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Observations of the trailing hemisphere of Io made with the
Faint Object Spectrograph of the Hubble Space Telescope in March
1992 have resulted in the first detection of atmospheric SO, absorp-
tion bands in the ultraviolet. These observations represent only
the third positive means of detection of what is widely believed
to be Io’s primary atmospheric constituent. Below ~2130 A the
geometric albedo of the satellite is dominated by SO, gas absorption
band signatures, which have been analyzed using models that
include the effects of optical thickness, temperature, and spatial
distribution. The disk-integrated HST data cannot resolve the spa-
tial distribution, but it is possible to define basic properties and
set constraints on the atmosphere at the time of the observations.
Hemispheric atmospheres with average column density N =
6-10 x 10" cm~? and Ty, = 110-500 K fit the data, with prefer-
ence for temperatures of ~200-250 K. Better fits are found as the
atmosphere is spatially confined, with a limit of ~8% hemispheric
areal coverage and N =~ 3 x 10" cm~? with colder 110-250 K
temperatures. A dense (N = 10 cm™2), localized component of
SO, gas, such as that possibly associated with active volcanoes,
can generate the observed spectral contrast only when the atmo-
sphere is cold (110 K) and an extended component such as Pele
is included. The combination of a dense, localized atmosphere
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with a tenuous component (N < 10'® cm™2, either patchy or ex-
tended) also fits the data. In all cases the best fit models imply a
disk-averaged column density larger than exospheric but ~10-30
times less than the previous upper limit from near-UV
observations, © 1994 Academic Press, Inc.

1. INTRODUCTION

S0, is to date the only molecular species positively
identified in the lo atmosphere. It is of particular interest
because of the unusual (and nonuniform) nature of its
suspected major sources {volcanoes, sublimation of sur-
face SO, frost, and sputtering), and because it plays a
critical role in the origin and maintenance of the Io plasma
torus via the complex interaction between satellite and
plasma, thereby supplying heavy ions to the jovian mag-
netosphere. Despite the keen interest in what is at best
an extremely tenuous atmosphere, our knowledge about
the fundamental properties of its SO, component (espe-
cially the density, thermal structure, and areal coverage)
is remarkably poor due to the difficulty in detecting it
from Earth. Prior to the work described in this paper,
only two means of detection of the SO, atmosphere have
been successful in the past 15 years, and these observa-
tions have led to contradictory conclusions. The discov-
ery detection by the Voyager Infrared Interferometer
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Spectrometer (IR1S) experiment of SO, gas absorption
above the Loki hot spot was originally interpreted to imply
a relatively dense (N = 5 x 10® cm™2; P = | x 1077 bars)
atmosphere in vapor-pressure equilibrium with surface
SO, frost (Pearl et al. 1979). An alternative explanation
of the IR1S detection as a dense, localized SO, atmosphere
above the Loki plume (Collins 1981) has been further
supported by two subsequent studies: high-resolution,
near-UYV spectra obtained with the International Ultravio-
let Explorer (IUE) satellite, which provided an upper limit
on the hemispheric SO, atmospheric abundance of N =
2 x 10" cm™? (Ballester et al. 1990) inconsistent with the
original interpretation of the IRIS detection, and the non-
LTE radiative transfer modeling of the observed IRIS
absorption feature (Lellouch et al. 1992).

