.1 161. ·16.4 182.4 199.6 25.2 19.8 .78 43.5 25 o 165.4 139.8 39.6 .954 3.7 
20637.40 109565 ·17.2 161.6 ·21.4 177.7 204.3 31.8 15.7 .88 43.5 0 a 161.1 136.0 38.3 .948 3.7 
20637.41 109112 ·17.3 161.5 -14.8 179.6 202,4 26.6 17.6 .84 43.8 40 o 165.0 139.9 36.7 .928 3.8 
20637.42 108659 ·17.4 161.4 20.0 175.0 207.1 33.1 13.1 .95 43.8 25 o 162.1 136.8 39.6 .959 3.7 
20637.43 108207 -17.5 161.3 ·25.0 110.4 211.7 39.5 11.3 1.00 43.8 0 5 158.2 133.2 39.2 .960 3.8 
20637.44 107751 ·17.6 161.2 18.6 172.7 209.5 34.3 10.9 1.01 44.1 35 o 161.4 136.7 35.3 .916 4.0 
20637.45 107307 -17.8 161.1 24.0 167.6 214.5 41.1 8.71.07 44.1 10 5 157.6 133.0 37.9 .950 3.8 
20637.46 106858 -17.9 161.0 -28.7 161.7 220.5 48.0 10.9 1.02 44.1 10 25 150.4 126.7 36.6 .953 3.8 
20637.47 106410 -18.0 160.9 ·22.1 163.2 219.0 43.9 4.6 L18 44.3 25 o 157.2 133.1 35.2 .926 3.9 
20637.48 105964 -18.1 160.8 26.6 156.9 225.3 50.9 9.21.07 44.3 20 5 153.3 129.5 36.8 .955 3.6 
20637.49 105518 -18.2 160. ·30.9 15Q.2 232.1 58.115.9 .92 44.3 0 o 147.8 124.8 35.5 .956 3.6 
20631.50 105073 ·18.4 160. -11.9 197.8 184.5 18.3 35.2 .48 45.5 55 10 166.7 141.8 37.3 .946 3.' 
20637.51 104630 -18.5 160. 5 -24.1 192.8 189.5 25.7 30.6 .58 45.6 10 o 163.2 138.5 31.5 .950 3.' 
20637.52 104187 -18.6 160. ·30.2 188.0 194,4 33.0 27.6 .65 45.6 , o 161.8 136.3 39.2 .950 3.8 
20637.53 103745 -18.7 160. -24.5 18B.8 193.5 27.7 27.1 .67 45.8 , a 162.5 137.5 37.3 .940 3.7 
20637.54 103305 -18.9 160. 2 ·30.9 184.1 198.3 35.3 24.7 .73 45.8 10 5 160.1 134.9 39.7 .962 3.7 
20637.55 102866 ~19.0 160. 1·37.1 179.2 203.3 42.8 24.1 .73 45.8 530 151.8 128.2 36.4 .952 3.7 
20637.56 102427 -19.1 159. -31.5 178.8 203.6 38.5 21.0 .82 46.1 10 10 156.2 131.6 37.7 .949 3.8 
20637.57 101990 ~19.3 159. -37.4 172.1 210.4 46.6 21.1 .82 46.1 5 80 142.1 120.7 35.0 .989 3.2 
20637.58 101554 ·19.4 159. -42.7 163.9 218.6 54.8 23.6 .77 46.0 10 80 134.2 115.1 30.3 .982 2.8 
20637.59 101119 ~19.5 159. -36.4 164.3 218.2 50.7 17.4 .92 46.3 096 134.6 116.8 26,0 .948 2.6 
20638.00 100686 -19.7 159. -41.0 156,7 225.8 58.1 21.4 .83 46,3 20 50 139.5 118.4 31.6 .943 3.' 
20638.01 100253 -19.8 159. ~45.2 149.0 233.6 65.1 26.8 .70 46.3 50 15 142.1 118.6 36.5 .947 4.2 
20638.02 99822 -19.9 159. ~29.8 200.1 182.6 29.738.1 .45 47.5 30 10 164.6 139.2 38.9 .951 3.7 
20638.03 99392 -20.1 159. ~35.8 194.7 187.9 36.4 34.9 .53 47.5 20 5 161.1 136.1 36.9 .932 3.9 
20638.04 98963 ~20.2 159. -42.3 189.8 192.9 43.7 34.0 .55 47.5 10 10 156.3 130.9 38.0 .930 4.2 
20638.05 98536 ~20.3 158. -37.2 188.3 194.4 39.4 30.7 .63 47.8 20 15 159.1 134.0 38,3 .946 3.9 
20638.06 98109 -20.5 158. -44.1 182.6 200.2 47.5 30.8 .6' 47.8 25 26 160.3 126.0 37.8 .949 4.0 
20638.07 97684 -20.6 158. ~51.7 176.6 206.1 56.1 34.1 .55 47.8 o '0 140.2 118.0 37.0 .992 3.7 
20638.09 96837 -20.9 158. ~53.1 168,8 214.0 60.0 33.2 .58 48,0 o 50 132.2 112.8 32.5 1.005 3.0 
20638.10 96416 -21.0 158. -60.2 160.1 222.7 68.5 39.2 .45 48.0 35 10 133.0 111.2 37.9 1.012 4.1 
20638.11 95996 -21.2 158. -52.8 159.6 223.3 63.731.6 .6Z 48.3 o 60 128.8 109.7 28.6 .948 3.2 
20638.12 95578 -21.3 157. -58.1 148.0 234.9 72.2 37.5 .49 48.3 30 o 132.6 110.5 35.9 .967 4.3 
20638.14 94745 -2UI 157. -47.6 198.4 184.5 47.641.7 .41 49.5 20 20 151.0 126.0 39.8 .960 4.2 
20638.15 94330 -21.8 157. ~54.9 196.0 187.0 55.1 43.8 .37 49.6 '25 143.6 119.4 40.7 .986 4.4 
20638.16 93917 -21.9 157. -62.8 192.2 190.9 63.2 47.1 •• 0 49.6 3025 136.7 112.8 39.5 .968 4.9 
20638.17 93506 -22.1 157. ·56.1 184.1 199.0 58.0 39.4 .47 49.8 52' 138.8 116.1 38.7 1.000 4.1 
20638.18 93096 -22.2 161. -63.0 115.6 207.5 66.1 42.7 .40 49.8 30 o 132.3 110.6 35.8 .981 4.1 
20638.19 92687 ~22.4 166. ~70.3 162.5 220,6 75.0 48.0 .29 49.8 20 10 123.9 101.7 34.0 .922 5.0 
20638.20 92280 -22.5 156. ~62.0 159.8 223.3 69.9 39.5 .47 50.1 3015 132.6 109.9 33.8 .917 4.' 
20638.21 91874 -22.7 156. -68.7 144.4 238.8 79.0 46.6 .32 50.1 40 o 121.0 100.5 41.3 1.106 5.2 
20638.22 91470 ~22.9 156. -15.1 113.1 270.0 89.9 56.8 .15 50.1 0 0 89.3 80.1 .0 .649 4.0 
20638.23 91068 -23.0 156. 2-54.5 238.6 144.6 61.667.1 .Ql 61.5 20 o 146.6 121.3 37.4 .911 4.8 
20638.24 90667 -23.2 156. 1 40.6 163.6 219.6 54.464.2 .04 51.8 - - 129.1 94.4 55.6 .76612.2 
20638.26 89870 -23.5 155. 8 42.0 143.4 239.9 68.2 66.4 .02 51.9 - - 149.5 127.2 30,9 .908 3.8 
20638.27 89474 _23.7 155. 6 29.9 138.4 244.9 68.5 56.0 .15 51.9 100 o 148.4 125.6 31.1 .893 4.1 
20638.28 89079 ~23.8 155. " 22,1 132.4 251.0 72.5 51.1 .25 51.9 85 o 145.2 121.1 33,4 .886 4.6 
20638.29 88686 ~24.0 155. 2 26.9 131.4 252.0 74.0 55.9 .17 52.1 100 o 144.1 119.3 32.5 .851 5.1 
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20638.30 88295 ~24.2 155.1 20.5 125.6 257.8 78.6 53.0 .22 52.1 85 a 136.2 112.8 30.5 .846 5.0 
20638.31 87906 -24.3 154.9 18.2 141.6 241.9 63.4 44.4 .3. 52.7 100 a 151.2 127.7 34.9 .932 3.8 
20638.32 87518 -24.5 154.7 11.3 134.7 248.7 69.2 40.7 .48 52.8 so o 145.4 122.2 34.7 .931 '.0 
20638.33 87132 -24.7 154.5 15.1 133.0 250.5 11.3 45.0 .38 53.0 50 o 141.1 120.6 25.7 .854 '.2 
20638.34 86748 -24.8 154.3 9,3 127.4 256.1 76.4 43.1 .43 53.0 100 o 136.1 114.7 32.7 .886 '.7 
