
served in any other FOC or WFPC2 images 
to date, raising the possibility that this fea- 
ture is related to the approaching comet 
fragments. A n  analysis of this emission fea- 
ture and magnetic field tracing are present- 
ed by PrangC et al. (28). 
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HST Spectroscopic Observations 
of Jupiter After the Collision of 

Comet Shoemaker-Levy 9 
K. S. Noll, M. A. McGrath, L. M. Trafton, S. K. Atreya, 

J. J. Caldwell, H. A. Weaver, R. V. Yelle, C. Barnet, S. Edgington 

Ultraviolet spectra obtained with the Hubble Space Telescope identified at least 10 
molecules and atoms in the perturbed stratosphere near the G impact site, most never 
before observed in Jupiter. The large mass of sulfur-containing material, more than 10j4 
grams in S, alone, indicates that many of the sulfur-containing molecules S,, CS,, CS, 
H,S, and S+ may be derived from a sulfur-bearing parent molecule native to Jupiter. If 
so, the fragment must have penetrated at least as deep as the predicted NH,SH cloud 
at a pressure of approximately 1 to 2 bars. Stratospheric NH, was also observed, which 
is consistent with fragment penetration below the cloud tops. Approximately 1 O7 grams 
of neutral and ionized metals were observed in emission, including Mg 11, Mg I, Si I, Fe I, 
and Fe 11. Oxygen-containing molecules were conspicuous by their absence; upper limits 
for SO,, SO, CO, SiO, and H,O are derived. 

Ultraviolet (UV) spectroscopic observa- 
tions of Jupiter were made with the Hubble 
Space Telescope's (HST) Faint Object 
Spectrograph (FOS) and Goddard High- 
Resolution Spectrograph (GHRS) both be- 
fore and after the impacts of the fragments of 
periodic comet Shoemaker-Levy 9 (SL9). 
Four different instrument configurations 
were used to obtain nearly coxnplete spectral 
coverage from 1250 to 3300 A (Table 1 ). 

Our spectroscopic program was concen- 
trated on the area near the G impact site 
(1) .  All observations tracked a spot on 
Jupiter's surface at the position given in 
Table 1. Because the observations must be 
planned i; advance, we allowed for small 

offsets from the best available predicted 
entry position of the G fragment (2). The  
actual position of the G impact was south 
and west of the prediction, and we adjust- 
ed the offsets accordingly. During an  ex- 
posure, the position of the aperture drifts 
slightly in longitude and latitude because 
of the constant offset. The most extreme 
movements of the aperture occur when 
the target is close to a limb and amount to 
a drift of as much as 15" in longitude 
during one orbit. However, for most ob- 
servations the drift is much less. Drifts in 
latitude are no  more than 2". Errors in 
pointing from uncertain guide star posi- 
tions can be as large as 0.7 arc sec ( l a ) ,  or 
about 3" of latitude and 3" of longitude 

K. S: Noll, M. A. McGrath, and H. A. Weaver are with the 
Space Telescope Sclence Institute, 3700 San Martin near the meridian and as much as 
Drve, Baltmore, MD 21218, USA. L. M. Trafton IS with 10" of longitude near the limb. 
the Department of Astronomy, University of Texas, Aus- One exception to our study of the G 
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wth the Atmospheric, Oceanlc, and Space Sciences De- 
partment, University of Mchgan, Ann Arbor, MI 48109, the drift of the G site carried it beyond our 
USA. J. J. Caldwell and C. Barnet are wlth the Institute for offset limit. We  ~ o i n t e d  instead at the 
Space and Terrestrial Science, Space Astrophysics Lab- of the L impact 
oratory, 4850 Keele Street, North York, Ontario, M3J 
3K1, Canada. R. V. Yelle IS w~th the NASA/Ames Re- e l ex  The spatial distribution of dark ma- 
search Center, Moffett Field, CA94035, USA. terial at the impact sites was very complex 

SCIENCE VOL. 267 3 MARCH 1995 1307 



w i t h i n  days o f  the impact (3). Coupled 
w i t h  our po int ing uncertainties, this 
makes it di f f icul t  t o  know precisely what 
the debris structure in our aperture might  
be for any given observation. In general, 
we attempted t o  po in t  at the darkest avail- 
able regions (4). T h e  latitudes and longi- 
tudes of the center o f  the aperture for a l l  
exposures are listed in Table 1. 