That lo’s SO, atmosphere is nonuniform, especially
with respect to the subsolar point, has always been sus-
pected because at the effective dayside temperature of
the frost, thought to range from ~90 to 130 K, the vapor
pressure of SO, varies by four orders of magnitude (e.g.,
Fanale et af. 1982, Matson and Nash 1983, Brown and
Matson 1987). In addition, the distribution of what are
throught to be the main atmospheric source regions, vol-
canoes and bright surface regions of 80O, frost, is highly
nonuniform (McEwen ef al. 1988). Despite this, the main-
tenance of a patchy 50, atmosphere has only recently
been explored using a simplified dynamical model in
which the atmospheric pressure is locally controlled (In-
gersoll 1989). The large pressure gradients resulting from
localized source regions would itransport SO; gas over
large distances (Ingersoll et al. 1985, Moreno et al. 1991)
and this effect is enhanced by high atmospheric tempera-
tures (Lellouch et af. 1992), but it seems that on Io the
50, flow may be curtailed to some extent, as evidenced
by the lack of a more uniform SO, frost distribution and
bright polar caps. The loss processes at play include con-
densation of the SO, gas onto cold surface regions as a
cold-trap mechanism for gas flowing from the hotter areas
(Fanale et al. 1982), dissociation by the solar UV radia-
tion, and removal by interaction with the lo plasma torus,
such as sputtering by torus ions (McGrath and Johnson
1987}. Loss by subsurface cold-trapping (Matson and
Nash 1983) due to the high (75-95%) porosity and lower
temperature of the regolith may no longer be important,
based on new infrared data indicating lower porosity (D.
Matson personal communication 1993).

Millimeter-wave observations have recently provided
a second means of detecting Io’s SO, atmosphere via
rotational line emission (Lellouch et ¢f. 1990, 1992). Anal-
ysis of the emissions with a single component atmospheric
model yielded best fits with a relatively dense but localized
column of hot SO, gas (T = 200-600 K, P = 3-40 X
107° bars) cavering only 5-22% of projected surface area.
Leliouch et al. (1992) also found that the original Voyager

picture of a dense atmospheric component smoothly dis-
tributed over the surface (such as could be produced by
sublimation of a uniform coverage of 30, frost) did not
fit their observations, in agreement with the IUE upper
limit. Their results therefore support the picture of a
patchy SO, atmosphere on lo, or at least a patchy compo-
nent. Of the possible localized sublimation versus volca-
nic sources, Lellouch ef al. (1992) tentatively favored
the volcanic sources, since the 1991 millimeter data were
fitted with a higher pressure on the trailing hemisphere
than on the leading hemisphere, where the SO, frost cov-
erage is more extensive (c.g., McEwen et al. 1988,
Paresce ef al. 1992, Sartoretti et al. 1994). A limitation
in their analysis is that it did not include a two-component
model, therefore, the role of the volcanic and sublimation
components may not have been properly evaluated, since
the millimeter measurements may not be sensitive to low
density and/or cold atmospheric SO,.

The absorption cross section of SO, peaks near 2000
A and is at least an order of magnitude larger there than
in the region near 3000 A previously studied with IUE,
Because of the higher sensitivity relative to IUE, the
spectrographs on board the Hubble Space Telescope
(HST} have now made the 2000- A spectral region accessi-
ble for the first time for studies of Io’s tenuous SO, atmo-
sphere. We report here the first high S/N measurements
of 10’s reflection spectrum below ~2400 A made with the
Faint Object Spectrograph (FOS) that have yielded the
third means of positive detection of atmospheric SO, on
Jo. In Section I we describe the observations and the
derivation of the geometric albedo. In Section III the
models for atmospheric transmission and albedo are de-
tailed. Comparison between data and models is discussed
in Section IV, with possible interpretation of the observa-
tions in terms of global or localized atmospheres at various
temperatures. Finally, we summarize our results and dis-
cuss their implications in Section V.

