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Ganymede's ozone-like absorber: 
ultraviolet spectrometer 

Observations by the Galileo 
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Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder 

Abstract. We report on Ultraviolet Spectrometer observations of Ganymede from four orbits of 
the Galileo primary mission. During 12 observation sequences, regions on Ganymede's leading, 
trailing, and anti-Jovian hemispheres were observed at several latitudes and varying observational 
geometries. The measurements show an ozone-like absorber concentrated in the polar regions and 
near sunrise and sunset at low latitudes, with a clear correlation between ozone abundance and so- 
lar zenith angle. The absorption maximum is shifted to the red of the gaseous ozone absorption 
maximum (near 2600 A), confirming disk-integrated observations by other researchers. Gany- 
mede's absorber may be ozone trapped in the ice lattice, which we propose is due to charged parti- 
cle bombardlnent of the surface. At high Sun (small solar zenith angles), the ozone-like absorber 
is destroyed. The ozone in the polar regions is likely to be long-lived, on account of the large so- 
lar zenith angles. 

1. Introduction 

We discuss disk-resolved observations of Jupiter's icy 
moon Ganymede by the Galileo ultraviolet spectrometer 
(UVS). The data reveal a complicated distribution of an ultra- 
violet absorber on Ganymede, which may be related to its 
newly discovered magnetosphere [Kivelson e! al., 1996] and 
to the oxygen chemistry that occurs in the icy matrix of the 
surface due to photolysis. We first discuss what is already 
known about Ganymede's surface from spacecraft and ground- 
based observations. 

Early ground-based measurements showed that Ganymede 
displays a hemispheric albedo dichotomy, where its trailing 
hemisphere (centered on 270 ø W, where 0 ø W longitude al- 
ways faces Jupiter) is darker than its leading hemisphere (cen- 
tered on 90 ø W) [Millis and Thompson, 1975]. The albedo 
dichotomy has been attributed to enhanced bombardment by 
Jupiter's corotating magnetosphere on the trailing hemi- 
sphere. An additional leading/trailing difference was noted 
by the International Ultraviolet Explorer (IUE) [Nelson et al., 
1987]: Ganymede's trailing hemisphere was found to have an 
absorber centered shortward of 2800 A. This absorption fea- 
ture was noted to be different from Europa's trailing hemi- 
sphere absorber, which is centered near 2800 A and is thought 
to be due to implantation of sulfur from the magnetosphere in- 
teracting with the surface water ice [Lane et al., 1981; Noll et 
al., 1995; Hendrix et al., 1998], creating an SO2-1ike absorp- 
tion. Nelson e! al. [1987] suggested that an absorber in addi- 
tion to SO2 is present on Ganymede's trailing hemisphere; 
they suggested ozone, caused by magnetospheric oxygen ions 
being implanted into the icy surface. 

The arrival of the Galileo spacecraft has revealed that Ga- 
nymede is even more complicated than Earth-based observa- 
tions have shown. A magnetosphere has been discovered us- 
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ing the magnetometer on board Galileo [Kivelson e! al., 1996; 
Gurnett et al., 1996]. Field lines at Ganymede's polar regions 
are open to Jupiter's magnetospheric plasma, while closed 
field lines, covering •_30ø-45 ø in latitude, shield the equato- 
rial regions. Polar caps on Ganymede, extending down to lati- 
tudes of 40ø-45 ø, were discovered by the Voyager spacecraft 
[Smith et al., 1979]; the Galileo Near-Infrared Mapping Spec- 
trometer (NIMS) found that while water ice is present all over 
Ganymede's surface, there is less ice in the equatorial regions, 
and the water ice in the polar regions is finer grained [Carlson 
et al., 1996]. 