Spectral Identifications 

The reflection spectrum o f  Jupiter in the 
UV is dominated by the spectpm o f  the 
sun. From 1600 through 3300 A, the solar 
f lux increases by a factor o f  lo4. In addition, 
many very strong absorption lines occur in 
the solar spectrum at almost a l l  wave- 
lengths. T o  interpret a planetary spectrum, 
the solar spectral features must be removed. 
Ordinarily this i s  done by dividing by  a solar 
spectrum matched to  the resolution o f  the 

. . 
0.30 

2200 2400 2600 2800 3000 3200 
Wavelength (A) 

Fig. 1. Spectra obtained with the FOS G270H on 
18 July and 9 August ratioed to a preimpact spec- 
trum obtained on 14 July are shown, The spec- 
trum has been smoothed with a 9.3 A boxcar. At 
least 16 bands of the S, B ,C; +X3C; transition 
are observable in the 18 July ratio. The bands are 
also visible in the spectrum obtained on 21 July 
shown in Fig. 3. By 9 August, there is no trace of 
S, absorption relative to 14 July, though the re- 
flectivity remains approximately half of the preim- 
pact value. A spectrum obtained on 23 August is 
essentially identical to the 9 August spectrum. The 
features in the 9 August ratio are mostly due to 
small wavelength shifts between it and the 14 July 
spectrum. 

0.0 t l i  
1800 1900 2000 2100 2200 

Wavelength (A) 

Fig. 2. Spectra obtained with the FOS G190H on 
18 July, 21 July, 9 August, and 23 August are 
shown here divided by a spectrum obtained at the 
same location on Jupiter on 14 July, before the 
first impact, The spectrum has been smoothed 
with a 6.6 A boxcar, and we have not shown the 
spectra below 1800 A, where noise from scat- 
tered visible light in the FOS becomes significant. 
The 18 July, 21 July, and 9 August ratios have 
been offset by +0.9, +0.7, and +0.3 respective- 
ly. A series of strong bands are visible in the ratio 
spectrum, which we have identified as being due 
to CS, and NH,. The relative strength of the CS, 
and NH, bands can be seen to vary, with the NH, 
becoming more prominent relative to CS, in the 
spectra after 18 July. 

observations as closely as possible. For de- 
termination o f  molecular abundances and 
aerosol distributions, the reflectance spec- 
trum produced in this way i s  required. How-  
ever, for identif ication o f  changes in Jupi- 
ter's spectrum after the comet impacts, we 

were able to  use the technique o f  dividing 
spectra obtained after impact to  those ob- 
tained before. This method reduces spurious 
features introduced by Raman scattering in 
Jupiter's atmosphere and by systematic i n -  
strumental effects. Wavelength mismatches 
are also minimized. Some caution must be 
exercised because the spectra were n o t  a l l  
obtained at the same emission angle. but 

u ,  

this effect is n o t  dominant in the ratio 
spectra we have produced. 

Absorption bands. The most striking fea- 
tures in the ratio spectra are tke progression 
o f  bands in the 2600 to  3000 A wavelength 
region (Fig. 1) and a series o f  strong bands 
in the 1800 to  2200 A interval. These 
features are clearly due t o  molecular absorp- 
t i on  that was present after the impacts o f  

Table'l. Observation summary. Mean times and emission angles are listed, We list the FOS G I  90H and 
G270H exposures separately. Uncertainties in pointing are at least 23" in latitude and longitude. 

Date Time System Ill latitude, Emission Wavelength 
(UT) longitude angle range (A) 

13 July 
14 July 
14 July 
18 July 
18 July 
18 July 
19 July 
19 July 
20 July 
20 July 
21 July 
21 July 
21 July 
22 July 
22 July 
09'August 
09 August 
10 August 
23 August 
23 August 

GHRS 
FOS 
FOS 
FOS 
FOS 
GHRS 
GHRS 
GHRS 
GHRS 
GHRS 
FOS 
FOS 
GHRS 
GHRS 
GHRS 
FOS 
FOS 
GHRS 
FOS 
FOS 

Fig. 3. Jupiter's far-UV spectrum at the impact site 
of the G fragment. The figure is a mosaic of two 
settings of grating G140L s~oo thed  to 4.4 A effec- 
tive resolution below 1550 A and smoothed to 7.3 
A resolution at longer wavelengths. The shorter 
wavelength section is the average of spectra ob- 
served on 19 and 20 July 1994, and the longer 
wavelength section was observed on 21 July. The 
G impact site spectrum is indicated by the upper 
solid line, with the propagated error vector shown 
below. The dotted line is the Solar Ultraviolet Spec- 
tral lrradiance Monitor solar spectrum similarly 
smoothed and scaled to show the location of the 
continuum if Jupiter were grey. The impact site 
spectrum shows extensive emission features rela- 

50 

40 

$ 
2 30 - 
2' .- 
67 5 20 - - 

10 

O 1300 1400 1500 1600 1700 1800 
Wavelength ( ~ j  - .  

tive to the diffusely r~flected solar continuum. Ex- 
cept above 1770 A, where the propagated error becomes large, the structure of the emission 
spectrum appears to be real. The dashed line is a smoothed International Ultraviolet Explorer spec- 
trum of Jupiter's aurora (arbitrary scaling), showing the genera; correspondence with the impact site 
spectrum, particularly the Hz Lyman-band emission near 1600 A and the H, Werner-Lyman emissions 
near 1250 A where our spectrum stops. However, the impact site spectrum is much weaker than 
Jupiter's auroral spectrum and is comparable to the equatorial dayglow (10). The bulk of the emi:sion 
is probably H, dayglow. There appear to be strong absorption features between 1650 and 1750 A that 
are not identified, although both C,H, and H,O absorb in this region. 
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SL9, but was weaker or absent before im- 
pact. Identification of the molecules re- 
sponsible for these absorption bands is 
based on the match of the uositions of the 
bands to positions measured by laboratory 
spectroscopy. 