II. OBSERVATIONS AND DATA REDUCTION

Two ~14-min exposures of 1o’s trailing hemisphere
(~278° and ~292° orhital phase) were made on 22 March
1992 with the Faint Object Spectrograph of the Hubble
Space Telescope using the blue detector and grating
G190H (1573-2330 A). The detector is a photon-counting
Digicon with a linear array of 512 silicon diodes, each
diode subtending 0.35" x 1.4, and the GI90H grating
operates at a dispersion of 1.47 A/diode. We used the
standard quarter-stepping strategy, which results in four
samples per diode, implying significant oversampling for
extended targets such as fo (—12 times per resolution
element for these observations). The data have therefore
been rebinned by four, and the two spectra averaged to
improve signal to noise (§/N).
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We used the 4”3 x 174 aperture in order to minimize
throughput loss due to the spherical aberration of the
telescope. Accurate centering of the satellite within this
aperture was accomplished by mapping the 4”3 x 4”3
acquisition aperture in a series of five steps perpendicular
to the dispersion direction {y) by taking a short G270H
spectrum at each step (Io is too bright to be acquired
using the mirror). Centering in the dispersion direction
(x) is evaluated by comparing the measured wavelengths
in the acquisition spectra with the known wavelengths of
the strong Fraunhofer absorption lines in lo’s spectrum.
The measured pointing error was then corrected in real
time. OQur exposures required a correction of ~0.72", with
an accuracy of about half a step (0.43"), in the v direction
and no correction in the x direction. A short set of confir-
mation measurements similar to the original acquisition
described above confirmed pointing accuracy after the
pointing correction uplink and prier to the science obser-
vations,

Ultraviolet FOS spectra contain a background (red
leak) component consisting of near-UV and visible light
instrumentally scattered to shorter wavelengths. This
problem is particularly severe for late-type (e.g., solar)
spectra such as those of Solar System objects. Preflight
measurements of FOS instrumental scattering with the
G190H grating and blue detector (Blair et al. 1989, Sirk
and Bohlin 1985) show the scattered light to be relatively
smooth, increasing linearly toward longer wavelength.
FOS spectra of lo, Titan, Saturn, Uranus, and Neptune
confirm the general accuracy of the preflight measure-
ments, especially the shape of the scattered light with
wavelength. The severity of the grating-scattered light
scales with the flux of longer-wavelength photons. Scaling
the measurements of Blair e al. to the level of counts in
the lo data results in a shape for the scattered light that
is approximately constant with wavelength. We therefore
assume a constant shape with wavelength for the instru-
mentally scattered light in the uncalibrated Io spectrum,
estimated by comparing the FOS spectrum from 1600 to
1800 A with an average of three [UE spectra of [0’s trailing
hemisphere in which the instrumentally scattered tight is
negligible. The error involved in assuming a constant
shape should only minimally affect the absclute value and
large-scale structure of the derived geometric albedo, and
the analysis of the atmospheric properties, based primar-
ily on smaller scale structure, will be largely unaffected.
The original and corrected FOS spectra are shown in Fig.
I. The uncertainty due to photon counting statistics of
the corrected spectrum decreases from ~9% at 1975 A
to ~2% at 2130 A, and remains at ~1.5% longward of
2130 A. We limit our analysis to A > 1975 A, since appro-
priate SO, data are not available below this wavelength
and the S/N of the Io spectrum decreases toward shorter
wavelengths.
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FIG. 1. The ultraviolet reflection spectrum of Io's trailing hemi-

sphere obtained the Faint Object Spectrograph of the Hubble Space
Telescope on 22 March 1992 both before (solid line) and after (dashed
line) the scattered light correction described in Section 2 has been ap-
plied. Emission of neutral sulfur in Io's atmosphere and of sulfur ions
in the plasma torus are also observed.

Identification of the Io atmosphere and surface contri-
butions to the reflection spectrum requires that the struc-
ture of the solar spectrum be removed from the data.
We have therefore converted the reflection spectrum to
a geometric albedo, given by p(A\) = Fi,(\md* FO(A)Qy,,
where Fj, is lo’s disk-integrated flux seen from Earth, Fo
is the Sun’s disk-integrated flux at 1 AU, 4 is the Io-Sun
distance in AU, and ), is Io’s solid angle as seen from
Earth. (Io’s 4° phase angle was set to zero for conve-
nience.) Precise determination of the geometric albedo
depends critically on use of an accurate solar spectrum,
which must have the same spectral resolution as the Io
spectrum. The effective resolution is determined by the
FOS point spread function (PSF) for the 473 x 174 aperture
and the apparent size of the lo disk (1.11"). The effective
line spread function (L.SF) was obtained by convolving
the FOS PSF with a uniformly emitting disk representing
Io and has a core full width at half maximum (FWHM)
of ~5 A in the dispersion direction. Perpendicular to the
dispersion direction this LSF has a core FWHM of ~1.2",
which fits Io’s full disk inside the aperture but results in
~15-20% loss of light in the wings due to the telescope’s
spherical aberration. We have convolved the solar spec-
trum (see below), which has higher spectral resolution
than the FOS data, with the LSF derived for Io’s disk.
The resulting geometric albedo was then smoothed by 3
to improve the S/N.