20638.35 86366 -25.0 154.1 6.0 141.7 241.8 62.0 33.2 .67 53.6 55 o 150.3 127.4 33.3 .925 3.8 
20638.36 85985 -25.2 154.0 -.5 134.8 248.8 68.8 30.8 .73 53.6 50 5 144.7 121.2 35.3 .931 '.1 
20638.37 85607 -25.4 153.8 3.9 132.3 251.3 71.4 35.9 .60 53.9 so o 142.6 119.5 29.9 .862 '.6 
20638.38 85230 -25.5 153.6 -.9 124.8 258.8 78.8 37.1 .68 53.9 30 o 132.3 111.6 28.6 .898 3 .• 
20638.39 84855 -25.7 153.4 -4.9 136.7 247.0 67.1 26.2 .87 54.4 60 o 144.4 121.2 36.2 .964 3 •• 
20638.40 84482 -25.9 153.2 -9.9 128.7 255.0 75.2 28.2 .• 2 54.4 0 o 135.6 113.7 31.5 .910 '.1 
20638.41' 84111 -26.1 153.0 -5.2 125.1 258.7 78.7 33.8 .67 54.6 0 o 131.6 111.2 25.8 .861 '.1 
20638.42 83742 -26.2 152. -9.2 116.4 268.3 88.3 39.2 .64 54.6 0 a 120.6 103.9 18.4 .831 3.6 
20638.43 83375 -26.4 152.5 14.8 130.1 253.0 13.6 23.4 •• 7 55.2 25 o 136.4 114.6 31.4 .916 '.0 
20638.44 83010 -26.6 152.3 19.1 122.5 261.3 81.7 28.4 .83 55.2 0 o 126.7 107.4 29.3 .947 3.5 
20638.45 82641 -26.8 152. 1-15.1 120.8 263.0 83.2 31.1 .76 55.5 0 o 125.2 106.6 23.5 .870 3.7 
20638.46 82287 -27.0 151. -18.8 112.1 271.8 91.631.4 .60 55.5 0 o 119.9 102.5 22.2 .879 3.' 
20638.41 81928 -27.2 151. -18.6 147.0 236.9 58.8 9.61.41 56.8 es o 147.8 125.5 3l.9 .922 3.7 
20638.48 81571 -27.4 151. -25.0 139.0 244.9 67.3 11.4 1.36 56.8 60 o 141.6 118.6 34.6 .937 '.0 
20638.49 81217 -27.5 151. -21.9 141.6 242.4 64.4 10.4 1.40 57.2 eo o 144.2 121.6 33.0 .924 3 •• 
20638.50 80865 -27.7 151. -27.3 133.3 250.7 72.8 15.71.24 57.2 45 15 134.6 113.3 30.3 .908 '.0 
20638.51 80616 -27.9 150. -23.7 135.5 248.5 70.3 14.3 1.29 57.6 4S o 138.5 116.7 29.7 .888 '.1 
20638.62 80167 -28.1 160. -28.2 126.7 258.3 79.7 21.9 1.06 57.5 15 a 127.1 107.5 29.0 .931 3.6 
20638.53 79821 -28.3 160. -26.5 156.1 228.3 63.4 5.11.60 58.7 15 a 148.2 1116.5 32.5 .947 3.3 
20638.54 79478 -28.5 150. -32.0 147.3 236.8 62.2 4.21.64 58.1 10 a 142.3 120.6 34.2 .969 3.4 
20638.55 79137 -28.7 149. -28.2 149.2 234.9 59.4 .11.76 59.1 25 a 144.7 123.4 29.1 .90' 3.7 
20638.56 78799 -28.9 149. -33.0 140.0 244.2 68.5 9.11.49 59.1 20 5 136.1 115.0 30.5 .920 3.' 
20638.58 78129 -29.3 149. -34.3 131.7 252.5 75.5 15.61.29 59.5 0 a 129.8 109.5 29.7 .928 3.7 
20638.59 77798 -29.5 148. -32.3 161.2 223.0 51.7 11.0 1.45 60.6 OSO 134.6 116.3 27.2 .952 2.7 
20639.00 77469 -29.7 148. -39.2 151.8 232.4 61.7 9.91.49 60.6 50 15 139.5 119.0 28.2 .905 3.6 
20639.01 77143 -29.9 148. -35.5 152.9 231.4 59.4 6.81.60 61.0 3030 141.5 120.2 34.3 .979 3.3 
20639.02 76819 -30.1 148. -41.6 142.5 241.8 69.2 12.3 1.42 61.0 0 5 135.3 113.8 31.0 .915 3 .• 
20639.03 76498 -30.3 147. -37.8 143.8 240.5 67.0 8.21.57 61.3 15 o 137.4 116.1 29.7 .905 3 .• 
20639.04 76119 -30.5 147. -43.2 133.4 251.0 76.1 16.9 1.28 61.3 0 a 124.0 105.2 25.0 .887 3.6 
20639.05 75863 -30.1 147. -41.5 163.2 221.2 55.6 16.8 1.29 62.4 085 135.7 116.3 28.5 .944 3.1 
20639.06 75550 -30.9 146. -48.6 150.0 234.4 67.3 17.8 1.26 62.4 50 10 131.8 115.2 34.6 .939 '.2 
20639.07 75240 ·31.1 146. -44.3 150.9 233.6 64.7 13.6 1.41 62.8 70 20 138.3 116.1 36.2 .rm 3 .• 
20639.08 74932 -31.3 146. -50.4 143.3 241.1 71.9 19.2 1.23 62.9 10 20 128.1 107.8 27.0 .377 '.0 
20639.09 74627 -31.6 145. -45.9 145.1 239.5 69.2 14.41.40 63.3 .0 o 135.8 113.8 35.2 .966 •• 0 
20639.10 74325 -31.8 145. -51.1 131.4 253.1 79.4 22.0 1.15 63.3 45 o 122.3 102.5 30.6 .944 '.0 
20639.11 74025 -32.0 145. -48.0 166.6 217.9 58.0 22.71.13 64.4 0.0 124.6 109.9 19.8 .931 2.2 
20639.12 73729 -32.2 145. -57.2 156.2 228.4 68.8 26.2 1.02 64.4 40 20 130.5 109.6 29.7 .905 '.0 
20639.13 73435 -32.4 144. 54.3 155.1 228.9 67.3 23.3 1.12 64.8 10 45 126.0 107.4 27.4 .941 3.2 
20639.14 73145 _32.6 144. -61.8 140.3 244.4 78.0 29.3 .• 3 64.8 5 a 121.0 100.7 30.5 .923 '.3 
20639.15 72857 -32.8 144.1 -51.4 140.8 243.9 76.2 24.7 1.08 65.2 15 o 123.9 103.5 28.3 .890 '.2 
20639.16 72512 -33.1 143. 62.4 121.0 263.7 86.9 32.7 .83 65.2 0 0 92.5 87.7 .1 .810 2.2 
20639.17 72291 -33.3 143. ·60.9 167.5 211.3 67.1 31.7 •• 7 66.3 o 10 127.2 107.0 30.2 .9S3 3.' 
20639.18 72012 -33.5 143.1 69.3 149.8 235.0 78.2 36.0 .74 66.S 70 5 120.5 99.4 36.4 .996 5.0 
20639.19 71737 -33.7 142. -64.6 146.0 238.8 77.031.0 •• 0 66.7 30 15 122.7 102.1 30.7 .919 '.3 
20639.20 11464 -33.9 142. -70.9 124.1 260.7 86.8 38.3 .68 66.7 0 o 100.1 86.4 14.8 .809 3.2 
20639.21 71195 -34.1 142. -66.1 127.6 257.3 84.1 33.1 ... 67.1 0 o 107.3 90.4 22.1 .872 3.6 
20639.48 65264 -40.0 130.5 -9.4 198.3 187.3 11.767.0 .06 80.6 30 a 160.0 136.7 32.5 ,917 3.7 
20639.49 65099 -40.2 130. 21.2 180,6 205.0 32.2 46.8 .50 80.7 5 5 156.6 133.3 35.1 .949 3.4 
20639.50 64937 -40.4 129.5 -27.8 166.8 218.8 46.3 33.2 .• 3 80.7 010 146.8 125.6 30.2 .925 3.' 
20639.51 64780 -40.6 128. -31.6 154.6 231.1 51.5 22.5 1.32 80.7 o 20 139.7 120.0 27.2 .913 3.3 
20639.52 64628 -40.8 128. -34.2 141.6 244.1 68.S 12.3 1.72 80.7 0 o 134.1 113.5 29.5 .920 3.7 
20639.53 64479 -41.0 127. 35.5 127.7 258.0 80.2 5.61.99 80.7 15 o 118.6 103.9 15.2 .836 3.2 
20639.54 64385 -41.2 127. -34.7 113.3 272.4 91.9 12.8 1.70 80.7 0 o 115.2 99.4 19.4 .873 3.1 
20639.55 64195 -41.4 126. 32.5 98.7 287.1 104.3 25.0 1.23 80.7 025 111.3 95.1 25.2 .968 3.0 