The S2 molecule was not anticipated and 
has been observed in only one other astro- 
nomical source (5). The regularity of the 
structure near 2800 A is characteristic of 
simple molecules, particularly diatomics. 
The spacing betpeen the bands is be- 
tween 18 and 42 A, an energy separation of 
297 to 427 cm-'. This small separation be- 
tween bands suggests a heavy molecule. We 
were able to match the observed locations 
unambiguously with the expected positions 
of the S, B-X band system. Figure 1 shows an 
expanded view of the 18 July and 9 August 
ratio spectra, along with a stick diagram in- 
dicating the laboratory positions of >, 
bands 0-0 (3156 A)  through 25-0 (2454 A).  
The ivrease in band strength shortward of 
2820 A corresponding to bands with upper 
state vibrational quantum number v' 2 10 
is due to the onset of predissociation. The 
shortened lifetime for these predissociated 
upper states causes relatively broad lines 
that are better absorbers than the narrow 
lines from unpredissociated states. 

In the interval from 1800 to 2200 A, we 
have identified two molecules responsible 
for the series of absorption bands: NH, (6) 
and CS, (7 ) .  The spacing between CS, 
bands is approximately half the spacing be- 
tween NH, bands (Fig. 2) .  With the excep- 
tion 06 features at 1871, 2086, 2125, and 
2165 A, most of the NH, bands are blended 
with bands of CSj. The sequence of ratio 
spectra (Fig. 2)  shbws changes in the rela- 
tive strengths of the bands, with features 
that are purely CS, weakening relative to 
features that contain NH, bands, which is 
additional evidence for the presence of both 
absorbers in the stratosuhere. 

The shape of the ratio spectra suggests 
the presence of a continuum absorber in 
addition to CS2 and NH,. Analysis of albe- 
do spectra indicate that the addition of 
H2S improves the fit of models to the data. 
H,S has a broad absorption pith the cross 
section peaking at -2000 A and broad 
wings hlling to half peak at -1850 and 
21'30 A. The identification of H,S is less 
certain than the identification of mole- 
cules with discrep spectral features. 

Below 1800 A, the albedo determined 
from the GHRS spectrum (Fig. 3) drops to 
very low values. This could be due to an 
increase of C2H2 over the preimpact abun- 
dance or to the introduction of a modest 
amount of H,O in the stratosphere or both. 

Emission lines. The 21 July FOS G270H 
spectrum of the G impact site (Fig. 4)  taken 
near the limb reveals the presence of pro- 
nounced metallic emission lines. The most 

Table 2. Derived abundances and masses of atoms and molecules observed in emission. This table lists 
the g factor integrated over all transitions within the FOS spectral range for each species. Many of the 
spectra (SI I ,  Fe I ,  Fe 1 1 ,  and CS) are complex, consisting of many lines. For consistency, we used vacuum 
wavelengths throughout this paper. 

Atoms Column Mass (g) in Mass (g) in 
and g factor Br~ghtness 

at 1 AU (R) aperture 
1 oi 5-g 

abundance molecules comet 

0.030- 

0.025 

0.020- 

Wavelength (A) 

1.0- 

0.8 

Fig. 4. The FOS G270H spectrum obtained on 21 July is shown divided by the 14 July spectrum in (A) 
and with a scale 14 July spectrum subtracted in (B). A model fit of fluorescent emission is also shown 
with the data in (B). The 21 July spectrum was taken with the FOS aperture close to Jup~ter's limb 
covering both the G impact site and the site of the impact of fragment S 45 min earlier. Because of 
strong l~mb darkening and because at the start of the exposure part of the aperture was off the limb, 
the flux level in the 21 July exposure is significantly lower than in the 14 July spectrum. As on 18 July, 
a number of S, absorption bands were observed in th~s spectrum. In addition, several strong em~ssion 
lines are seen in the spectrum. L~nes from Mg, Mgt , Si, Fe, and CS are definitely identified. Other 
emission lines are unidentified. 
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- 
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likely excitation mechanism for these fea
tures is solar fluorescence (8). We show the 
emission spectrum in the form of both a 
ratio and a difference with the preimpact 
baseline observation on 14 July. Absolute 
intensities (that is, the difference spectrum) 
of the emission features are required in or
der to estimate column abundances; how
ever, the signal-to-noise ratio deteriorates 
toward the long-wavelength end of this 
spectrum because of the difficulty in match
ing the continuum levels of the two spectra. 
Cross-comparison of the features apparent 
in both the ratio and difference spectra 
provides the most reliable indication of 
what is real. 