We have chosen the Solar Ultraviolet Spectral Irradi-
ance Monitor (SUSIM) spectrum from a Spacelab 2 exper-
iment, which covers 1200 to 4000 A at.1.5-A resolution
(VanHoosier et al. 1988) due to its accurate photometric
calibration. However, this experiment had inaccuracies
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in the wavelength calibration due to a mechanical failure
during shuttle flight. Although the available version of the
SUSIM spectrum has been corrected in wavelength with
the most spectraily accurate solar spectrum available,
the AFGL (Air Force Geophysics Laboratory) spectrum,
obtained with a balloon-borne experiment covering 2000
to 3100 A and accurate to ~0.04 A in wavelength (Ander-
son and Hall 1989), we nonetheless found that the wave-
lengths of the strong solar features obvious in the lo spec-
trum do not match in wavelength the same features in the
SUSIM spectrum. We also found the misalignment to be
nonlinear. Similar problems have been reported by Clarke
et al. (1994) and L. Trafton (personal communication) in
comparisons of FOS and SUSIM spectra. Below ~2100
A, the solar spectrum is relatively smooth and the absorp-
tion features seen in the derived albedo are guite similar,
independent of the solar spectrum used. Above ~2100 A
there are many Fraunhofer absorption lines which make
the derived albedo very sensitive to the spectral and pho-
tometric calibration of the solar spectrum as well as con-
volution with the LSF derived for 1o’s disk. Great care
therefore had to be taken to match these features in wave-
length before dividing the lo spectrum by the SUSIM
spectrum to produce the geometric albedo. Relative wave-
length shifts ranged from none in the 2000-2100 A region
to as large as 2.5 A from ~2250-2330 A.

The error in the derived albedo in the region below
~2130 A is mainly due to statistical error in the lo spec-
trum since the SUSIM spectrum has very good photomet-
ric calibration and the solar spectrum should not vary
much with solar activity in the UV region of interest (Lean
1987). Above ~2130 A there is additional uncertainty aris-
ing from the nonlinear misalignment of the lo and SUSIM
spectra described above, Although this misalignment has
been corrected, there is still residual error involved. This
wavelength-dependent error is, unfortunately, too diffi-
cult to characterize accurately.

The level of the derived geometric albedo for Io is low
(Fig. 2), at the ~2% level. It is somewhat lower at 2300
A than the geometric albedo published by Clarke ef al.
(1994}, 0.022 compared with 0.027, which is derived from
FOS G270H (22503200 A) observations. This difference
may be due to several possible things, including that the
Clarke et al. observations were made near superior geo-
centric conjunction, so a different hemisphere of the satel-
lite was observed, or that imperfect centering of Io in the
aperture may move the G190H spectra partially off the
detector dicde array (R. Bohlin personal communication
1994). The error in the absolute level is at least the +5%
error in the SUSIM absolute photometric calibration plus
the estimated ~10% for the FOS (Kinney 1992).

The spectral contrast in the derived geometric albedo
is at the 10-20% level. At least eight SO, gas absorption
bands are positively detected below 2130 A in the derived
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FIG. 2. Geomelric albedo derived from data in Fig. 1 using the
SUSIM solar spectrum, The SO, absorption bands of the C'B,~X'A,
system are indicated (solid ticks mark the most clearly detected bands
below 2130 A).

geometric albedo, as can be seen in Fig. 2, implying the
presence of 50, in lo’s atmosphere at column densities
lower than previous detections.