20639.56 64059 -41.6 126. 27.1 84.0 301.8 117.9 38.8 .76 80.7 0 o 111.1 94.8 21.8 .871 3.5 
20639.57 63928 -41.8 126. 20.2 11.5 314.3 130.9 52.1 .37 80.8 15 o 112.8 96.4 19.1 .842 3.4 
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Table XII, Continued 

Spacecraft Spectrum Location Spectrum Fit 

FDS Rang. Lat Lon Lat Lon LTim ; , LSp PhBfDk fet T, TE oT , SIp 

20639.58 63801 ~42.0 125.1 -<I,' 53.6 332.3 161.5 74.0 -.03 80.8 0 - 115.8 94.9 28.9 .866 4,' 
20640.13 62447 -44.6 116.1 33.0 114.6 271.8 91.4 12.1 1.79 90.0 5 115.6 100.3 18.5 .818 2,' 
20640.14 62394 -44.7 115.4 37.1 115.3 271.0 90.1 8.0 1.96 90.5 53. 114.8 99.3 18.0 .859 3,1 
20640.11i 62346 .44.9 114.8 40.2 11'1.2 269.1 89.2 5.22.08 91.1 .60 112.4 96.6 20.4 • 888 3, • 
20640.16 62303 -45.0 114.1 44.0 119.6 266.8 87.6 4.22.12 91.6 20 15 111.6 95.9 16.0 ,809 3,5 
20640.11 62264 -46.1 113.6 47.1 121.9 264.5 86.1 6.52.03 92.2 20 26 111.2 95.7 11.3 .835 3,3 
20640.18 62230 -45.3 112.8 50.5 124.0 262.5 85.1 9.51.90 92.7 3. 0112.6 95.4 20.7 .844 3,6 
20640.19 62201 -45.4 112.1 64.0 126.9 259.6 83.8 13.3 1.74 93.3 25 o 111.8 94.917.1 .786 3,' 
20640.20 62176 -45.5 111.5 57.6 130.8 255.7 82.2 17.71.57 93.9 0 o 11504 95.7 25.7 .850 4,4 
20640.21 62157 -45.6 110.8 61.4 136.2 250.3 80.6 22.5 1.38 94.4 30 o 117.0 96.1 24.3 .809 4,6 
20640.24 62127 -45.9 108.8 69.9 165.1 220.9 14.8 36.4 ,87 96.1 25 o 117.5 97.3 25.8 .841 4,5 
20640.25 62127 -46.0 108.1 71.2 183.8 202.8 72.6 42.6 ,66 96.7 40 a 121.9 98.7 33.0 .864 5,6 
20640.26 62131 -46.1 10704 69.5 208.3 178.3 69.4 51.0 ,42 97.3 50 25 121.4 98.3 31.5 .841 5,5 
20640.31 62225 -46.5 103.9 50.4 192.4 194.4 51.1 55.2 .31 100.4 6. a 139.7 118.0 32.0 .930 3,7 
20640.32 62259 -46.6 103.2 63.3 184.5 202.3 65.345.9 .56 100.5 65 a 130.1 107.6 37.8 .980 4,8 
20640.33 62297 -46.1 102.5 57.2 187.4 199.4 59.2 49.9 .45101.2 3. o 129.3 109.0 29.7 .924 3,8 
20640.34 62339 -46.7 101.8 69.5 176.6 210.3 72.341.9 .68 101.2 60 o 122.7 100.0 36.0 .931 6,5 
20640.35 62387 -46.8 101.1 64.0 176.8 210.1 67.6 43.2 .64 101.9 40 o 127.8 105.6 29,6 ,857 4,8 
20640.31 62496 -46,9 99.7 54,8 205.9 181.0 54.7 60.9 .18 103.2 • a 134.6 113.6 31.0 .929 3,7 
20640.38 62558 -46.9 99.0 69.6 200.1 186.3 69.6 50.5 .43 103.2 40 20 119.4 98.3 37.0 .999 5,2 
20640.39 6269.4 -46.9 98.3 64.0 197.0 190.0 64.3 52,3 .38 103.9 30 IS 126.7 105.0 30.6 .887 4,6 
20640.40 62695 -41.0 97.6 7704 194.8 192.2 77.5 46.0 .55 103.9 15 o 112.2 89.3 46.6 1.051 8,2 
20640.41 62771 -47.0 96.9 72.5 187.4 199.6 73.4 45.9 .55 104..6 45 o 120,2 96.3 33.9 .848 6,0 
20640043 62937 -47.0 95.5 59.7 218.0 169.1 60,1 63.5 .13 105,9 26 o 131.4 108.6 36.6 .952 4,8 
20640044 63026 -47,0 94.9-73.8 227.6 159.6 74.155.0 .31 105.9 15 o 111.5 86.8 27.7 .703 6,6 
20640.45 63120 -47,0 94.2 69.9 210.6 176.6 69.8 54.4 .32 106.6 70 15 119.1 96.1 25.3 .746 5,7 
20640.46 63219 -47,0 93.5 -82.2 232.8 154.4 82.8 49.1 046 106.5 • o 106.3 71.5 36.1 .473 10.8 
20640.47 63323 -47,0 92, 79.2 196.9 190.3 79.346.5 .53 107.2 2. o 110.5 84.9 41.9 .864 8,6 
20640049 63543 -47.0 91. -62.3 232,8 154.5 65.0 66.4 .07 108.5 5 o 124.2 101.3 37.6 .952 5,5 
20640.50 63660 -47.0 90, 69.3 255.8 131.5 76.3 63.2 .13 108.6 • a 107.8 86.0 34..2 .898 6,3 
20640.51 63781 -47.0 90.1 67.9 236.6 150.7 70,7 62.4 ,14 109,3 15 o 113,3 93.7 37.5 1.063 5,3 
20640.52 63907 -47.0 89. -73.3 271.1 116.2 82,S 59.8 ,20 109.3 • • 98.0 75.3 33.8 .813 7,4 
20640.53 64037 -46.9 88. -74.6 246,6 140,8 78.0 57.6 .24 110.0 • o 105.5 81.3 37.3 .838 7,8 
20640.54 64172 -46.9 88. -73.9 292.7 94.7 88,5 58.0 .23 109.9 • • 76.6 
20640.55 64311 -46.9 87. -61.9 312.4 75.1 96.8 67,6 .05 109.9 5. • 91.5 72.5 31.5 .919 8,3 
20640.57 64602 -46.8 86. -37.5 110.3 277.2 95.6 21.0 1.38 111.4 15 o 126.2 105.9 23.2 .814 4,6 
20640.58 64754 -46.7 85, -.1 110.0 277.6 97.6 53.2 .34 111.4 2. o 120.2 102.2 18.4 ,79. 4,2 
20640.59 64910 -46.7 84, -6.5 90.3 297,2 117.0 42.0 .65 111.2 I. o 119.1 99.6 21.1 ,79. 4,5 
20641.00 65070 _46.6 84, -8.6 70.5 317.1 136.3 41.2 .67 111.0 15 o 118.0 98.0 27.1 ,868 4.4 
20641.01 65234 -46.6 83, -3.1 49.3 338.4 158.1 54.5 .31 110.8 010 116.5 9504 30.5 ,886 4,' 
20641.02 65403 -46.5 82. -25.7 108.1 279.6 98.5 30.0 1.03 113.5 0 5 117.8 98.9 28.3 .930 3,' 
20641.03 65576 -46.4 82. -30.1 86.0 301.7 116.9 17.31.50 113.2 0 o 113.2 94.5 25.5 .878 4,1 
20641.04 65753 -46.4 81. -30,8 63.7 324.0 133.9 21.71.33 113.0 15 30 109.7 91.1 29.8 .958 4.4 
20641.05 65933 -46.3 81. -23.3 41.2 346.6 153.2 40.9 .67 112.8 25 o 113.8 93.8 27.5 .871 4,5 
20641.06 66118 -46.2 80. -46.1 109.3 278.5 95.7 20.71.35 115.4 16 o 111.3 93.5 3204 1.046 4,1 
20641.07 66307 -46.1 79. -48.9 82.5 305.3 112.2 3.4 2.02 115.2 • o 105.6 89.1 34.1 1.131 4,4 
20641.08 66500 -46.1 79. -45.8 53.8 334.0 128.6 18.3 1.43 115.0 50 o 104.1 86.4 35.4 1.095 5,3 
20641.09 66697 -46.0 76. -35.6 26.4 1.5 144.2 41.6 .64 114.7 40 o 105.9 88.3 36.9 1.131 5,3 
20641.10 66897 -45.9 78.1 65.0 116.6 271.3 9004 29.41.03 117.3 • a 102.2 85.3 33.0 1.086 4,8 
20641.11 67101 -45.8 77.5 68.6 68.8 319.1 105.924.11.21 117.1 • • 93.9 78.3 3304 1.149 5,2 
20641.12 67310 -45.7 76, 60.3 24.1 3.9 119.5 35.1 .83 116.9 26 0 96.1 78.0 33.7 1.022 6,0 
20641.13 67522 -45.6 76, 41.9 355.8 32.2 128.9 57.6 .22 116.6 4. a 101M 83.7 35.2 '1.137 5,3 
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Table XlII. The Voyager 1 Callisto IRIS Spectra 

Spacecraft Spectrum Location Spectrum Fit 
FDS Ran,. Lat Lon Lat Lon LTim i , LSp Ph. T, T. 6T , Sip 

16418.04 359844 15.1 3.0 35.9 355.3 225,7 56.0 51.9 -.04 40.4 160.1 118.1 34.7 .525 12.5 
16418.11 355006 15.4 3.0 41.5 .3 220.8 56.0 57.4 -.06 40.5 161.3 ll3.3 35.1 .433 14.8 
16418.20 348803 15.8 3.1 -4.6 337.9 243.2 63.4 32.4 .06 40.5 146.8 107.3 52.2 .679 11.6 
16418.21 348115 15.9 3.1 1.3 337.8 243.4 63.429.0 .08 40.5 146.0 107.1 46.0 .637 11.0 
16418.22 347427 15.9 3.1 -4.1 333.4 247.9 68.035.8 .04 40.5 143.4 105.9 49,0 .689 10.9 
16418.23 346740 16.0 3.' 4.0 332.0 249.2 69.2 33.0 .06 40.5 139.7 103.8 49.2 .718 10.6 
16418.24 346052 16.0 3.1 -.4 333.5 247.7 67.7 33.8 .05 40.5 142.1 103.5 50.6 .671 11.5 
16418.25 345365 16.0 3.1 9.1 332.4 248.8 69.0 30.9 .01 40.5 141.1 104.7 48.1 .703 10.5 
16418.26 344678 16.1 3.1 3.9 333.2 248.0 68.032.0 .06 40.6 146.2 110.4 47.7 .732 9.9 
16418.28 343305 16.2 3.2 3.2 17.7 203.6 23.7 19.5 .14 40.9 172.8 153.0 27.5 .948 2.' 
16418.29 342619 16.2 3.2 12.3 16.8 204.5 27.0 13.9 .16 40.9 172.3 152.6 27.4 .947 2.' 
16418.30 341933 16.3 3.2 -4.6 12.7 208.6 29.123.0 .12 40.9 172.5 152.4 28.2 .948 2.' 
16418.31 341248 16.3 3.2 2.2 11.8 209.5 29.5 16.6 .1' 40.9 171.5 151.7 27.5 .946 2.' 
16418.32 340562 16.4 3.2 -5.2 12.3 209.0 29.6 23.5 .12 41.0 171.3 151.4 27.3 .940 2.6 
16418.33 339877 16.4 3.2 1.6 11.4 209.9 29.9 17.0 .16 41.0 171.7 151.5 27.8 .940 2.6 
16418.34 339192 16.5 3.2 -5.8 U.9 209.4 30.1 24.0 .12 41.0 170.9 150.6 28.0 .939 2.7 
16418.41 334406 16.8 3.2 14.5 71.8 149.6 33.7 75.0 -.11 41.4 176.3 144.4 26.5 .671 9.6 
16418.44 332358 16.9 3.2 45.8 339.2 242.3 70.6 35.4 .05 40.9 144.9 112.5 47.9 .827 8.5 
16418.45 331676 17.0 3.2 49.7 333.5 248.0 75.5 40.8 .02 40.9 135.1 103.5 50.0 .842 9.5 
16418.46 330995 17.0 3.3 42.5 332.0 249.5 74.637.1 .04 40.9 130.3 97.4 47.4 .754 10.1 
16418.47 330313 11.1 3.3 49.2 325.1 256.4 80.744.7 .00 40.9 121.2 87.5 42.9 .644 10.6 
16418.48 329632 17.1 3.3 42.5 329.5 252.0 76,4 38.6 .03 41.0 131.8 100.3 50.4 .832 9.9 
16418.49 328951 17.2 3.3 53.0 319.8 261.7 84.5 49.5 -.02 41.0 126.0 91.6 39.5 .613 10.1 
16418.50 328211 11.2 3.3 46.0 327.4 254.1 18.6 41.6 .02 41.0 134.5 101.9 47.5 .779 9.6 
16418.51 327590 17.3 3.3 54.2 316.8 264.7 86.4 51.6 _.03 41.0 125.0 93.5 46.8 .769 10.1 
16418.52 326910 17.3 3.3 38.8 30.7 190.9 39.4 32.3 .01 41.4 169.5 148.0 30.3 .941 2.8 
16418.53 326230 17.4 3.3 48.5 33.9 187.7 48.4 40.2 .03 41.4 167.2 144.6 32.3 .937 3.1 
16418.54 325551 17.4 3.3 41.5 30.4 191.2 42.2 33.7 .06 41.4 168.0 146.2 30.7 .935 3.0 
16418.55 324872 17.5 3. 51.6 35.3 186.3 51.242.7 .01 41.4 164.9 141.9 32.0 .921 3.5 
16418.56 324193 17.5 3. 45.2 31.8 189.8 45.4 36.8 .05 41.4 167.6 144.9 32.7 .942 3.0 
16418.57 323514 17.6 3. 54.2 36.8 184.8 53.745.1 .00 41.4 164.2 140.6 33.2 .921 3.6 
16418.58 322836 17.6 3. 46.5 30.8 190.8 46.9 37.0 .05 41.5 166.2 143.3 32.6 .935 3.2 
16421.24 228002 28.1 3. -25.4 326.7 256.6 78.2 64.7 -.07 47.1 90.8 
16421.25 227392 28.2 3.5 -8.9 331.2 252.2 12.6 49.0 .02 47.1 132.5 95.6 59.4 .743 13.2 
16421.26 226783 28.3 3.5 3.3 331.3 252.1 72.1 39.9 .09 47.1 135.3 100.4 44.7 .685 10.2 
16421.28 225567 28.6 3. -15.4 356.5 226.9 49.0 ~4.9 .06 47.5 163.2 139.8 31.5 .904 3.6 
16421.31 223748 28.9 3. -28.9 23.5 199.9 35.1 61.4 -.05 48.0 169.1 137.0 30.2 .698 6.9 
16421.36 220734 29.4 3. 9.4 338.0 245.5 65.831.4 .11 47.8 150.3 118.9 40.7 .788 1.5 
16421.37 220133 29.5 3. 18.1 336.9 246.6 67.7 27.0 .22 47.8 144.7 113.5 44.9 .827 1.6 
16421.38 219533 29.6 3. 28.0 333.0 250.5 72.6 26.8 .22 47.8 136.0 104.7 48.5 .837 9.1 
16421.39 218934 29.7 3. ' 4.7 7.5 216.0 36.2 25.6 .23 4S.3 167.6 147.9 26.5 .931 2.6 
16421.40 218336 29.8 3. 2.1 6.0 217.5 37.6 27.5 .22 48.3 169.1 14S.7 29.0 .948 2.5 
16421.41 217739 29.9 3. 11.9 5.4 21S.2 39.6 18.3 .31 48.4 168.0 147.6 28.9 .946 2.6 
16421.42 217142 30.1 3. 22.6 4.7 218.9 43.7 1.1 .43 48.4 165.8 144.9 29.6 .941 2.6 
16421.44 215952 30.3 3. -9.1 32.4 191.2 14.8 48.8 .03 48.9 174.1 155.7 24.3 .935 2.5 
16421.45 215358 30.4 3. 3.1 31.1 192.5 12.9 37.8 .12 48.9 174.3 155.6 25.6 .941 2.3 
16421.49 212992 30.9 3. -14.8 60.2 163.5 22.4 71.S -.09 49.4 175.8 149.2 25.1 .766 1.3 
16421.55 209469 31.6 3. 23.7 346.7 237.0 59.8 16.8 .34 49.2 156.1 130.7 37.1 .917 4.3 
16421.56 208885 31.7 3.2 32.7 343.3 240.5 65.1 17.1 .34 49.2 150.8 122.2 39.7 .852 6.1 
16421.57 208302 31.8 3.2 43.0 336.8 246.9 72.9 23.9 .21 49.1 139.2 108.9 46.9 .861 8.1 