Identifications of neutral and singly ion
ized magnesium (Mg I, 2853 A and Mg II, 
2796 to 2805 A) are obvious because of 
their location at the minima of the stron
gest solar Fraunhofer absorption lines from 
these elements in the Jupiter reflection 
spectrum. Identifications of emissions from 
neutral and singly ionized iron (Fe I and 
Fe II), neutral silicon (Si I), and molecular 
emission from the 0-0 transitions of carbon 
monosulfide (CS) are based on comparison 
of calculated relative fluorescent intensities 
for likely candidate species with the ob
served emission spectrum (Fig. 4) (9). 

The solar excitation rate and radiative 
decay rate of each relevant transition were 
calculated for all the detected species. The 
results of these calculations are summarized 
in Table 2. Column abundance was calcu
lated from a full spectral calculation for 
each molecule and a fit of the synthetic 
spectra to the observed spectrum. For all the 
transitions except Mg I, the g factors (fluo
rescence efficiency factor) values are for
mally temperature dependent, but the tem
perature dependence does not appear to be 
strong for the cases tested. We used a tem
perature of 1000 K for all cases. Many of the 
observed transitions are mildly optically 
thick. In these cases, the derived abun
dances should be viewed as lower limits; 
however, because the optical depths are in 
no case extremely large, the estimates given 
here should-be reasonably accurate. 

Several emission features remain uni
dentified, including particularly the features 
near 2884 and 3096 A. For the 2884 A 
feature, we considered Si I at 2881 A, but 
the wavelength mismatch is larger than for 
any of the other positively identified fea
tures, a detectable Si I line at 2881 A is 
inconsistent with our fluorescence calcula
tions, and this emission line does not sit at 
the bottom of the strong solar Si I 2881 A 
Fraunhofer line. For the 3096 A feature, we 
considered OH 3090 A and Al I 3092 A. 
Again, however, the wavelength mismatch 
is larger than that for other positively iden
tified features. Weak emission lines may 
also be present in the spectra obtained on 

Table 3. Derived vertical column abundances and masses of molecules observed in absorption. Masses 
in Jupiter are computed with the use of the area of the FOS aperture, most likely an underestimate of the 
total area of perturbed atmosphere. The mass of each element derived from the observed column is also 
listed with the element identified in parentheses. The mass of each element that could be contributed by 
the impactor is based on a total mass of 1015 g, corresponding to a comet of diameter 1.24 km and bulk 
density 1 g cm - 3 . This is near the median of sizes estimated by a variety of means (27). 

Molecule Column abundance 
(cm~2) 

Mass (g) (element) 
in aperture 

Mass (g) (element) 
in 1015-g comet 

NH3 

S2 

CS2 

H2S. 
S 0 2 

SO 

CO 
SiO 

H20 

0.5-2 X 1016 

1-10 X 1018 

0.5-2 X 1015 

2-5 X 1016 

< 9 X 1015 

< 4 X 1015 

< 6 X 1014 

< 1 x 1016 

< 5 X 1018 

1-4 X 1010(N) 
0.9-9 X 1013(S) 
0.4-2 X 1010(S) 
0.9-2 X 1011(S) 

< 4 X 101o(O) 
< 4 X 1010(S) 
< 1 x 101o(O) 
< 2 X 1010(S) 
< 1 x 109 (O) 
< 5 X 1010(Si) 
< 3 X 101o(O) 
< 1 x 1013(O) 

2 x 1013(N) 
4 X 1013(S) 

5 X 1014(O) 

2 X 1014(Si) 

other dates, in particular, weak emission 
features appear near the position of the CS 
0-0 transitions on spectra from 18 July 
through 23 August. 

There is little doubt that the metals 
come from the SL9 impacts, because the 
elements observed are not present in Jupi
ter's upper atmosphere. The presence of 
metals high in the jovian atmosphere could 
be due to both material ablated from the 
impactors during the entry (bolide) phase 
and impactor debris lifted high into the 
atmosphere by the plumes and ultimately 
deposited into the stratosphere. 