IlI. MODELING

I. Geometric Albedo Model and the
Surface Reflectance

The solar light reflected from lo is a function of the
atmospheric transmission and surface reflectance. For the
case of pure atmospheric absorption, the geometric al-
bedo has been modeled as

l +7id ew
GAN =~ j ) L [Rs0,(M) Xs0,(8, )
+ R.(NX,(0, d) X S2(\, 8, ¢) sin® § cos ¢ d8 d,

where S(X, 8, ¢) is the atmospheric transmission function
described below. For the day hemisphere & ranges from
0° to 180° and ¢ from —90° to +90°, and we have used a
coarse integration grid with A¢ = A8 = 10°.

The term in brackets represents the reflectance of the
surface, for which we have assumed zero limb darkening.
This is an extrapolation of the Voyager result of zero limb
darkening at 3500 A (Simonelli and Veverka 1986), and
confirmation is now available from the new HST, Faint
Object Camea images of lo taken with filters centered
around 2300, 2600 and 2800 A that also show no limb
darkening within 20% (Sartoretti ef al. 1994). Nonzero
limb darkening could in principle affect the results derived
for the hemispheric atmospheres, but not for atmospheres
spatially confined near the subsolar point. Given the un-



TABLE 1
Results for Fitted Model Atmospheres

Column x102e FLLTe ¥2219% Range of fitted
Atmospheric Toas Toolcs density Weighted x 107 x 107 reflectance
distribution K) (K) (em™2) 1980-2130 A 2130-2300 A 1980-2300 A R,