Features at 5773 A and 6275 A were detected on Gany- 
mede's trailing hemisphere in ground-based measurements and 
attributed to electronic transitions in pairs of oxygen mole- 
cules [Spencer et al., 1995; Calvin et al., 1995]. The bom- 
bardment by corotating magnetospheric plasma is likely the 
source of the molecular oxygen [Reimann et al., 1984], on the 
basis of the longitudinal variation in the absorption band 
depth [Calvin et al., 1996]. Condensed pure oxygen is not 
stable at Ganymede's temperatures, so it was suggested that 
the oxygen is trapped within the surface ice (defect trapping or 
adsorption) [Calvin et al., 1996]. Additional spectra from the 
Hubble Space Telescope (HST) Faint Object Spectrograph 
(FOS) and images from the Wide Field Planetary Camera 
(WFPC) showed that the oxygen absorption is concentrated at 
low latitudes [Calvin and Spencer, 1997]. 

Later measurements by the HST FOS [Noll et al., 1996] 
identified ozone on Ganymede's trailing hemisphere relative 
to the leading hemisphere. They indicate that the cross sec- 
tion of Ganymede's ozone is broadened and shifted somewhat 
from gaseous room-temperature ozone, as it is present in the 
surface ice. The molecular oxygen and ozone are likely related. 
Johnson and Jesser [1997] describe a process by which 02 
and 03 "microatmospheres" are formed when magnetospheric 
ions impact and destroy the surface, creating a void or bubble, 
where a small 02 atmosphere forms. Ozone may also form in 
these bubbles through photolysis, and it was suggested that 
photolysis is a source of the ozone on Ganymede [Nol! et al., 
1995]. Possibly connected to the charged-particle -induced 
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oxygen chemistry is the discovery of hydrogen atoms escaping 
from Ganymede's surface, as detected by the Galileo UVS 
[Barth et al., 1997]. Barth et al. [1997] also suggested that 
UV irradiation of water ice may be the source of the escaping 
hydrogen and the oxygen chemistry. 

An alternative to having molecular oxygen in ice bubbles 
was proposed by Fidal et al. [1997] and Baragiola and Bahr 
[1998], who performed experiments to replicate the visible 
wavelength oxygen features seen by Calvin and Spencer 
[1997]. They found that the condensed molecular oxygen on 
Ganymede's surface must exist in regions at temperatures 
much lower than reported Ganymede surface temperatures, 
such as in permanently shadowed regions, cracks in the ice, or 
high-albedo locations. 

A connection between the newly discovered magneto- 
sphere and Ganymede's polar caps was suggested by ,Johnson 
[1997], who thought they might be due to charged-particle 
bombardment. In addition, Pappalardo et al. [1998] find that 
the open field line regions correspond with the polar caps of 
Ganymede. Thermal segregation has also been suggested as a 
source of the caps [Purves and Pilcher, 1980], although this 
idea was challenged by Hilllet et al. [1996] through pho- 
tometric analysis. Sieveka and ,Johnson [1982] suggested that 
a combination of sputtering and thermal processing forms the 
polar caps; they noted that on the trailing hemisphere, darker 
presumably as a result of charged particle bombardment, the 
cap boundary is at a higher latitude than on the brighter lead- 
ing hemisphere. This may be because frost formation is inhib- 
ited in darker regions. 

In this work, we use additional UVS measurements to ex- 
plore further the processes occurring at Ganymede's surface, 
especially those that may affect oxygen chemistry, to under- 
stand the distribution of 02 and O3 on Ganymede's surface. 

2. Observations 

The Galileo ultraviolet spectrometer was built at the Uni- 
versity of Colorado's Laboratory for Atmospheric and Space 
Physics and was described by Hard et al. [1992]. The obser- 
vations discussed in this paper were performed using the F 
channel of the UVS, which covers the 1616- 3231 A wave- 
length range. The calibration is described in Hendrix [1996]. 
The observations were performed in "full-scan" mode, where 
the grating was stepped over the 528 channels covering the 

wavelength range in 4.33 s, with 0.006 s integration time at 
each channel. 