The 1250 to 1840 A spectrum of the G 
impact site (Fig. 3) includes contributions 
from the diffusely reflected solar spectrum, 
the superposed Io torus, and Jupiter's day-
glow. Below 1610 A, the spectrum is dom
inated by emission. At the time of the 1250 
to 1550 A observations, the Io torus was 
tilted largely out of the field of view of the 
GHRS and its contribution is expected to 
be small. The dominant component of the 
emission appears to be the H2 dayglow spec
trum (10). Integrating the observed spec
trum for the G fragment site over the ob
served wavelength interval leads to an 
emission intensity of approximately 2.6 kilo-
rayleighs (kR) for all sources, which is in 
reasonable agreement with other measure
ments of the jovian H2 dayglow. In this 
context, we identify the broad S + feature at 
1258 A as a possible consequence of the G 
fragment impact. This feature consists of S + 

lines at 1259.3, 1253.8, and 1250.5 A in a 
3:2:1 ratio. The integrated intensity of the 
three S + lines is 93 R, comparable to the 
117 ± 18 R total intensity of S + observed 
in Io's torus on 24 July (11). However, as we 
have argued above, the Io torus appears to 
be a minor contributor to the observedspec-
trum, which suggests that the S + we ob
served is jovian in origin. 

Determination of Abundances of 
Selected Molecules and Atoms 

We discuss in some detail the derivation of 
abundance estimates for two gases, S2 and 
NH3, because of their significance. We also 
derive upper limits to O-containing mole
cules, which are conspicuous by their ab
sence. Preliminary abundance determina
tions for other molecules are given in Table 
3 (12). In the cases of CS2, SO, and S0 2 , the 
cross sections we used are valid only for low 
column abundances of these gases. Either 
additional laboratory work or line-by-line 
modelling of these molecules will be required 
to investigate the possible effects of line satu
ration that would lead us to underestimate 
the total abundances of these gases. The 
effects of aerosols have been incompletely 
constrained, so reported abundances cannot 
be reliably converted to mole fractions. 

Sulfur. To obtain a preliminary estimate 
of the abundance of S2, we calculated a line-
by-line transmission spectra using a line list
ing generated from published S2 molecular 
parameters (13). We modeled the atmo
sphere as isothermal and homogeneous, with 
a nominal value of 300 K. It is worth noting, 
however, that much higher rotational tem
peratures would reduce the derived S2 abun
dance. Five bands were used to derive abun
dance estimates, the 5-0 through 9-0 bands; 
bands at shorter wavelengths were not used 
because the predissociation line widths are 
not accurately known. On the basis of the 
match between the equivalent widths of the 
calculated and observed spectra, we estimat
ed the absorbing column at N = IO19 c m - 2 

with a factor of 3 uncertainty. A simple 
reflecting layer model then implies a vertical 
column of 3 X IO18 cm - 2 . Unlike other 
molecules detected by us, S2 cross sections 
have not been directly measured in the lab
oratory. A more thorough analysis using all 
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the bands and measured cross sections is 

Fig.5.Threedifferentgrating settings wereused to 0.40 
record GHRS spectra from 2236 to 2364 A on 13 
July, 18 to 19 July, and 22 July. The spectra from 
18 to 19 July and 22 July were ratioed to the 13 July 0.35: 

spectrum. Small normalization factors have been 
applied to the individual segments based on the 2 0,301 
intervals where spectra overlap. The 22 July spec- K 

trum was then offset by -0.08 for clarity. The slope 
of the ratio spectrum shortward of 2280 A is signif- 0.25- 
icantly greater than in the 19 July ratio. H,S is one 
potential absorber that could affect this slope. 

clearly needed, and conclusions based o n  
the abundance of S, determined here should 
be weighted accordingly. 

If S, is uniformly distributed within the 
FOS field of view, a total mass of S, mole- 
cules of 2.5 X 1013 g is implied. The  derived 
column abundance implies that individual 
lines in  the S, bands are strongly saturated 
at 300 K. Therefore, the mass estimate is a 

. , . . . , . , . . , . . , . . , . , . 

1 

- 

lower limit to the mass, because any other 
assumption about the horizontal distribu- 

Some of the apparent features in the ratio spectra 2240 2260 2280 2300 2320 2340 2360 
are the result of slight wavelength mismatches be- Wavelength (& 
tween the data from 13 July and later. However, several features appear to be real, in particular the 
absorption feature centered at 2305 A, which is also detectable in FOS scans through 23 August. The 
depth of this feature is 8%. The absence of a detectable feature with a depth of 17% or more at the 
positions of the 0-0, 1-0, and 2-0 bands of SiO leads to an upper limit of N 5 1 Oi6 cm-". 

tion of S, in  our aperture will require larger 
values for the total mass to fit the observed 
band depths. Of course, it is also likely that 
the areal extent of the S, is significantly 
greater than the  projected area of the FOS 
aperture, leading to even higher mass esti- 
mates. W e  discuss this in  more detail below. 

S, was present in the spectrum obtained 
o n  21 July (Fig. 4) but was absent when we 
next observed on  9 August. In the same 
spectrum, copious NH3 and CS, were ob- 
served, implying that the lifetime of S, in 
Jupiter's stratosphere is ts2 < 19 days. In- 
deed, a simple calculation yields a lifetime 
against ~hotodissociation for the entire col- 
u k n  ofLs, that is on  the order of hours. A 
more detailed calculation (14) finds that ~, 

the S, column decreases by a factor of 6 in  
the first hour but more slowlv thereafter 
because of efficient recycling of S, over a 
limited pressure range. Therefore, it is pos- 
sible that our observation 3 hours after the 
G impact sampled only a fraction of the 
initial column of S,. 