Atmospheres vs Column density, spatial distribution, and temperature

Hemispheric 116 nfa 6.2 % 10 0.46 2.19 422 0.014-0.028
Hemispheric 150 n/a 5.9 x 10° 0.37 2.14 3.34 0.014-0.028
Hemispheric 200 n/a 6.1 x 10¥ 0.34 2.07 2.95 0.015-0.028
Hemispheric 250 n/a 6.6 x 107 0.34 2.07 2.84 0.016-0.029
Hemispheric 300 n/a 7.3 x 10V 0.36 2.12 2.87 0.016-0.030
Hemispheric 500 n/a 1.0 x 10' 0.52 2.41 31.33 0.017-0.032
Area ~ 50% = 30° lat, 110 n/a 1.5 x 10 0.40 2.34 4.01 0.014-0.028
Area ~ 35% as frost 110 nfa 1.7 % 19 0.43 2.22 3.99 0.014-0.027
Area ~ 17% subsolar 110 n/a 7.4 x 10 0.29 2,73 3,28 0.015-0.027
Area ~ 11% subsolar 110 n/a 2.1 x 107 0.22 2.92 2.78 0.015-.0.027
Area ~ 8% subsolar 10 n/a 3.1 % 107 0.31 2,32 2,63 0.014-0.026
Area ~ 5% subsolar 110 n/a 3.3 » 107 0.54 1.90 2,97 0.014-0.024
Area ~ 30% + 30° lat. 250 n/a 1.5 < 10'8 0.32 215 2.79 0.016-0.029
Area ~ 33% as frost 250 n/a 1.8 x 10" 0.33 2.09 2.75 0.016-0.028
Avea ~ 14% subsolar 250 nfa 1.1 % 197 0.28 2.58 2.74 0.017-0.030
Area ~ 11% subsolar 250 n/a 1.3 x 107 0.335 2.28 2.75 0.016-0.029
Area ~ 8% subsolar 250 n/a 1.4 x 107 0.53 1.94 3.01 0.015-0.026
Area ~ 50% = 30° lat. 500 nfa 2.7 x 10 0.47 2.47 3.31 0.018-0.033
Area ~ 35% as frost 500 nfa 3.0 x 10" 0.50 2.44 3.30 0.017-0.032
Area ~ 17% subsolar 500 n/a 1.4 x 107 0.43 2.44 3.10 0.018-0.034
Area ~ 14% subsolar 500 nfa 1.3 x 10V 0.54 2.15 3.16 0.018-0.031
Volcanic atmospheres
Volcanic excl. Pele nfa 110 X 198 .40 3.43 2.84 0.015-0.027
Volcanic excl, Pele nfa 250 x 10% 0.68 4,96 3,34 0.016-0.028
Volcanic excl. Pele n/a 500 x 10? 0.91 6.13 3.87 0.016-0.028
Volcanic incl, Pele n/a 110 x (.3% 0.29 2.58 2,69 0.015-0.,027
Volcanic incl, Pele n/a 250 x 0.1% 0.56 1.99 3.08 0.015-0,027
Volcanic iucl. Pele nfa 500 x 0.1% 0.83 1.90 3.66 0.015-0.027
Two-component atmospheres
Volc. excl. Pele + Hemis 110 110 3.8 x 10% 0.34 2.32 3.40 0.014-0.028
Volc. excl. Pele + Hemis 250 110 4.1 x 101 0.29 2.30 2.73 (.015-0.028
Volc. excl. Pele + Hemis 500 10 6.0 x 10V 0.35 2.43 2.84 0.016-0.030
Vole. excl. Pele + Hemis 110 2350 5.0 x 10 0.38 2.30 3.64 0.016—0.030
Volc. excl. Pele + Hemis 250 250 5.3 x 10° 0.31 2.28 2.80 0.017-0.031
Volc. excl. Pele + Hemis 500 250 8.0 x (0¥ 0.42 2.50 3.12 0.018-0.033
VYolc. excl. Pele + Hemis 110 500 5.8 % 10° 0.42 2.30 3.91 0.016-0.030
Volc. excl. Pele + Hemis 250 500 6.2 x 108 0.34 2.24 2.91 0.017-0.032
Vole. excl. Pele + Hemis 500 500 9.0 x 10% 0.50 2.51 3.31 0.018-0.034
Volc. + Pele x 0.3 + Hemis 110 110 1.3 x 104 0.25 2.88 2.94 0.015-0.029
Volc. + Pele x 0.3 + Hemis 500 110 2.0 x 10% 0.25 2.92 2.84 0.016-0.029
Volc. + Pele x 0.1 + Hemis 110 250 3.4 x 108 0.31 2.54 3.25 0.016-0.031
Volc. + Pele x 0.1 + Hemis 250 250 3.5 x 199 0.29 2.54 2.80 0.017-0.032
Volc. + Pele X 0.1 + Hemis 500 250 5.1 % 108 0.34 2.66 3.00 0.018-0.033
Vole. + Pele X 0.1 + Hemis 110 500 4.7 x 10 0.39 2.40 3.59 0.017-0.032
Volc. + Pele x 0,1 + Hemis 250 500 4.8 x 108 0.34 2.34 2.88 0.018-0.033
Volc. + Pele x 0.1 + Hemis 500 500 6.9 x 10 0.47 2.57 3.28 0.018-0.034
Comparison with results from millimeter data by Lellouch et af. (1990)
1990 Trail. Hem., Area ~ 11% 200 n/a 7.2 x 107 0.72 3.42 4.54 0.018-0.031
1991 Trail. Hem., Area ~ 3% 350 n/a 7.2 x 107 114 1.85 4.53 0.015-0.025
Whole data Set, Area ~ 2% 600 n/a 8.2 x 107 1.21 1.86 4.62 0.013-0.023

2 %2/102 is the average sum of weighted squared differences in the region 1980-2130 A for the best fit model densities; ¥2/117 and ¥2/219 are
the corresponding average sum of squared differences over the regions 2130-2300 A and 1980-2300 A, respectively.
¢ Model volcanic atmospheres with original model densities or scaled by indicated factors.
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certainties in this analysis, limb darkening corrections are
estimated to be of minor significance.