These observations were performed during the primary mis- 
sion of Galileo, between June 1996 and November 1997; they 
cover a variety of terrain types and latitudes and longitudes 
on Ganymede, at several spatial resolutions. Plate 1 shows an 
image of Ganymede from Galileo/Voyager and depicts the re- 
gions covered during each observation sequence. Table 1 de- 
scribes each observation sequence, including the approximate 
latitude and longitude covered during the observation. In 
this paper we deal primarily with the higher resolution obser- 
vations but use the lower resolution observations (GLOBAL) 
to supplement our higher resolution results. Plate 1 shows 
the size of one field of view (FOV)during the GLOBAL se- 
quence, near 0 ø N, 140 ø W (this is the "standard" region dis- 
cussed later). The central locations of the other FOVs during 
the GLOBAL sequence are shown in Table 1. 

3. Photometric Corrections 

The initial step in the analysis of the UVS Ganymede spec- 
tra was to determine the measured reflectance. This was done 

by averaging 14 spectra (60.67 s total). The average back- 
ground radiation noise was subtracted from the resultant spec- 
trum, which was then divided by the calibration curve and by 
a solar spectrum. The solar spectrum used was measured by the 
Solar-Stellar Irradiance Comparison Experiment (SOLSTICE) 
[Rottman et al., 1993] and was double boxcar smoothed to 
match the UVS spectral resolution. 

The first step in correcting for photometric variations in 
brightness was to understand how Ganymede's UV reflec- 
tance varies with phase angle. We divided all UVS observa- 
tions of Ganymede (both disk-resolved and disk-integrated) 
into leading (0 ø - 180 ø W) and trailing (180 ø - 360 ø W) hemi- 
sphere data. Including UVS data not discussed in this paper, 
we used a phase angle range of 10.4 ø - 81.8 ø for the leading 
hemisphere, and a phase angle range of 1.3%86.7 ø for the trail- 
ing hemisphere. We found that the single-lobed Henyey- 
Greenstein phase function [Hapke, 1993] with an asymmetry 
parameter of g=-0.35 adequately fits the UVS Ganymede data at 
all wavelengths in both longitude bins. However, the phase 
curve is not a perfect fit; this is because individual terrain 
types behave differently photometrically. In spite of this, we 
use this simple phase curve for all observed regions, aware 
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Figure 1. Albedos from three different locations (see Plate 1). (a) Standard region albedo, (b) average albedos 
from PTAH and DRKLIT regions; DRKLIT albedo has been offset by 0.05 for clarity. Statistical error bars are 
shown. 
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that the correction may not be perfect but assuming that the 
phase curve does not vary significantly with wavelength. 
Therefore the magnitudes but not the shapes of the derived al- 
bedos are affected. In the analysis of the resultant albedos, we 
focus not on variations in brightness but in variations in al- 
bedo with wavelength, which can indicate the presence of ab- 
sorption features. Ganymede's UV phase curve will be stud- 
ied further in future work. 

The next step in the photometric correction was to solve for 
the single-scatter albedo 00(30 of each region using a simplified 
version of the Hapke photometric function [Hapke, 1993, p. 
233], where we ignored the opposition effect and multiple 
scattering. Multiple scattering may be assumed to be negligi- 
ble at these wavelengths. The opposition effect term at ultra- 
violet wavelengths is unknown for any terrain type; this will 
be investigated in a future study. To account for macroscopic 
surface roughness, we use the terms from Hapke [1993, pp. 
344-345] with 0=32 ø , which is consistent with the visible 
results from Domingue and Ferbiscer [1997]' the surface 
roughness parameter is not expected to vary with wavelength. 
This photometric correction is very simple and is not expected 
to accurately correct for photometric variations in all observa- 
tions. However, in this study we are concerned primarily with 
shapes of albedo ratios (discussed below), which should be 
unaffected over this short wavelength range by variations in 
photometric parameters. 