Ammonia. W e  carried out a series of ra- 
diative transfer-scattering calculations and 
compared them to the 18 July reflectance 
spectrum. Several vertical profiles of NH, 
were considered, including a photochemical 
profile (15) and a model with NH3 distrib- 
uted uniformly in the upper troposphere and 
the stratos~here. The best fit for NH, on  18 
July was obtained with a uniform distribu- 
tion and a vertical column abundance of 1 x 
1016 cmP2 with a factor of 2 uncertainty. For 
an effective scattering layer at 100 mbar, this 
corresponds to a mole fraction of qNH, = 1 

part per billion (ppb). This should be com- 
pared to the  100-ppb saturation value of 
NH, at  Jupiter's 110-K 100-mbar level. 
Ammonia is not normally present in  Jupi- 
ter's s t ratos~here in  detectable auantities 
(except, perhaps, in  the equatorial zone), 
and its Dresence there after the  i m ~ a c t s  is 
one of the major observable effects both in  
the  U V  and i n  the  infrared (IR). Retrieval 
of the NH, abundance from U V  spectra is 
independent of small temperature chang- 
es, a n  advantage because perturbations to  
the temperature profile almost certainly 
followed the impacts. 

CS, is required above the effective scat- 
tering layer (-100 mbar in  the unperturbed 
jovian atmosphere), with a vertical column 
abundance of 0.5 x 1015 to 2 x 1015 cm-'. 
Holding CS, constant with altitude was 
adequate for a goo$ fit. The  CS, cross sec- 
tions near 2000 A were determined with 
laboratory measurements that had a mini- 
mum column abundance of Nlab = 6.3 X 
1014 cm-'. T h e  maximum line-of-sight col- 
umn abundance, 6 x 1015 cmP2, is about a 
factor of 10 greater. It is not clear whether 
the laboratory cross sections are still on  the 
linear portion of the curve of growth at  this 
point, so CS, may be underestimated. Moi -  
el fits are improved in the 2200 to 2500 A 
range by the addition of 2 x 1016 to 5 x 
1016 cm-2 of H,S. 

Oxygen-containing mokcuks . Oxygen is 
normally a rare element in Jupiter's strato- 
s ~ h e r e ,  with CO the dominant reservoir at a mole fraction of n o  more than 100 ppb 
and probably closer to the tropospheric 
mole fraction of 1.6 ppb (16). W e  recog- 
nized that even a n  object as small as 1015 g 
would significantly increase the concentra- 
tion of 0-containing molecules over a n  
area thousands of kilometers in  diameter. It 
was also thought that deep-penetrating im- 
pactors might excavate significant quanti- 
ties of jovian oxygen, present as H 2 0  at 
Dressures greater than 5 to  10 bars. Ther- w 

mochemistry in  the shock and plume can 
create a large variety of 0-bearing species. 

Both S O  and SO2 molecules have a series 
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of strong bands in  the UV, with the most 
promi1;ent occurring between 1900 and 
2100 A,  that are not consistently aligned 
with the prominent absorption bands in our 
ratio spectrum. Several of the strongest SO, 
bands coincide with very weak features in 
the ratio spectrum, but others do not. W e  
can confidently rule out any absorption with 
T > 0.1. The  average cross szction for the 
strong bands averaged over 3 A is 1 X 10-17 
cm2 molecule-' (1 7). Therefore, our upper 
limit line-of-sight column (3u) is N I 3 x 
1016 tnolecules cm-'. These cross sections 
are valid for column abundances at least as 
large as the minimum column used in labo- 
ratory measurements, Nlab = 1.3 X 1016 
cm-'. Similarly, S O  has a few bands that are 
aligned with strong features we have attrib- 
uted to CS,, but most are aligned only with 
weak features or with n o  features at all. Any 
SO absorption must have an optical depth of 
less than 0.1. Because the cross sections for 
S O  are approximately two times stronger 
than for SO,, the corresponding upper limit 
for the S O  line-of-sight column is half that 
of SO,, N 5 1.5 x 1016 molecules cm-'. 

S iO is a byproduct of silicate ablation in 
hydrogen atmospheres (18) and therefore is 
a potential tracer of both 0 -  and Si-contain- 
ing molecules. The  strong A'II + XIZ 
bands were covered by the GHRS G270M 
observations (Fig. 5). In our spectral range, 
there are the 0-0, 1-0, and 2-0 bandso cen- 
tered at  2344.4, 2298.9, and 2255.9 A,  re- 
spectively. The  spectrum of S iO was synthe- 
sized from molecular constants with calcula- 
tions that fully resolve the line structure of 
the AIII + XIZ band. The total absorption 
is virtually independent of temperature over 
a range from T = 150 too300 K. A n  8% 
absorption feature at 2305 A is easily detect- 
ed in  our ratio spectra. O n  the basis of this, 
we adopt a conservative upper limit for SiO 
of N % 1016 cmP2. 