16421.58 207720 31.9 3.2 51.6 327.8 256.0 80.932.8 .18 49.1 121.0 93.5 44.7 .866 8.1 
16421.59 207139 32.0 3.2 31.9 17.4 206.4 40.0 12.2 .40 49.7 168.3 148.6 27.3 .943 2.5 
16422.00 206559 32.2 3.2 26.3 8.1 215.7 42.9 1.4 .46 49.7 166.7 145.6 30.1 .952 2.6 
16422.01 205980 32.3 3.2 37.1 6.5 217.3 50.1 5.6 .4' 49.7 163.2 141.3 31.2 .936 3.1 
16422.02 205402 32.4 3.2 47.5 4.8 219.1 57.8 15.3 .31 49.7 159.1 135.4 34.7 .934 3.6 

16-i22.03 204825 32.5 3.2 1.4 33.3 190.6 10.642.5 .09 50.3 174.6 155.9 25.3 .943 2.4 
16422.04 204249 32.7 3.2 13.4 32.7 191.2 17.0 33.4 .18 50.4 173.8 154.9 25.8 .945 2.3 
16422.05 203674 32.8 3.2 22.3 33.6 190.2 23.9 29.2 .22 50.4 172.8 153.8 25.9 .943 2.' 
16422.09 201385 33.3 3.1 1.0 63.0 160.9 19.1 65.2 -.06 51.0 175.5 152.8 28.8 .895 3.9 
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Ta.ble XIII, Continued 

Spacecraft Spilctrum Location Spectrum Fit 
FDS Ran,. Lat Lon Lat Lon LTim i , LSp Ph. T, Ts 5T , SIp 

16422.15 197982 au 3.0 60.5 21.2 202.8 53.6 21.4 .32 50.9 163.9 141.7 32.9 .953 2.8 
16422.16 197419 34.2 3.0 47.0 7.1 216.9 56.4 13.3 .41 51.0 158.0 133.9 36.1 .942 3.' 
16422.17 196857 34.4 3.0 60.1 3.9 220.1 67.0 26.0 .27 50.9 148.6 120.6 40.4 . 876 5 .• 
16422.18 196296 34.5 3.0 71.5 358.5 225.6 76.6 37.5 .15 50.9 132.2 102.5 47.8 .868 8.8 
16422.19 195736 34.6 3.0 41.1 44.0 180.1 40.5 33.1 .20 51.5 110.8 150.1 29.6 .950 2.5 
16422.20 195177 34.8 3.0 40.1 32.5 191.6 40.9 24.2 .29 51.5 167.7 146.1 31.2 .948 2.7 
16422.21 194619 34.9 2.9 50.8 39.2 184.8 60.3 30.9 .22 51.6 162.9 139.9 32.3 .922 3.5 
16422.23 193508 35.2 2.9 13.7 57.3 166.8 18.5 53.8 .01 52.2 173.4 152.1 28.7 .927 3.0 
16422.24 192954 35.3 2.9 24.1 60.5 163.6 28.351.2 .03 52.2 172.8 151.5 29.5 .936 2 .• 
16422.25 192401 35.5 2.9 33.8 66.2 157.9 39.1 51.8 .03 52.2 169.5 146.5 32.2 .929 3.3 
16424,42 134058 64.2 354.3 -4.9 2D.4 205.3 25.9 72.8 -.08 74.6 158.5 129.8 6.4 .50313,4 
16424.43 133814 64.5 354.1 25.4 17.1 208.6 31.1 42.5 .21 14.6 166.0 145.6 28.8 .946 2.6 
16424.45 133338 65.0 353.7 35.5 28.7 197.1 38.3 36.8 .2. 75.1 164.6 144,2 28.5 .940 2.7 
16424.46 133105 65.3 353.5 22.2 42.0 183.8 21.954.0 .07 75.5 170.3 149.8 28.4 .940 2.7 
16424.47 132876 65.6 353.3 41.9 45.9 179.9 41.238.1 .27 75.5 163.6 141.9 31.0 .940 2.9 
16424.48 132650 65.9 353.1 23.1 58.7 167.1 25.160.1 .01 76.0 169.3 147.1 30.9 .929 3.1 
16424.50 132210 66.5 352.6 9.5 80.5 145.4 35.6 81.5 -.11 76.5 167.5 141.9 30.2 .831 5.4 
16424.56 130979 68.2 351.1 10.6 354.5 231.4 52.4 79.9 -.11 77.1 94.4 
16424.57 130787 68.5 350.8 25.5 34S.7 237.2 60.4 43.8 .20 71.7 154.1 130.0 34,4 .911 '.1 
16424.58 130599 68.8 350.6 20.1 2.2 223.1 46.9 50.0 .12 78.2 162,4 140.5 31.2 .936 3.1 
16424.59 130415 69.1 350.3 42.1 357,4 228.6 60.1 27.1 ... 78.2 153.5 130.1 33.6 .920 3.6 
16425.00 130234 69.4 350.0 34.9 12.1 213.9 46.6 37.2 .29 18.7 162.2 139.8 33.8 .961 2.6 
16425.01 130057 69.6 349. 52.7 7.5 218.4 61.1 19.2 .59 78.7 151.3 128.1 33.0 .915 3 .• 
16425.02 129884 69.9 349.3 42.8 21.9 204.1 47.332.4 .37 79.1 161.4 138.7 34.1 .956 3.0 
16425.03 129715 70.2 349.0 60.4 23.0 203.0 62.417.2 .62 79.1 150.6 125.8 35.6 .904 '.6 
16425.04 129550 70.5 348.6 49.3 3S.8 187.2 49.1 31.9 .38 79.6 15S.7 135.3 35.1 .946 3.4 
16425.05 129389 70.8 348.3 65.0 54.0 112.0 64.6 24.5 .50 79.6 144.1 115.8 40.7 .861 6.' 
16425.06 129232 71.1 347.9 49.1 61.2 164.8 50.2 39.8 .26 80.1 158.5 134.4 36.0 .939 3.7 
16425.08 128929 71.7 347.1 38.6 83.9 142.2 51.4 56.6 .05 80.7 159.0 134.2 35.4 .912 '.1 
16425.13 128242 73.1 344.9 20.3 322.3 263.9 84.0 55.3 .07 81.4 128.7 89.4 39.4 .504 11.6 
16425.14 128117 73,4 344.5 22.0 331.4 248.8 70.1 52.5 .10 81.9 148.1 120.2 39.4 .864 6.0 
16425.Hi 127996 73.7 343.9 40.2 326.3 259.9 81.935.2 .33 81.9 129.4 101.4 44.7 .819 7.' 
16425.16 127879 74.0 343.4 40.2 344.7 241.4 68.1 34.4 .34 82.5 146.8 120.8 40.6 .932 5.1 
16425.17 127165 74.3 342.9 55.8 331.8 254.3 80.7 19.4 .60 82.5 128.2 99.8 44.6 .916 7.7 
16425.19 127551 74.8 341.7 68.7 342.8 243.4 80.0 6.' ... 83.0 127.3 99.9 44.8 .896 7.9 
16425.20 127451 75.1 341.1 62.5 14.2 212.0 66.4 11.2 .6' 83.5 146.7 120.8 38.4 .904 5.1 
16425.21 127354 75.4 340.5 78.8 14.8 211.4 79.9 8.' .60 83.6 125.8 96.5 44.6 .828 8.8 
16425.22 127281 75.1 339.8 66.8 44.0 182.2 66.2 21.5 .56 84.1 143.2 116.0 39.9 .879 6.0 
16425.23 127173 78.0 339.1 78.9 90.6 135.8 80.0 22.8 .54 84.1 128.6 90.0 45.8 .615 lUi 
16425.24 127088 76.2 338.4 62.1 81.3 144.9 66.9 34.2 .35 84.6 145.3 115.5 43.7 .855 7.1 
16425.25 121008 76.5 337.7 61.3 118.1 107.5 81.1 40.7 .25 84.6 126.7 88.0 47.6 .573 12.4 
16425.27 126860 11.1 336.1 37.4 132.0 94.3 86.2 85.6 -.03 85.1 110.4 83.8 38.2 .774 8.' 
16425.48 126319 81.1 307.5 42.4 16.9 209.6 49.5 46.0 .16 91.4 159.4 138.0 30.8 .941 2.9 
16425.49 128340 81.9 305.4- 56.3 6.1 220.5 64.5 31.0 .41 91.5 149.5 126.2 33.9 .921 '.0 
16425.50 126364 82.0 303.2 88.8 347,4 239.1 77.7 18.7 .62 91.5 134.8 10S.4 43.1 .929 6.5 
16425.51 126393 82.1 30LO 73.5 312.6 273.9 90.5 •• 1 .60 91.5 102.8 80.6 32.9 .844 6.7 
16425.53 126464 82.3 296.3 61.2 251.0 335.6 115.4 24.4 .52 91.8 95.3 76.1 22.5 .755 5.0 
16425.54 126506 82.4 293.9 51.0 239.5 341.1 127.335.7 .33 91.7 102.1 83.8 21.8 .785 '.7 
16425.55 126552 82.5 291.5 38.0 234.9 351.7 140.6 49.0 .14 91.1 102.4 81.0 20.6 .670 5.6 
16425.56 126602 82.5 289.0 19.1 231.2 355.5 159.8 88.1 -.06 91.8 99.3 75.9 46.9 .965 •. 2 
18426.08 127528 82.1 259.6 26.4 20.7 208.0 36.0 68.9 -.06 97.0 159.2 118.7 22.9 .457 14.0 
16426.09 127632 82.0 257.4 46.9 10.0 218.8 56.3 47.5 .16 97.0 153.8 132.0 31.3 .932 3.3 
16426.10 127740 81.8 255.3 58.6 354.3 232.5 71.0 34.1 .35 97.0 142.7 118.3 38,4 .945 '.6 
16426.12 127988 81.5 251.4 65.7 304.3 282.6 94.8 20.7 .57 97.1 97.7 79.3 28.9 .918 5.2 
18426.13 128089 81.4 249.5 63.9 278.3 30B.5 105.3 19.3 .60 97.2 95.9 76.1 23." .749 5.2 
18426.14 128213 81.2 247.7 57.1 259.5 327,4 116.6 24.8 .50 97.2 97.3 77.7 16.2 .835 5.2 
18428.15 128342 81.0 246.0 48.3 246.0 340.9 128.3 33.3 .36 97.3 101.0 81.8 28.4 .883 5.2 
16426.16 128474 80.8 244.3 35.8 241.4 345.5 141.2 45.8 .16 97.4 102.3 79.6 19.8 .615 6.1 
16426.17 128610 80.6 242.8 16.9 237.8 349.1 159.4 84.8 ~.02 97.4 96.2 73,4 81.2 1.133 •• 2 
16426.20 129044 80.0 238.4 54.2 293.4 293.5 103.0 31.6 .36 99.1 105.9 75.8 56.0 .787 11.9 
16426.21 129196 79.8 237.1 36.6 290.3 296.6 110.7 48.6 .14 99.1 101.3 80.8 36.4 .968 6.6 
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Table XIII, Continued 
Spacecraft Spectrum Loca.tion Spectrum Fit 