4. Results 

4.1 A!bedos 

The method described above was used to determine the al- 

bedo of each observed region. Figure 1 displays three of these 
albedos, binned into 15 .X, bins to reduce scatter. The albedos 
shown are the average albedo measured during three observa- 
tion sequences, of three different terrains and have distinctly 
different shapes. The southern polar PTAH region is brighter 
than the other regions, particularly at longer wavelengths. 
The albedo of the standard region (described below) is lower 
than PTAH's and is flatter at longer wavelengths. The 
DRKLIT albedo, corresponding to a leading hemisphere re- 
gion, is flatter than the albedos of the other regions. Gener- 
ally, leading hemisphere regions have albedo that are rela- 
tively flat longward of-2900 .X,; this is also seen in UVS 
spectra of regions on Europa's and Callisto's leading hemi- 
spheres. This spectral characteristic will be investigated and 
discussed in a later report. 

4.2 Albedo Ratios 

We display the variation in albedo from place to place on 
the surface by ratioing the albedo of each region to the albedo 
of a "standard" region (part of the GLOBAL sequence). The 
albedo of the standard region is shown in Figure l a. We have 
chosen this as the standard albedo as it was observed with 

relatively low spatial resolution, so it is not the albedo of any 
particular, and possibly anomalous, region; the albedo was 
measured when the solar and emission angles were approxi- 
mately equal. Furthermore, the standard region covers an 
equatorial portion of the leading hemisphere, near 140 ø W 
longitude, so it is an appropriate region to which to compare 
trailing hemisphere and polar data. The albedo ratio of one re- 
gion (PTAH) to the standard is shown in Figure 2. The ratio 
indicates that an absorber is present in the PTAH region 
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Figure 2. Albedo ratio: PTAH average albedo/standard re- 
gion albedo. 

which is not present in the standard region, and it absorbs be- 
tween 2600 and 2800 A. 

4.3 Comparisons With Ozone Cross Section 

We follow the method of Noll et al. [1996] and compare Ga- 
nymede's ultraviolet absorption band with ozone, which ab- 
sorbs strongly near 2600 .X,. The cross section of gaseous 
ozone [DeMote e! al., 1994] is shown in Figure 3a. When we 
shift this cross section 197 .X, to the red and broaden the full 

width at half maximum (FWHM) from - 400 .X, to - 950 .4, 
which is similar to the FWHM of solid O3 [Faida e! al., 1989], 
we obtain the "ozone-like" cross section also shown in Fig- 
ure 3a. For this cross section we have also normalized the 

magnitude of the absorption maximum to correspond with that 
of gaseous ozone. As was noted by Noll e! a/. [1996], the 
shifting and broadening of the O3 cross section may be caused 
by the presence of O3 in water ice. 

We note that in deriving the ozone-like cross section, the 
shift to the red is greater than the shift required to fit the HST 
data of Noll e! al. [1996]. This is simply due to the albedo ra- 
tio used: No// e! al. [1996] ratioed the disk-integrated trail- 
ing hemisphere albedo to the disk-integrated leading hemi- 
sphere albedo; we are using disk-resolved albedos and have 
somewhat arbitrarily chosen a leading hemisphere standard 
region. Using a different leading hemisphere standard region 
(or a leading hemisphere disk-integrated albedo) would likely 
result in a different shape for the cross section. This is why we 
refer to the absorber as "ozone-like": we are utilizing it 
mainly to quantify the relative amount of absorption across the 
surface. Laboratory measurements of ozone in ice under Ga- 
nymede's conditions are needed to understand absolute quan- 
tities of the absorber. 

We use this derived cross section in Beer's law to deter- 

mine the column density of the ozone-like absorber at each ob- 
served location. Figure 3b displays the ratio of the PTAH al- 
bedo to the standard albedo, along with a model fit to the al- 
bedo ratio: model=A exp(-oN), where A is a constant derived 
to fit the ratio magnitude, cs is the ozone-like cross section, 
and N is the column density derived to fit the absorption 
band; N includes the slant angle to the location of the obser- 
vation, 1/g+l/go. For the PTAH region we obtained a best fit 
column density of 4.7x10 •6 cm -2. 
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Figure 3. (a) Laboratory-measured cross section of gaseous ozone (solid line) versus ozone-like cross section 
derived using Galileo UVS Ganymede albedo ratio (dashed line), (b) PTAH/standard albedo ratio compared 
to model fit with column density N=4.7x10 •6 cm -2. 