W e  find a n  upper limit on  the vertical 
column abundance of stratospheric CO 
over the G fragment impact site of 6 x 1014 
cm-', based on  the lack of detection of 
emissions at the wavelengths of the 1-0, 
2-0,3-0, and 4-0 4 th  pqsitive bands at  15 10, 
1478, 1447, and 1419 A, respectively; With 
the assumption that the observations probe 
to the 100 bbar level, this corresponds to an 
upper limit on  the atmospheric CO mole 
fraction of 60 ppb (19). Far-UV observa- 
tions probe CO to shallower depths than IR 
or millimeter-wave observations do and 
may provide constraints o n  tLe vertical dis- 
tribution of this gas. 

Our spectra below 1800 A can accom- 
modate a vertical column abundance of 
H,O as large as N = 5 x 1018 cm-'. 
However, this is uncertain because H20  has 
a broad continuum absorption in this part 
of the spectrum. Alternatively, the spec- 
trum can be matched with the addition N 
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= 1019 cmP2 of CzHz and no H,O. This 
amount of C2H, is 10 times greater than 
that normally found in Jupiter's strato- 
sphere (20). The maximum abundance of 
H,O corresponds to a mass of lo1, g, which 
is comparable to the mass of S2 observed. 

Discussion 

The atomic and molecular masses derived 
from HST UV spectra are clearly lower 
limits because of the limited sampling both 
vertically and horizontally. UV spectra sam- 
ple the uppermost portion of the strato- 
sphere at the long-wavelength limit of our 
observations and sample exclusively the 
siratosphere at wavelengths below -2000 
A. Large amounts of unusual material could 
easily have been deposited at pressures be- 
low the deepest levels we can probe, and 
the depth of penetration may be less than in 
the normal atmosphere because of, impact- 
generated aerosols. In addition, the mass 
estimates in Table 3 are limited to the mass 
observed in our relatively small apertures. A 
UV image obtained on 21 July (3) shows 
dark material in the G-D impact site spread 
over an area at least 4.3 arc sec east to west 
and 2.7 arc sec north to south. If we assume 
that the gas shares the same distribution as 
the UV dark material and is uniform over 
this region, then we underestimate the mass 
of each molecule by at least a factor of 30. 

The most striking result in this compi- 
lation is the large abundance of S-contain- 
ing molecules, particularly S, and CS. The 
mass of S, in our small aperture alone ap- 
proaches the total mass of S we would ex- 
pect from a 1015-g cometary impactor. We 
might expect slightly more S from an aster- 
oid impactor, but the enhancement is by no 
more than a factor of 2 (21 ). Similarlv. the ~. 1 ,  

abundance of S in emission as CS is signif- 
icantlv greater than the column abundances 
of the'metal atoms we observed, despite the 
fact that in a comet the S/Mg, S/Si, and 
S/Fe abundance ratios are 0.95, 0.44, and 
0.80, respectively (22). 

It might be possible to derive the ob- 
served quantity of S from an impactor if S 
molecules remain more localized after the 
impact than either dust or NH, gas (23) or 
if we allow for a more massive fragment. 
However, a fundamental problem with any 
scenario that derives S from the comet is the 
large relative abundance of 0 in comets: 
S/O = 0.04 (21 ). The low limits on O- . . 
containing molecules, particularly SO and 
SO,, indicate that the S/O ratio was consid- 
erably larger. This argument is not signifi- 
cantly altered if the maximum quantity of 
H,O that our observations allow is present. 

A reservoir of material where the S/O > 
1 exists in a narrow range of altitudes on 
Jupiter. The undisturbed jovian atmosphere 
is essentially devoid of H,S molecules at a 

pressure (P) of 0.5 bar (24) and above the 
NH4SH cloud tops at P = 1.2 bar (20). 
Below the NH4SH cloud, H,S is expected 
to be the dominant form of S and should be 
present at a mole fraction equal to the 
abundance of S in Jupiter, which is likely to 
be close to the cosmic abundance of sulfur 
of 3.7 x Below the 2.5-bar pressure 
level, the saturated vapor pressure mole 
fraction of H 2 0  exceeds the cosmic abun- 
dance of S, though H 2 0  is probably sub- 
saturated above the cloud tops of still poorly 
determined depth between 5 and 10 bars. 
This narrow altitude range should constrain 
impact models and impactor sizes. Zahnle 
and Mac-Low (25), for example, predicted 
that a 0.45-km object of unit density would 
penetrate to the 2-bar level. A much small- 
er object would not penetrate deep enough 
into the atmosphere to reach layers where S 
is relatively abundant. An object consider- 
ably larger would penetrate below the water 
cloud layer where S/O = 0.027. 