FDS Range Lat Lon La.t Lon LTim i , LSp Ph< T, To 'T , SIp 

16426.22 129352 79.6 235.9 26.8 287.4 299.6 115.8 58.0 .0' 99.3 75.5 
16426.27 130192 78.4. 230.3 38.7 328.1 258.9 81.0 54,6 .07 101.2 - 52.4 
16426.29 130556 78.0 228.5 19.1 351.9 235.1 67.2 78.3 -.10 102.1 - 79.8 
16426.30 130143 77.7 227.6 34.6 336.9 250.1 73.4 61.2 .01 102.1 139.9 101.1 31.6 .494 11.4 
16426.31 130934 77.5 226.7 40.1 321.2 265.8 86.4 52.9 .09 102.1 124.4 95.7 38.1 .160 8.0 
16426.33 131328 71.0 22S.1 30.7 3.1 224.0 61.4 70.3 -.06 103.2 150.2 108.1 24.0 .413 13.9 
16426.34 131530 76.7 224.4 46.2 351.9 235.1 66.2 53.6 .08 103.3 145.8 122.3 33.1 .901 4.3 
18426.36 131946 76.2 223.0 56.1 322.2 264.9 86,6 39,0 .26 103.4 118.9 94.2 37.1 .863 6.7 
16426.38 132377 75.7 221.1 43.2 11.5 215.6 53.1 60.4 .01 104.4 153.2 127.6 27.8 .781 6.1 
16426.39 132698 76.4 221.1 68.9 368.6 228.7 69.5 43.6 .20 104.5 144.2 12D.4 35.0 .917 '.3 
16426.40 132822 75.2 220.5 66.1 335.6 251.7 82.1 33.5 .34 104.5 127.8 102.6 41.9 .939 6.6 
16426.41 133051 74.9 219.9 67.0 306.4 28Q.7 93.6 27.0 .44 104.5 102.9 81.0 27.S .764 6.0 
16426.43 133518 74.4 218.9 50.5 29.6 197.6 52.1 55.8 .05105.7 163.4 131.2 30.2 .907 3.1 
16426.44 133757 74.1 218.4 61.2 25.4 201.8 62.845.1 .18 105.8 147.3 1~3.8 84.2 .918 '.1 
16426.45 134000 73.9 217.9 74.1 4.5 222.7 77.8 31.2 .37 105.8 130.5 104.5 42.5 .924 6.7 
16426.46 134246 73.6 217,4 79.3 307.7 279.6 91.2 19.9 .55 105.8 99.8 78.3 34.4 .887 6.' 
16426.49 135006 72.8 216.1 69.9 32.7 194.6 70.0 37,9 .27 106.8 139,3 113.2 31.6 .876 5.1 
16426.50 135265 72.6 215.7 79.1 13.4 213.8 80.4 28.3 .41 106.9 121,1 96,5 44.3 .936 7.' 
16426.51 135528 72.3 215,3 80.3 287.9 299.3 94.1 17.7 .58 106.9 93.0 72.0 30.1 .804 6.6 
16426,53 136066 71.8 214.5 68,2 60.5 166.8 68.2 39.7 .24 107.8 133.1 105.6 41.2 .862 1.0 
16426.54 136339 71.5 214.2 81.3 79.2 148,2 82.025.8 .45 107.8 118,5 82,8 43.4 .578 11.4 
16426.56 136616 71.3 213.8 83.4 178.3 49.0 93.714.1 .64 107.8 . .., 63.6 30.3 .611 8.1 
16426.56 136897 71.0 213.5 73.8 208.8 18.6 104.8 3.2 .83 107.9 91,8 68.7 23.8 .614 6.6 
16426.58 137467 70.5 212.9 65.2 102.0 125.4 75.3 37.0 .28 108.8 132,7 99.0 43.3 .697 S.' 
16426.59 137768 70.2 212.6 69.1 127.6 99.1 86.0 27,7 .41 108.9 112.8 70,4 40.8 .365 13.1 
16427.00 138051 70.0 212,3 68,2 159.4 68,0 97.4 18,7 .66 108.9 84.1 62.4 27.4 .681 6.' 
16427.01 138348 69.7 212.0 62.8 183.8 43,7 108.7 13.3 .64 108.9 86.3 68.6 39.9 1.169 6.7 
16427.03 138961 69.2 211.4 50.1 114.7 112.7 75.2 47.1 .14 109.9 127.6 96.4 47.3 .794 '.8 
16427.04 139257 68.9 211.2 54.4 134.8 92.6 88.0 36.7 .27 109.9 101.4 72.4 35.3 .608 S.' 
16427.06 139567 68.7 210.9 54.3 154.4 73.0 99.3 29.6 .38 109.9 90.1 69.7 30.4 .821 6.7 
16427.06 139879 68,4 210, 49.3 169,7 57,7 109.9 28.1 .40 109.9 96.2 73.3 32.3 .772 7.' 
16427.26 146756 63.5 206.9 83.7 302.3 285.4 91.1 28,2 ,37 114.4 105.7 79.9 36.6 .162 8.2 
16427.27 147130 63.3 206. 78.0 259.0 328.7 99.621.8 .47 114.4 91.1 71.0 27.5 .794 6.1 
16427.28 147506 63.1 206.6 70.2 25D.2 337.5 107.6 18.6 .51 114.5 93.4 72.8 29,7 .817 6.4 
16427,29 147885 62.8 206.4 62.0 241.8 345.9 116.5 16.4 .64 114.5 95.6 75.5 32.0 .890 6.4 
16427,30 148266 62,6 206.3 53.4 235.2 352.6 125.6 17.9 .62 114,5 102.1 81.4 28,3 ,825 5.6 
16427,31 148651 62.4 206.2 44,5 234.0 353,7 134.6 24.4 .42 114.6 102.9 83.5 31.8 .943 5.5 
16427.32 149037 62.1 206.0 35.3 233,1 354.7 143.8 32.3 .31 114.6 103.8 80.6 30.1 .761 6.7 
16427.33 149426 61.9 205.9 25.5 234.4 353.4 153,2 41.8 .18 114.1 102.8 80.9 33.4 .860 6.1 
16·127.34 149818 61.7 205.8 13.5 235.3 352.5 164,0 53.4 .06 114.7 105,5 78.5 29.6 .627 7.8 
16427.35 150213 61.5 206,7 -2,9 239,7 348.1 167.9 70.3 -.07 114.8 107.1 6E,1 32.7 .352 11.6 
16427.57 159490 56.8 203.5 61.1 29.4 198.6 62.1 62.8 -.03 120,0 66,1 
16427.58 159937 56.5 203.5 74.5 17.6 210.5 76.1 49.6 .08 120.0 134.4 108.0 39.2 .876 6.3 
16428.01 161291 56.0 203.2 58.3 71.7 156.4 60.6 60.1 -.01 120.7 144.3 113.3 32.9 .692 8.1 
16428.02 161747 55.8 203.2 70.6 98.7 129.4 77.2 43.5 .14 120.7 122.3 87.6 46.5 .652 11.3 
16428.05 163126 55,2 203.0 40,7 95,3 132.8 58.5 67,0 -.06 121.2 141.6 113.4 36.2 .798 6.7 
16428.06 163589 65.0 202,9 46.9 105.9 122.2 68.2 57.3 .01 121.3 129.8 100.0 45.5 .832 8.1 
16428.07 164055 54.8 202.8 25.9 99.0 129.2 55.0 77.4 -.10 121.5 138.2 108.4 38.9 .177 7.5 
16428.08 164522 54.6 202.8 22.9 118,0 110.1 71.3 69.3 -.07 121.4 122.3 96.9 42.3 .919 7.' 
16428.09 164991 54.4 202.7 25.5 138.1 90.1 89.6 55.6 .02 121.4 106.1 83.4 28.8 .767 6.2 
16428.10 165462 54.2 202.7 8.0 139.3 88.9 91.0 68.9 -.07 12l.4 108,7 83.6 30.1 .113 1.0 
16428.13 166887 63,6 202.5 65.3 184.3 44,0 106.9 15.0 .49 121.9 91,9 67,6 29,2 ,648 7.6 
16428,15 167846 53,3 202.4 48.1 307.0 281,3 97,0 61.0 _.02 122.1 114.4 54.3 45.7 .129 16.8 
16428.17 168813 52.9 202.3 81.1 319.9 268.4 89.1 42.4 .14 122.6 117.5 91.0 36.9 .790 1.6 
16428.18 169299 52.7 202.2 78,8 61.0 167.3 78,4 47.1 .09 122.9 129.3 100,7 37.3 ,769 7.5 

16428,20 170275 62.4 202.1 51.8 279.9 308.4 112.0 46.0 ,10 122.6 105.6 79.9 31.7 .700 7.6 
16428.21 170767 62.2 202.0 61.7 256.2 332,1 114.2 3D.4 .27 122.8 96.6 78.0 34.1 1.004 6.2 
16428.22 171259 52.0 202.0 71.0 226.4 1.9 108.4 22.2 .38 123.0 93.1 71.8 31.8 .797 7.1 
16428.23 171754 51.8 201.9 74.9 171.8 56.6 97,6 26.4 ,32 123.3 - 68.4 
16428.27 173748 51.1 201.8 66.0 212.6 15,8 122.0 6.1 .56 123.5 96.1 76.6 36,0 .946 6.8 