4.4 Distribution of Ozone-Like Absorber 

We investigate the presence and strength of the ozone-like 
absorption feature at all observed regions on Ganymede. 
When the albedo of each region is ratioed to the albedo of the 
standard region, we find that the absorption feature appears to 
be related, in a complicated way, to both latitude and longi- 

tude, with a possible dependence on amount of water ice pre- 
sent as may be indicated by visible brightness of the region. 
To demonstrate the trends in albedo shape with latitude and 
longitude, we display a"typical" albedo ratio from each re- 
gion observed in Figure 4, and explain the features here. 
When we apply a similar analysis to all observed regions on 
Ganymede, we find that some regions are fit well by this 
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Figure 4. Albedo ratios from several different regions to show how the absorption feature is distributed 
across the surface. Also shown is the model fit to the albedo ratio, indicating the best fit parameters (N is col- 
umn density in cm -2) in the model, where model=A exp(-oN). (a) DRKLIT region, (b) MEMPHIS region, (c) 
SIPPAR region, (d) NIPPUR region, (e) NORTH POLE region, (f) NORTH POLE region, (g) TAMMUZ re- 
gion, (h) AMON region, (i) NORTH POLE region, (j) NORTH POLE region, (k) BRITRL region, (1) HILAT 
region. 
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Figure 4. (continued) 



14,174 HENDRIX ET AL.' GANYMEDE'S OZONE-LIKE ABSORBER 

I I " I •' 

: 

,•.. 

•., 

ß 

i I ! 

I' I .... I .... ß 

.! 

• o 

0 

o 

ß 

0 

0 



HENDRIX ET AL.' GANYMEDE'S OZONE-LIKE ABSORBER 14,175 

ozone-like cross section, with varying column densities, and 
some are not. Model fits are shown compared to albedo ratios 
from each observed region in Figure 5. Plate 1 displays the 
column densities mapped out on a Galileo/Voyager image of 
Ganymede. Table 1 also displays the best fit column density 
of the ozone-like absorption for the average albedo of each ob- 
served region. 

On the leading hemisphere (east of-120 ø W), where the 
DRKLIT and BRILED observation sequences were performed, 
the albedo ratios (Figure 4a)are generally blue, both at high 
and middle latitudes; the highest latitude observed in this 
longitude range is 37 ø N. The blue albedo ratio indicates that 
no ozone exists in these locations. 

The MEMPHIS region (middle latitudes near 120ø-150 ø W) 
shows no absorption, making the albedo ratio flat (Figure 4b). 
This is also where the standard region is, although the 
MEMPHIS observation was performed with a higher spatial 
resolution. 

Near 180øW, the absorption feature is present in small 
amounts at low latitudes (SIPPAR and NIPPUR observa- 
tions, Figures 4c and 4d); at higher latitudes the amount of the 
absorber varies (NORTH POLE observations, Figures 4e and 
4I). Moving slightly closer toward the central trailing hemi- 
sphere, the PTAH region (190ø-200øW) at high southern lati- 
tudes shows the highest quantities of the absorber, as shown 
in Figure 3b. 

In the 200-240øW longitude region, the lower latitudes 
(TAMMUZ observation, Figure 4g) show the absorption more 
strongly than at similar latitudes near 180øW; the higher lati- 
tudes (AMON observation, Figure 4h) have an even stronger 
absorption, while the high northern latitudes (NORTH POLE 
observations, Figure 4i and 4j) show a very strong absorp- 
tion. 

At middle latitudes near the central trailing hemisphere 
(BRITRL observation, Figure 4k), the absorber is present in 
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Figure 5. Ozone-like column density versus solar zenith an- 
gle. Small diamonds and solid circle, GLOBAL; small plus, 
PTAH; large cross, small and large asterisks, and small trian- 
gle, NORTH POLE; small circle, HILAT; large diamond, 
AMON; small square, NIPPUR; large plus, BRITRL; large tri- 
angle, TAMMUZ; small cross, SIPPAR; large circle, DRKLIT; 
large square, B RILED; medium asterisk, MEMPHIS. 

moderate quantities (not as much as in the 180ø-240 ø W re- 
gion). At higher latitudes near 330øW (HILAT observation, 
Figure 41), the absorption feature is not very strong. 