Heating of the NH4SH cloud can lead 
quite naturally to some of the gases we 
observe. NH, and H,S are the immediate 
products of heating. H,S can be processed 
further through reactions with energetic hy- 
drogen such as (26, 20): 

Because the expected mole fraction of H,S 
in Jupiter's atmosphere is the solar abun- 
dance, 3.7 x lop5 or more, we can estimate 
the volume of jovian gas that must have 
been heated to account for the S molecules 
observed. If we estimate the total mass of S 
at 1014 g, then a cylinder of jovian atmo- 
sphere 10 km thick at 1.6 bar (the approx- 
imate thickness of the NH4SH cloud) and 
300 km in diameter is needed to supply to 
observed material. This may be plausible 
given the dramatic effects observed with - 
the impacts, but we are left with the prob- 
lem of'why the S/N ratio in the observed 
debris apparently exceeds 100, whereas in 
any location on Jupiter the most likely val- 
ue for the S/N ratio is 5 0.16. Conceivably, 
N in the blast region is converted to mole- 
cules such as N2 and HCN, which are not 
well constrained by our observations. 

If the S we observed is indeed derived 
from a parent molecule native to Jupiter, it 
is the first observation of this element in the 
atmosphere, and bolsters thermochemical 
equilibrium models that have long predicted 
the presence of a massive cloud of NH4SH 
below a cloud of NH, ice. Sulfur chemistry 
has long been invoked as a mechanism for 
the coloration of Jupiter's clouds. Because S 
is sequestered in Jupiter's troposphere, we 

can constrain the impactor's penetration 
depth to a minimum of 1 to 2 bars. Alter- 
natively, if the S we observed is derived from 
the impactor, the mass of the impactor 
would have to be significantly more than 
1015 g, the S from the impactor would have 
to be efficientlv trans~orted to the strato- 
sphere where we could observe it in the UV, 
and somehow reactions between S and 0 in 
the plume would have to be damped. A final 
resolution of this issue mav have to await the 
arrival of the Galileo probe. 

Note added in poofi Further modeling of 
the S, absorption bands, making use of 
recently determined transition moments, 
Franck-Condon factors, and lifetimes (28) 
that permit analysis of the entire band sys- 
tem, indicate that the S, temperatures may 
be much higher than assumed here (above 
1000 K) and the densities much lower. 
Analysis is not complete, but a lower limit 
of 1016 cm-2 appears likely. 
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Response of the lo Plasma 
Torus to Comet 

Shoemaker-Levy 9 
M. A. McGrath, D. T. Hall, P. L. Matheson, H. A. Weaver, J. T. Trauger, 
T. E. Smith, N. Thomas, R. Gladstone, N. M. Schneider, W. M. Harris, 

T. A. Livengood, R. Prange, M. C. Festou 

Spectroscopic and imaging observations of the lo plasma torus were made in June and 
July 1994 in conjunction with the encounter of periodic comet Shoemaker-Levy 9 with 
Jupiter. Characteristic emissions from sulfur and oxygen ions showed a decline of about 
30 percent in the extreme ultraviolet and an increase of about 40 percent in the far 
ultraviolet relative to preimpact observations. Changes in the extreme ultraviolet may be 
indicative of small changes in the torus electron temperature as a result of quenching of 
electrons by dust associated with the comet passage. However, no new emission features 
indicative of fragment dust within the torus were detected. The characteristic torus 
morphology seen in ground-based imaging was typical of that observed in the past. 

A n  extensive program of observations was 
undertaken in July 1994 to determine what 
effect, if any, comet Shoemaker-Levy 9 
(SL9) might have on the 10 plasma torus. 
The  t o p s  is composed primarily of sulfur and 
oxygen species that are ejected as neutral 
atoms or molecules from the surface and 
atmosphere of 10, ionized by the plasma, 
captured by the jovian magnetic field, and 
swept into a toroidal region surrounding Ju- 
piter near the orbit of 10 (1).  The ejection 
mechanism is widely thought to be sputter- 
ing by energetic charged particles in the 
torus. The potential for significant change to 
the torus was believed to exist because dust 
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deposited by the comet into the jovian mag- 
netosphere might be transported to and per- 
turb the torus (2). 

Source and Effect of Dust 

The  comet had extensive dust tails and dust 
"wings" at both the leading and trailing 
edges of the train of nuclei (3), and more 
dust came from the continuing fragmenta- 
tion of the nuclei (4). The  total mass of dust 
associated with SL9 was relatively large (5). 
Most of this dust did not impact Jupiter's 
atmosphere and could thus remain in the 
jovian magnetosphere for long periods of 
time, possibly even forming another tenu- 
ous jovian ring (2). The  Ulysses spacecraft 
detected two dust streams in 1992 compat- 
ible with SL9 origin (6). W e  therefore mon- 
itored the Io plasma torus carefullv near the 
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