16428.28 174251 51.0 201.7 57.2 184.7 43,8 112.6 11,9 .50 123.8 93.5 70.7 31.1 .743 1.3 



Table XIII, Continued 
Spacecraft Spectrum Location Spectrum Fit 

FDS Range Lat Lon Lat Lon LTim i e LSp Phs Tl T,e 6T e Sip 

16428.29 114156 50.8 201.7 53.7 152.8 75.7 97.9 29.9 .27 124.1 93.7 f!9.7 32.1 .709 7.8 
16428.30 175262 50.6 201.f! 38.7 239.2 349.2 139.5 29.3 .28 123.6 103.7 81.4 35.6 .884 7.0 
16428.31 175169 50.5 201.6 41.5 222.0 6.5 137.5 16.9 ,43 123.8 102.7 81.6 32.5 .881 6.3 
16428.32 176278 50.3 201.5 42.2 201.9 26.5 131.0 8.3 .55 124.0 100.7 79.2 32.0 .848 6.5 
16428.33 176789 50.1 201.5 40.1 182.4 46.1 121.6 17.0 .43 124.2 99.1 77.9 35.1 .914 7.1 
16428.34 177301 50.0 201.5 34.5 161.8 66.7 108.733.1 .23 124.S 102.1 79.9 30.9 .806 6.5 
16428.35 177815 49.8 201.4 20.7 228.0 .5 158.6 36.4 .19 124.0 101.6 79.9 34.9 .886 7.0 
16428.36 178330 49.6 201.4 25.1 212.3 16.2 149.9 26.4 .31 124.2 105.6 83.1 31.3 .813 6.4 
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Table XIV. The Voyager 2 Callisto IRIS Spectra 

Spacecraft Spectrum Location Spectrum Fit 

FDS Rang. Lat Lon Lat Lon LTim i , LSp PM T, TE aT , SIp 

20606,19 388228 16.8 209.8 24.1 132.5 227.2 51.6 72.3 w.n 34.2 - 133.1 
20606.22 386932 16.8 209.9 31.7 168.9 190.8 33.2 40.2 .00 34.2 179.5 161.4 37.3 .879 5.0 
20606.24 386069 16.8 210.0 57.7 168.9 190.9 68.2 51.3 -.05 34.2 173.5 143.1 38.1 .828 6.3 
20606.32 382628 16.9 210.5 15.8 152.5 207.4 31.4 66.2 M.Og 34.8 187.1 141.9 41.8 .597 13.0 
20606.33 382199 16.9 210.6 11.9 167.8 192.1 17.0 fj].4 -.05 34.8 186.6 152.9 43.4 .831 6.8 

20606.34 381770 16.9 210.6 -7.7 180.1 179.8 7.939.:>. .01 34.8 183.8 157.5 36.5 .918 3.9 
20606.35 381341 16.9 210.7 5.6 194.1 165.8 Hi.2 19.~ .11 34.8 181.7 157.0 33.9 .919 3.6 
20606.36 380913 16.9 210.7 6.4 203.2 156.8 24.0 1::.9 .16 34.7 179.6 155.3 32.S .913 3.7 
20606.37 380485 16.9 210.8 9.3 210.6 149.3 31.9 7.7 .19 34.7 177.3 163.6 32.1 .917 3.6 
20613.27 238305 19.4 247.4 63.3 170.8 194.0 54.4 67.1 -.08 tl4.5 167.5 137.3 41.5 .860 6.0 
20613.29 237865 19,4 247.7 65,4 219.9 144.9 70.0 60.0 .01 64.6 149.6 116.9 41.1 .757 8.1 
20613.30 237646 19.4 247.8 65.8 249.9 115.0 79.9 46.8 .03 64.5 133.1 98.7 49.9 .744 10.8 
20613.31 237428 19.4 248.0 63.0 276.8 88.1 90.8 48.3 .02 64.6 109.5 79.5 40.5 .678 9.9 
20613.32 237211 19.4 248.1 57.4 213.8 161.1 61.8 46.0 .04 64.9 166.6 128.0 39.1 .856 5.9 
20613.33 236995 19.4 248.2 58.3 237.5 127.4 71.3 40.0 .08 64.9 145.9 114.7 46.5 .849 7.8 
20613.34 236780 19.4 248.3 57.1 259.7 105.2 81.7 39.0 .09 64.9 127.0 95.3 50.8 .811 10.6 
20613.35 236566 19.4 248.5 54.3 280,4 84.5 93.1 42.9 .06 64.9 106.7 77.5 37.5 .655 9.4 
20613.36 236353 19.4 248.6 55.5 230.2 134.S 66.4 39.1 .09 65.3 151.3 122.3 39.6 .842 6.3 
20613.37 236140 19.4 248.7 54.9 251.1 113.9 76.4 35.8 .12 65.3 137.2 106.2 50.6 .875 9.1 
20613.38 235929 19.4 248.9 54.9 261.3 103.6 82.1 37.1 .11 65.3 127.1 95.6 50.7 .817 10.5 
20613.39 23571S 19.4 249.0 53.2 277.6 S7.4 91.540.1 .08 65.3 lOS.S 80.0 41.3 .725 9.7 
20613.40 235509 19.4 249.1 26.2 237.0 12S.0 56.4 13.2 .33 65.8 158.9 133.4 35.1 .890 4 .• 
20613.41 235300 19.4 249.3 26.2 251.6 113,4 69.1 7.' .39 GS.8 147.9 118.7 43.2 .873 G.6 
20613.42 235092 19.4 249.4 26.5 266.1 98.9 82.017.1 .29 65.7 124.4 94.6 51.2 .869 10.3 
20613.43 234885 19.4 249.5 26.1 279.4 85.6 93.9 28.6 .18 65.7 107.0 75.8 34.0 .558 9.5 
20613.44 234679 19.4 249.7 27.8 241.6 123.5 60.7 11.3 .35 66.2 155.6 128.7 37.6 .881 S.' 
20613.45 234474 19,4 249.S 29.5 252,2 112.9 70.2 10,4 .36 66.2 146.4 116.7 41.3 .829 7.0 
20613.46 234270 19,4 249.9 30.9 263.2 101.9 79.8 16.8 .29 66.2 131.4 99.4 49.7 .810 10.0 
20613.47 234067 19A 250.1 30.9 274.6 90.5 89.5 25.2 .21 66.2 111.4 80.9 40.7 .672 9.9 
20613.48 233865 19.4 250.2 31.9 238.0 127.1 59.2 16.8 .29 66.7 157.0 130.5 37.7 .895 4.9 
20613.49 233664 19.4 250.3 31.7 251.9 113.2 70,3 12.6 .34 66.7 146.9 115.9 44.2 .857 7.1 
20613.50 233464 19.4 250.5 30.8 266.0 99.1 82.2 18.3 .28 66.7 123.4 93.1 49.9 .834 10.3 
20613.52 233066 19.4 250.8 6,7 247.9 117,2 62.9 14.1 .32 67.1 154.4 127.3 38.8 .890 5.2 
20613,53 232869 19,4 250.9 4.9 260.1 105.0 75.0 17.2 .29 67.1 141.0 109.0 45.6 .800 6.6 
20613,64 232672 19,4 251.0 3.0 272.6 92.6 87.4 26.9 .20 67.1 116.9 84,2 40.5 .627 10.3 
20613,55 232471 19.4 251.2 .5 286.3 78.9 101.1 39.7 .09 67.1 102.5 77.2 37.9 .787 6.S 
20613.56 232282 19.4 251.3 1.9 255.1 110.1 69.9 18.1 .28 67.5 144.0 113.0 39.7 .171 7.7 
20613.57 232089 19.4 251.4 .7 266.7 98.5 81.5 24.1 .23 67.5 124.3 91.2 47.7 .124 10.8 
20613.58 231896 19.4 251.6 -.3 216.0 89.2 90.8 31.4 .16 67.5 106.4 18.9 40.3 .741 9.3 
20613.59 231705 19.4 2!i1.7 -1.9 285.1 79.2 100.8 40.3 .09 67.5 105,1 77.3 39.0 .714 9.3 
20614.00 231514 19.4 251.8 3.3 253.2 112.0 68.0 16.3 .30 68.0 145.8 115.0 42.3 .809 7.S 
20614.01 231324 19.4 252.0 1.3 268.4 96.9 83.124,4 .23 67.9 115.7 85,4 44.3 .740 10.1 
20614.02 231136 19,4 252.1 -2.3 285.0 SO.3 99.7 39.2 .09 67.9 106.7 77.3 38.7 .662 9.6 
20614.05 230576 19.3 252.5 44.5 169.4 195.9 46.6 72,4 -.10 68.9 171.2 141.8 40.1 .871 5.5 
20614.06 230391 19.3 252.7 51.3 198.3 167.0 52.4 53.5 -.01 68.9 165.8 137.6 40.2 ,394 5.1 
20614.09 229843 19.3 253.1 44.6 183.7 181.7 44.6 62.6 -.06 69.4 170.7 142.5 38.8 ,883 5.1 
20614.10 229662 19.3 253.2 49.3 207.6 151.7 52.8 47.5 .03 69.4 164.4 136.9 39.5 .899 4.9 
20614.12 229304 19.3 253.5 33.9 159.4 206.0 41.7 83.2 -.12 69.8 174.8 141.742.0 .810 7.2 
20614.13 229126 19.3 253.6 43.9 194.8 170.6 44.6 55.0 -.02 69.8 169.4 142.2 37.9 .896 4.7 
20614.14 228949 19.3 253.8 47.0 216.7 148.7 54.3 41.4 .08 69.8 162.3 135.4 37.9 .894 4.6 

20614.17 228425 19.3 254.2 18.0 209.6 155.9 29.7 42.6 .67 70.4 174.9 150.1 34.4 .917 3.8 
20614.18 228252 19.3 254.3 19.9 229.2 136.2 41.2 23.9 .23 70.3 166.7 142.5 33.6 .913 3.8 
20614.20 227910 19.3 254. 11.1 199.7 165.8 17.9 53.9 ·.01 70.8 177.8 152.0 35.6 .911 4.0 
20614.21 227741 19.3 254.8 14.1 213.2 152.3 30.8 40.4 .09 70.9 173.2 149.4 32.8 .920 3.5 
20614.22 227572 19.3 254.9 16.9 226,4 139.1 43.727.4 .20 70.9 167.2 143.6 32.7 .918 3.6 

20614.24 227238 19.2 255.2 13.9 204.3 16l.2 23.149,4 .02 71.3 177.0 151.7 35.8 .924 3.7 
20614.25 227072 19.2 255. 17.8 221.9 143.6 39.9 32.0 .16 71.3 169.4 146.1 31.9 .915 3.6 
20614.26 226908 19.2 255.5 19,4 236.8 128.7 53.8 17.8 .30 71.2 162,4 137.3 35.3 .909 4.2 
20614.28 226582 19.2 255.8 -10.7 215.5 150.1 31.6 60.2 .02 71.7 172.3 147.4 34.0 .907 4.0 
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Table XIV, Continued 