4.5 Variations in Ozone-Like Absorber with Solar Angle 

The derived column densities shown in Figure 4, while not 
strongly related to latitude or longitude, do have a distinct 
correlation with solar zenith angle. The ozone-like column 
density increases with solar zenith angle. In Figure 5 we 
show the derived ozone-like column density versus solar ze- 
nith angle (angle to the Sun measured from the normal). The 2 9 
points in Figure 5 correspond with the observations shown in 
Plate 1 and Table 1. The ozone-solar angle relationship is par- 
ticularly strong in the 150ø-240 ø W longitude range, where 
the most UVS observations exist. The two trailing hemisphere 
(large plus and small open circle) observations also follow the 
trend. The leading hemisphere locations (large square, large 
open circle, and large asterisk) show negligible amounts of 
ozone despite solar zenith angle being large. We thus detect a 
strong relationship between solar zenith angle and derived 
ozone-like column density; this relationship is clear on the 
anti-Jovian and trailing regions, in contrast to the leading 
hemisphere, where no ozone-like absorber is measured. 

5. Discussion 

The UVS results clearly show a relationship between de- 
rived ozone-like column density and solar angle, suggesting 
that the ozone is destroyed by photolysis: 

03 + hv•>O2 + O(1D). (1) 

The creation of the ozone-like absorber at Ganymede is less 
clear. It is likely that the ozone is related to the molecular 
oxygen detected by Calvin and Spencer [1997]; we speculate 
here on the possible creation mechanisms of this oxygen chem- 
istry. 

A possible source of both the ozone and the molecular oxy- 
gen is charged particle bombardment [Noll et al., 1996; Cal- 
vin and Slvencer, 1997; dohnson, 1998.]. The evidence for this 
is that the ozone-like absorber appears more on the trailing 
hemisphere than on the leading hemisphere, as displayed 
through the albedo ratios, where the standard albedo is a lead- 
ing hemisphere region. Other leading hemisphere regions do 
not display the absorption feature. This leading-trailing 
asymmetry in ozone was first detected by Noll et al. [1996]. 
Other evidence for bombardment by the corotating plasma is 
the molecular oxygen found on the trailing hemisphere [Cal- 
vin and Spencer, 1997], as well as Ganymede's albedo di- 
chotomy, where its trailing hemisphere is darker than its lead- 
ing hemisphere [Millis and Thompson, 1975]. 

Charged particle bombardment of water ice produces H, 
OH, O, H2, 02, and H [Johnson, 1998]; this was discussed as a 
possible source of the escaping atomic hydrogen detected at 
Ganymede [Barth et al., 1997]. It has been suggested that the 
02 exists in the ice lattice, where bombardment produces de- 
fects in the ice, and movement of the defects (annealing) forms 
larger bubbles in which 02 can accumulate (from oxygen at- 
oms) [Johnson and Quickenden, 1997]. At low temperatures, 
molecular oxygen not only is formed less efficiently, but small 
voids (bubbles) are created, producing a scattering surface. 
Therefore the lack of annealing at high latitudes results in 
shorter photon path lengths, so the weak 02 absorption bands 
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Table 1. Disk-Resolved Observations 

Sequence Longitude * Latitude * Phase Solar Zenith Number of Obser- Derived Column 

Angle, deg. Angle, deg. vations + Density, cm '2 

GLOBAL ++ 140 ø W 0 ø N 29 13 1 none 

152 ø W 0 ø N 29 1 1 none 

162 ø W 5 ø S 29 9 1 6.2e 15 

171 ø W 8øS 29 19 1 9.8e15 

180 ø W 11 ø S 29 28 1 1.0el 6 

189 ø W 13 ø S 29 37 1 1.9e16 

199 ø W 16 ø S 29 47 1 2.3e16 

210 ø W 18 ø S 29 57 1 3.0e16 

220 ø W 20 ø S 29 68 1 4.0e 16 

151øW 48 ø N 29 49 1 2.0e16 

169 ø W 41 ø N 29 45 1 1.6e16 

180 ø W 37 ø N 29 46 1 2.0e 16 

191 ø W 33 ø N 29 50 1 2.0e16 

202 ø W 29 ø N 29 56 l 2.1 e 16 

213 ø W 27 ø N 29 65 1 2.4e16 

225 ø W 24 ø N 29 74 1 3.2e 16 

ISIS-PTAH 190 ø - 201 ø W 67øS 24 68 4 4.7e16 

NIPPUR 175ø-185 ø W 250-29 ø N 25 32 10 2.0e16 

MEMPHIS 116 ø -162 ø W 90-22 ø N 29 12ø-52 8 2.0e15 

AMON 220 ø 227 ø W 320-34 ø N 24 64 5 2.8e16 

NRPOLE 157ø-244 ø W 540-66 ø N 29ø-32 57ø-84 19 1.6-3.7e 16 

TAMMUZ 2270-238 ø W 13 ø N 26 66ø-77 9 2.6el 6 

SIPPAR 176ø-191 ø W 8ø-19 ø S 31 25ø-37 11 1.5e16 

DRKLIT 51ø-136 ø W 260-38 ø N 10ø-19 26ø-71 25 none 

BRILED 680-85 ø W 0ø-13 ø S 22ø-25 34ø-51 11 none 

BRITRL 296ø-305 ø W 26 ø N 73 28 5 1.5el 6 

HILAT 327ø-333 ø W 41 ø N 64 54 3 1.0el6 

*Latitude and longitude ranges are for entire observation sequence for all observations except GLOBAL; for GLOBAL, geometries shown 
are for individual observations within the sequence, and latitude and longitude shown are the FOV boresight latitude and longitude. 

+Each observation is an average of 14 spectra. 
++ The GLOBAL observation centered at 0 ø N, 140øW, was used as the "standard" region in this study, to which other regions were compared. 

are not seen easily. An alternative to 02 accumulating in bub- 
bles in the ice was suggested by Baragiola and Bahr [1998], 
who find that the 02 must exist only in very cold regions of 
Ganymede's surface, such as in cracks or other regions not ex- 
posed to sunlight. 

Like the molecular oxygen at Ganymede's surface, the 
ozone is probably created by charged particle bombardment. 
However, charged particles are unlikely to produce ozone di- 
rectly. Rather, 02 accumulates in the ice, and subsequent ra- 
diolysis produces ozone [Johnson and Quickenden, 1997]. 
Laboratory experiments have shown that the ozone-like ab- 
sorption seen at Ganymede by the UVS can be reproduced. R. 

Baragiola (personal communication, 1998) bombarded an 02 + 
I-I20 ice mixture with 100 keV H + ions and found the ozone- 
like absorption feature in the laboratory reflectance spectrum. 
This suggests that charged particle bombardment of Gany- 
mede's trailing hemisphere produces 02 in the ice; further 
bombardment produces O3 in the ice. 