Spacecraft Spectrum Location Spectrum Fit 
FDS Ran,. Lat Lon Lat Lon LTim i , LSp p," T, To 'T , Sip 

20614.29 226421 19.2 255.9 -9.1 230.2 135.4 45.4 88.4 .11 71.7 165.9 142.3 32.4 .911 3.7 
20614.30 226260 19.2 256.0 ·8.S 243.1 122.4 58.0 30.8 .17 71.7 158.1 132.9 34.5 .887 4.6 
20614.32 226943 19.2 256.3 16.1 210.8 154.9 29.6 51.5 -.03 72.3 112.9 136.5 45.6 .770 '.5 
20614.33 225786 19.2 256.5 13.5 231.5 IM.2 47.4 41.4 .08 72.2 163.5 138.8 34.9 .914 4.0 
20614.34 225630 19.2 256.6 13.0 244.3 121.3 59.6 34.7 .14 72.2 154.7 128.4 35.7 .873 5.1 
20614.36 225321 19.2 256.9 14.1 216.2 149.5 33.4 52.6 .00 72.7 169.7 137.7 35.9 .759 7.7 
20614.37 226168 19.2 257.0 12.2 228.6 137.1 44.3 42.5 .07 72.7 166.2 140.6 37.2 .924 4.0 
20614.38 225016 19.1 257.2 11.4 239.4 126.2 54.6 35.6 .13 72.7 159.7 133.9 37.2 .912 4.4 
20616.10 215822 18.0 271.0 14.3 205.1 161.7 23.0 63.6 -.06 85.0 172.4 146.8 35.3 .906 4.1 
20616.11 215776 18.0 271.1 20.1 226.1 141.7 42.5 43.9 .07 86.0 163.6 140.4 31.4 .908 3.7 
20616.12 215731 18.0 271.3 25.9 239.9 126.9 57.2 30.4 .19 86.0 164.3 128.8 35.2 .886 4.7 
20616.14 215646 17.9 271.6 26.8 269.2 97.6 83.1 .. , .41 85.0 115.4 87.8 46.8 .863 '.6 
20616.15 216605 17.9 271.7 27.3 283.1 83.7 96.6 14.2 .36 85.0 97.1 75.0 38.5 .907 7.' 
20616.16 216666 17.9 271.9 26.5 297.4 69,4 108.3 25.4 .24 86.0 9a.3 76.2 39.9 1.026 7.5 
20616.17 215626 17.9 272.0 24.6 313.1 53.8 122,4 39.1 .11 85.0 103.1 76.S 32.6 .682 '.0 
20616.18 215489 17.9 272.2 22.4 335.3 31.6 141.9 69.6 -.04 85.0 110.2 76.7 30.5 .45410.1 
20616.40 214973 17.4 275.6 61.7 173.7 193.5 62.4 BO.8 -.12 88.8 160.1 118.3 41.9 .790 7.7 
20616.41 214964 17.4 275.7 69.8 228.8 138.3 74.9 60.2 -.04 88.8 134.5 102.7 44.0 .768 8.' 
20616.42 214966 17.4 275.9 68.8 268.4 98.7 86.7 62.1 .01 88.8 103.7 80.8 47.6 1.022 9.0 
20616.43 214948 17.4 276.0 77.0 165.2 202.0 77.8 78.3 -.11 89.0 131.2 93,4 37.6 .534 11.0 
20616.44 214942 17.3 276.2 87.4 103.7 263.5 89.6 75.9 -.11 89.0 97.0 70.7 40.1 .737 9.4 
20616.45 214938 17.3 276.3 73.0 54.6 312.6 101.3 86.3 -.12 89.0 4.9 11.9 .000 16.9 
20616.52 214939 17.2 277.4 36.1 208.9 168.4 41.2 63.4 -.06 90.6 162.9 137.4 34.8 .891 4.5 
20616.53 214944 17.1 277. 37.7 231.5 136.8 56.446.6 .06 90.6 154.2 128.7 34.9 .881 4.' 
20616.64 214951 17.1 277. 36.8 248.9 118.4 67.5 32.6 .17 90.6 143.0 116.4 36.3 .819 6.3 
20616.55 214958 17.1 277. 44.2 227.2 140.2 66.550.8 .0' 90.9 150.8 125.2 32.3 .840 5.3 
20616.56 214967 17.1 278. 44.8 248.3 119.1 69.8 37.7 .12 90.9 138.6 109.8 41.7 .845 7.1 
20616.57 214977 17.0 278.2 46.0 265.2 102.1 81.5 31.3 .18 90.9 113.3 88.2 45.7 . 942 ... 
20616.68 214988 17.0 278. 46.4 282.3 85.1 93.3 29.9 .'0 90.9 88.1 73.8 .1 .494 5.' 
20616.69 215000 17.0 278. 66.7 269.7 97.7 85.6 39.7 .11 91.1 102.4 78.6 12.7 .485 7.' 
20617.00 215014 17.0 278. 55.3 289.8 77.6 97.0 39.7 .11 91.1 86.2 72.8 .0 .509 5.4 
20617.01 215029 17.0 278. 51.2 312.4 65.0 111.0 43.9 .07 91.1 95.3 74.4 12.3 .529 5.9 
20617.02 215045 16.9 278. 44.0 335.3 32.1 127.5 54.9 -.01 91.1 92.3 77.4 .0 ,494 6.3 
20617,05 215100 16.9 279. 16.0 226.1 142.3 40,4 52.4 .01 92.4 163.1 140.1 31.1 .906 3.6 
20617.07 215143 16.8 279. 18.9 228.5 138.9 44.4 49.1 .03 92.6 156.4 135.7 24.4 .865 4.1 
20617.08 215166 16.8 279. 19.3 245.0 122.5 59.5 33.5 .16 92.6 148.7 123.2 33.7 .855 5.' 
20617.09 215191 16.8 280. 18.4 258.8 108.7 72.320.5 .29 92.6 135.0 104.8 39.3 .762 7.9 
20617.10 215217 16.7 280. 16.6 271.3 96.2 84.0 8.6 .42 92.6 107.0 83.0 41.8 .913 8.3 
20617,11 215243 16.7 280. 24.0 263.1 104.4 76.8 17.9 .32 92.8 130.3 100.0 34.0 .681 6.' 
20617.12 215272 16.7 280. 21.9 276.1 91.4 ".7 6.7 .44 92.8 101.1 80.2 41.6 1.033 7.7 
20617.13 215301 16.7 280. 19.1 288.3 79.3 100.1 7.' .43 92.8 87.9 74.4 .0 .513 5.6 
20617.14 215331 16.7 280. 16.7 300.3 67.3 111.8 18.9 .31 92.9 98.5 75.3 20.9 .601 6.3 
20617.15 215363 16.6 280. 26.5 290.5 77.1 101.6 13,4 .37 93.1 89.0 75.8 40.6 1.462 5.6 
20617.16 215396 16.6 281. 1 24.3 303.3 64.3 113.2 22.4 .'7 93.1 97.8 75.3 19.6 .600 6.1 
20617.17 215430 16.6 281. 22.5 316.7 50.9 125.6 34.2 .16 93.1 92.6 77.4 42.0 1.348 6.3 
20617.18 215466 16.6 281. 19.1 332.2 35.4 140.3 48.8 .03 93.1 96.9 78.7 45.4 1.225 7.5 
20617.21 215579 16.5 281. -1.6 239.4 128.2 51.846.0 .05 84.4 158,4 134.9 32.5 .907 3.9 
20617.23 215661 16.4 282. .1 246.7 121.0 59.0 39.0 .11 94.6 155.2 131.8 31.8 .897 4.1 
20617.24 215703 16.4 282. 1.7 258.5 109.1 70.9 27.9 .22 94.7 140.9 113.4 35.4 .806 6.4 
20617.25 215747 16.4 282. .1 273.5 94.2 85.8 18.8 .31 94.6 107.8 85.9 49.5 1.122 8.7 
20617.26 215792 16.4 282. -2.7 287.8 79.9 100.1 20.0 .30 94.6 96.2 77.9 40.5 1.131 7.0 
20617.27 215838 16.3 282. 5.5 278.1 89.6 90.4 11.9 .38 94.9 103.3 78.2 24.0 .601 7.0 
2061'1.28 215886 16.3 282. 2,9 289.2 78.6 101.4 14.9 .35 94.9 97.5 75.7 16.0 .565 6.0 
20617.29 215934 16.3 283. -.4 300.2 67.5 112.6 24.0 .25 94.9 99.1 75.5 26.1 .664 6.7 
20617.30 215984 16.3 283.2 -4.5 312.3 55.4 124.5 35.9 .14 94.9 95.9 77.1 41.8 1.158 7.' 
20617.31 216035 16.2 283.3 5.2 301.4 66.4 113.5 21.1 .28 95.1 99.9 76.0 27.9 .687 6.' 
20617.32 216087 16.2 283.5 1.2 313.4 54.4 125.6 33.4 .16 95.1 98.0 77.6 35.3 .939 6.9 
20617.33 216141 16.2 283.6 -3.9 327.4 40.4 139.4 48.2 .04 95.2 106.5 77.0 19.5 .447 '.5 
20617.34 216196 16.2 283.8 11.6 347.9 19.9 157.1 69.8 ~.09 95.2 94.1 64.8 80.0 .751 10.8 
20617.36 216308 16.1 284.1 29.6 230.8 137.0 60.6 69.4 -.08 96.5 - 111.8 
20617.37 216366 16.1 284.2 31.5 242.3 125.6 60.3 62.9 -.06 96.5 146.8 112.3 37.4 .665 9.' 