Complicating matters of charged particle bombardment is 
the fact that Ganymede does have its own magnetosphere, 
which shields the low-latitude surface from some particles 
[Kivelson et al., 1996]. Particles that are energetic enough to 
cross the closed field lines include S + (of at least 400 keV) and 
O + (of at least 800 keV)(J. Cooper, personal communication, 
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1998) and make up a significant portion of the trapped parti- 
cles at Ganymede's orbit [Ip et al., 1997]. Electrons and pro- 
tons are not energetic enough to cross Ganymede's closed 
field lines and are deflected around Ganymede or follow the 
open field lines into the polar regions. It is difficult to under- 
stand Ganymede's hemispheric asymmetries when accounting 
for this magnetosphere; as was shown by Pospieszalska and 
dohnson [1989] and discussed by Calvin and Spencer [1997], 
the low-energy (cold) ions are thought to be responsible for 
leading-trailing asymmetries, whereas the high-energy (hot) 
ions affect both the leading and trailing hemispheres. We do 
not yet know enough about Ganymede's magnetosphere to 
fully understand what causes these hemispheric asymmetries. 
Furthermore, the amount of ice lattice damage due to particles 
of varying energies is not clear and may affect the amount of 02 
and O3 formed at high and low latitudes by the particles trav- 
eling along the open field lines and the particles crossing the 
closed field lines. Calvin and Spencer [1997] suggested that 
Ganymede's magnetosphere may not be constant in strength, 
allowing for hemispheric asymmetries to build up. 

Other mechanisms to consider are the roles of solar radia- 

tion and sputtering by charged particles. Ultraviolet photons 
may break up the water ice molecules, producing molecular 
oxygen and ozone, although the penetration depth is not as 
great as with ions. A longitudinal variation in molecular 
oxygen and ozone signatures is not expected if solar radiation 
were the primary source, unless some other process destroys 
the oxygen and ozone only on the leading hemisphere. Possi- 
ble methods of destruction of leading hemisphere oxygen and 
ozone include micrometeorite bombardment [Calvin and 
Spencer, 1997] and sputtering. 

Thus our hypothesis is that molecular oxygen (detected by 
Calvin and Spencer [1997]) and ozone are created in the ice 
by charged particle bombardment. At small solar zenith an- 
gles, the ozone is destroyed by photolysis and is reconverted 
into 02 and O; at large solar zenith angles and at night, the 02 
and O combine to form 03. At the poles the solar zenith angle 
does not become small enough to destroy ozone, so the polar 
ozone is long-lived. 

This hypothesis is supported by the fact that no ozone is 
detected on the leading hemisphere, nor was molecular oxygen 
found on the leading hemisphere [Spencer et al., 1995]. This 
suggests that charged particle bombardment, constrained to 
the trailing hemisphere longitudes, creates the ozone in the 
ice. However, if corotating charged particles come into con- 
tact with Ganymede's surface through open field lines, we ex- 
pect to see their signature at all high latitudes, not only on the 
trailing hemisphere. UVS observations of high latitudes on 
the leading hemisphere do not exist to confirm whether or not 
ozone is present there. Furthermore, more needs to be learned 
about Ganymede's magnetic field before the oxygen chemistry 
can be fully understood. 

6. Conclusions 

The Galileo UVS has detected an ozone-like absorption on 
Ganymede, whose distribution is related to longitude, lati- 
tude and solar zenith angle. The absorption feature is centered 
between 2600 and 2800 A; it is shifted to the red and broad- 
ened compared with gaseous ozone and may be the signature 
of ozone trapped in the ice matrix. Laboratory measurements of 
03 in ice at Ganymede conditions are needed to further under- 
stand the feature. 

Observations covering primarily the 150ø-240 ø W region 
indicate variations in the amount of the ozone-like absorber; 

this distribution is displayed in Plate 1 as well as in Table 1. 
Figure 5 shows a strong correlation between the derived 
ozone column density and the solar zenith angle, whereby less 
ozone is present at small solar zenith angles. 

We have proposed a combination of charged particle bom- 
bardment and photolysis for the creation and destruction of 
the ozone detected by the UVS. Charged particle bombard- 
ment, constrained primarily to Ganymede's trailing hemi- 
sphere and polar regions, creates ozone in the ice. At low- 
latitude regions the ozone is converted by photolysis into 
molecular and atomic oxygen during the day (particularly at 
small solar zenith angles); polar ozone is likely long-lived. 
The ozone column density thus depends on longitude (more is 
created on the trailing hemisphere where there is more charged 
particle bombardment), and is inversely correlated with solar 
angle, where the solar angle is measured from the local normal 
(more ozone exists at large solar zenith angles: at the poles, 
and at lower latitudes at night, and early and late in the day). 
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