Table XIV, Continued 

Spacecraft Spectrum Location Spedrum Fit 
FDS Range Lat Lon Lat Lon LTim 'e LSp Pha Tl TE aT e SIp 

20617.38 216426 16.0 284.4 32.2 261.0 106.9 75.9 53.7 .00 96.5 131.1 99.9 41.0 .724 8.9 
20617.39 216486 16.0 284.5 29.0 252.8 115.1 68.3 55.0 -.01 96.7 139.6 103.7 37.7 .612 10.0 
20617.40 216548 16.0 284.1 30.8 269.1 98.7 82.6 49.6 .03 96.7 l20.1 86.2 34.8 .543 10.1 
20617.41 216611 16.0 284.8 34.0 285.0 82.9 96.0 50.5 .02 96.7 92.6 72.3 45.0 1.064 8.2 
20617.42 216675 15.9 285.0 38.8 295.9 72.0 104.0 56.2 -.02 96.7 94.0 66.6 41.3 .683 9.9 
20617.43 216741 15.9 285.1 26.1 280.0 81.9 91.942.1 .08 91.0 101.8 79.2 22.9 .512 8.1 
20617.44 216807 15.9 285.3 30.6 297.7 70.2 107.0 48.4 .04 96.9 93.1 72.1 -.1 .362 8.5 
20617.45 216875 15.9 285.4 36.6 318.7 49,3 121.7 61.1 -.05 96.9 107.4 64.1 22,3 .220 12.2 
20617.41 217014 15,8 285.7 22,8 316.1 51.9 124.8 49,2 .03 97.2 101.3 73.3 42,3 ,722 10,0 
20617.48 217085 15,8 285.9 29,5 335,5 32.5 137.3 66.5 -.07 91.2 14.0 11.8 ,000 16.8 
20618.04 218385 15.3 288.2 26.7 223.' 144,8 43.061.6 -.05 100.2 161.8 135.8 35.0 .881 4.7 
20618.05 218476 15.3 288.4 28.5 245.1 123.1 61.3 42.5 .08 100.2 149,8 124.3 34.4 .867 5.1 
20618.06 218568 15.3 288.5 27.8 261.8 106.4 75.5 28.0 .21 100.2 134.8 105.1 38.3 .764 7.7 
20618.07 218662 15.3 288.7 25.9 216.4 91.8 88.3 15.9 .33 100.2 107.9 81.8 41.1 .820 8.9 
20618.08 218156 15.2 288.8 23.3 289.6 78.6 100.4 8.2 .42 100.2 97.4 75.4 35.5 .870 7.4 
20618.09 218852 15.2 289.0 19.9 302.2 66.0 112.4 13.6 .36 100.2 98.S 76.3 29.3 .756 6.6 
20618.10 218949 15.2 289.1 15,8 314.5 53.1 124.6 24.7 .24 100.2 102.3 76.7 26.3 .615 7.2 
20618.11 219047 15.2 289.3 11,0 328.6 39.7 139.0 38.8 .11 100.2 98.3 78.3 42.6 1.080 7.8 
20618.12 219146 15.1 289.4 3.6 349.9 18.S 161.3 61.2 -.05 100.2 106.5 74.5 42.3 .611 10.9 
20618.45 223056 14.2 294.1 36.9 213.0 155.7 43.1 75.2 -.10 105.5 156.2 121.8 38.7 .706 8.8 
20618.47 223332 14,1 294.4 44.4 224.1 144.0 54.6 66.3 -.01 105.1 141.4 119.9 36.5 ,835 6.0 
20618.48 223472 14.1 294.5 45.5 260.3 108.4 77.1 43.1 .07 105.6 126.5 96.3 44.6 
20618.49 223612 14.1 294.7 43.4 273.5 95,1 86.2 34.8 .14 105.7 112.0 82.1 38.0 
20618.50 223754 14.0 294.8 51.0 247.0 121.7 70.6 53.8 -.01 105.9 136.0 104.4 39.6 
20618.51 223897 14.0 294.9 50.2 273.6 95.2 86.6 40.6 .09 105.9 108.1 81.6 40.5 
20618.52 224041 14.0 295.1 47.5 295.9 72.8 101.4 33.9 .15 105.9 99.1 75.5 36.9 
20618.53 224186 13.9 295.2 43.2 S14.3 54,5 115.0 33.9 .15 105.9 103.9 16.2 31.0 
20618.64 224332 13.9 295.4 54.6 301.3 67,5 102.7 41.3 .08 106.1 98.0 75.3 36.4 
20618.55 224479 13.9 295.5 50.1 313.2 55.5 111.2 39.4 .10 106.1 102.4 76.0 31.4 
20618.56 224627 13.8 295.6 45.1 328.5 40.2 122.5 42.3 .08 106.1 103.4 71.5 33.6 
20618.57 224776 13.8 295.8 38.6 350.9 11.9 138.0 54.8 -.01 106.1 104.8 80.3 38.6 
20619.00 225231 13,7 296.2 12.9 246.9 121.9 59.048.3 .03 107.3 147.4 120.9 33.7 
20619.01 225384 IS,7 296.3 12.3 259.6 109.2 71.2 36.1 .13 107.8 135.0 105.5 44.8 
20619.02 225539 13.7 296.5 21.0 242.7 126.2 56.5 52.1 .00 107.6 148.9 122.7 38.2 
20619.03 225694 13,6 296. 16.1 253.9 114.9 66.1 41.7 .08 107.6 137.6 107.6 36.1 
20619.04 225851 13.6 296. 15.7269.1 99.7 80.627.0 .21 107.6 112.9 84.9 43.3 
20619.05 226009 13,6 296. 14.9286.6 82.3 97.5 10.1 .38 107.6 102.0 76.8 35.3 
20619.06 226168 13,5 297. 24.3 279.4 89.4 90.6 19.9 .28 107.8 99.7 76.1 37.0 
20619,07 226327 13.5 297.1 22.5 289.8 79.1 100.0 n.5 .36 107.8 100.1 76.2 34.8 
20619.08 226488 13.5 297. 20.3 299.4 69.6 109.1 7.2 .41 107.8 100,8 71.1 37.5 
20619.09 226650 13,5 297. 18.1 308.7 60.2 118.2 12.0 .36 107.8 103.3 17.6 37.6 
20619.10 226813 13.4 297.5 27.8 304.6 64.3 112,5 16.0 .32 108.0 100.9 77.0 37.4 
20619.12 227142 13.4 297. 21.3 328.9 40.1 135,4 31.0 .17 108.0 103.6 78.5 38.7 
20619,13 227308 13,3 297. 17.0 341.1 27.9 147.7 42.2 .07 108.0 110.8 79.5 34.5 
20619.16 227813 13.2 298. -8.0 248.1 l20.9 59.4 54.8 -.01 109.2 145.2 116.9 37.2 
20619,17 227983 13.2 298. -8.5 264.8 104.3 75.940.3 .09 109.2 124.1 93.2 44.4 
20619.28 229026 13.0 299. ~3.6 291.7 77.4 102,6 18.4 .29 109.7 102.6 77.1 31.3 
20619.24 229203 13.0 299. -6.1 S06.8 62.3 117.5 21.2 .26 109.7 103.4 77.6 37.1 
20619,25 229381 13,0 299. -10.6 321.5 47.6 131.6 32.4 .15 109.6 108.2 79.1 38.2 
20619.26 229561 12,9 299. -.7311.0 68.1 121,9 17.9 .29 109.9 103.2 77.8 37.2 
20619.27 229741 12.9 299. -4.5 320.4 48.7 13Ll 27.2 .20 109.9 105.9 77.5 38.7 
20619,29 230105 12,S 300.1 14.0 342.5 26.7 150.2 60,3 .01 109.9 115.1 78.1 40.2 
20619,36 231409 12.6 301. 51.1 262.0 107.2 79.4 72.7 -.10 111.4 - 80.6 
20619,37 231600 12,6 301.1 -59.5 264.9 104.4 82.9 78.4 -.11 111.4 - 74.7 
20619.38 231791 12.6 301. -40.8 268.2 101.1 81.762.0 ·.06 IIl.6 120.2 75.1 37.9 
20619.39 231983 12.5 30l.4 44.4 285.4 83.9 94.4 59.3 -.04 111.6 108.9 67.6 35.6 
20619,40 232176 12.5 301.5 50.1 303.4 65.9 105.3 63.2 -.06 111.6 ~ 77.9 
20619,41 232371 12.5 301.6 62.4 332.8 36.5 112.0 79.3 -.11 111.5 - 72.6 
20619,43 232762 12,4 301.9 47.4 321.8 47.6 117.3 62.9 -.06 111.8 - 79.6 
20619.44 32959 12.4 302.0 61.8 354,3 15.1 117.3 85.2 -.12 111.8 - 71.3 

.793 '.1 

.661 '.3 

.729 8.5 

.796 8.' 

.822 8.1 

.616 8.3 

.850 7.8 

.656 8.0 

.711 8.0 

.841 8.2 
,826 5.8 
,S48 8.0 
.896 6.2 
.736 7.7 
.795 , .. 
.749 8.1 
.830 8.0 
.762 8.0 
.S36 8.1 
.768 8.5 
.830 8.1 
.807 8.5 
.579 , .. 
.816 6.5 
.761 9.8 
.793 8.3 
.759 8.5 
.676 , .• 
.777 8.' 
.696 , .• 
.498 11.6 

.347 13.2 

.336 12.4 

202 



GLOSSARY 

This glossary defines various terms that I use in this dissertation, and also 

gives some basic equations and values of constants. 

Bolometric Albedo. (A). The ratio between the total reflected sunlight (all 

wavelengths, all directions) and the total incident sunlight on a planetary surface. 

The relevant albedo for therma.l calculations. 

Geometric Albedo. The ratio between the disk-integrated brightness of a body 

at zero solar phase angle and the brightness of a normally-illuminated A = 1 Lam

bert disk of the same diameter. 

Normal Reflectance. The ratio between the brightness of a. normally- illumi

nated surface and the brightness of a normally-illuminated A = 1 Lambert surface. 

Opposition Surge. The sharp increase in the intensity of sunlight reflected from 

a planetary surface at very small solar phase angles. 

Local Time. Degrees of planetary rotation since local midnight, e.g. for zero 

obliquity, sunset occurs at a local time of 270". Sometimes expressed using a 'ter~ 

restrial' clock, in which case sunset occurs at 6pm. 

Incidence Angle. (i). The angle between the local surface normal and the di

rection of the sun. 

Emission Angle. (e). The angle between the local surface normal and the direc

tion of the observer. 

Thermal Meridian. The line on a planetary surface for which the directions of 

the sun, observer, and surface normal are all coplanar. 
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Radiance. The intensity of thermal emission (expressed as energy per unit time, 

per unit solid angle, per unit area, per unit wavelength or wavenumber). 

Planck Curve, Blackbody Curve. (B(.\,T)). The thermal radiance at wave

length A from a perfect radiator (a. blackbody) at temperature T, approximated by 

real planetary surfaces. The form of the curve is 

2he'[ (he) ]-' B(A,T) = V exp AkT -1 (35) 

where h is Planck's constant, c the speed of light, and k is the Boltzmann constant. 

Emissivity. (f). The efficiency of thermal radiation: the ratio of the observed raM 

diance to the radiance from a blackbody with the same actual surface temperature. 

Emissivity can be specified as a function of wavelength, or given as a wavelength

integrated value relating the total thermal radiation to the expected blackbody 

radiation. 

Equilibrium Temperature. The temperature at which the thermal radiation 

from a planetary surface equals the absorbed solar radiation. 

Brightness Temperature. (Tn). The temperature of a blackbody emitting the 

observed thermal radiance at the specified wavelength. 

Effective Temperature. (TE ). The temperature of a blackbody emitting the 

observed thermal radiance integrated over all wavelengths. 

Solar Constant. {Fsd. The wavelength-integrated energy flux from the sun 

(per unit area, per unit time) at 1 A.U. The value used in this dissertation is 

1.374x106 erg cm- 2 5- 1 (Hanel et al.,lgB!). 

Spectrum Slope. In this dissertation I use 'spectrum slope' to denote the in

crease in TB with increasing wavenumber (decreasing wavelength), seen in all IRIS 

satellite spectra. I have adopted the difference in TB between 500 cm- 1 and 250 

cm- 1 as a standard measure of this slope. 
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