The derived geometric albedo shows the general shape
of the SO, frost reflectance, Rgn, (), as measured by
Hapke et al. (1981) but scaled down by a factor of 0.1 to
match the values measured at 2900 A in the more detailed
laboratory experiments of Nash ef al. (1980). In this sim-
ple formulation we have assumed macroscopic mixing,
although the SO, frost on Io may be intimately mixed
(Howell et al. 1984, McEwen et al. 1988). For the spatial
distribution of SO, frost, Xs0,(8, b), we have used the
distribution of white frost obtained from Voyager data by
McEwen et al. (1988) with a total areal coverage of ~35%
over the trailing hemisphere and assumed that the white
material is 100% SO, frost although this is still undeter-
mined (Nash er al. 1986).

The identity of the other surface components on lo is
unknown. Two other spectral end members, one of which
may be sulfur, have been suggested by McEwen er al.
(1988), but there is very little reflectance data for possible
candidates below 2400 A. We have therefore combined
the reflectances of the other possible components into a
single effective reflectance parameter, R, ()), with a spa-
tial distribution given by X.(8, ¢) = 1.0 — Xs0,(8, ).
R (A} is treated as a free parameter in the least-squares
model fits to the observed albedo, and its range is included
in the results in Table I. The fits were made in 25-A bins,
and the results were found to be insensitive to the position
of the bins. For most models, the fitted reflectances R (\)
are in the ~1.4-3.5% range, similar in magnitude to the
reflectance used for the SO, frost and to the level of [os
disk-averaged albedo. We note that fitting R (A) indepen-
dently for each model atmosphere makes every model
agree well with the large-scale structure of the altbedo.
Since the abundance of SO, frost on 10°s trailing hemi-
sphere is low (=35%, particularly at the subsolar point),
the fitting of R, (A) effectively compensates for inaccura-
cies in the value assigned to Ry (). The results derived
for the SO, atmosphere are therefore mainly dependent
on the modeled atmospheric transmission and the average
levet of Io’s albedo rather than on the details of the model
surface reflectance or the large-scale structure of the
albedo.

2. Model of Atmospheric SO, Band Absorption

For the model transmission of the atmosphere we have
only included SO,. Of the other possible atmospheric
componernts only the dissociation product SO has absorp-
tion bands in the UV region of interest, but these bands do
not correspond to the absorption signature in lo’s albedo.

The SO, atmospheric transmission S and absorption A
over a narrow frequency band Av can be written as

_ 1 ¥
‘AVL,,EXP( o) dv~ 0 5 exp(=o ) Awi, (1)

where X is the SO, column density, and

A=1-8§. (2)

For an absorption cross section ¢, that only varies
slightly within the frequency band Av, the band absorption
can be caiculated by Beer’s law, i.c., by setting M = 1
and o, = 7 in (1), where o is the mean cross section.
When ¢, varies significantly within Av, the use of Beer’s
law over the whole band (M = 1) can lead to significant
underestimates of absorber abundance when line satura-
tion occurs, as pointed out by Belton (1982). For the
spectral region of our HST observations this situation is
applicable to SO, band absorption because according to
the laboratory data of Freeman et al. (1984) the magnitude
of o, varies more than a factor of 10 in the model spectral
intervals. The most accurate method of calculating the
band transmission is an exact integration of (1) in which
M is set large enough to evaluate the frequency integration
exactly. However, such an approach will be very time
consuming if the spectrum is composed of many lines
having different line intensities so that o, varies rapidly
with ». A more efficient way to incorporate the curve of
growth for a band composed of many lines is to use ran-
dom band models for band transmission in which forms
of line profile and line intensity distribution are specified
{Goody and Yung 1989). For SO, at low pressure and
temperature the atmospheric transmission should be mod-
eled with either Doppler or Voigt line profiles because
the Voigt parameter, defined as 2¢ /oy, is at most §.01,
where o) and ay, are, respectively, the natural and Dopp-
ler half-widths. Generally, there are no available closed
expressions for band transmission with Doppler line pro-
files that cover both short and long absorption paths
(Goody and Yung 1989). For a Voigt line profile Zhu
(1988) derived several closed expressions for the band
transmission. However, to apply the random band model,
spectral parameters such as line intensity and line half-
width for each fine are required in order to effectively
determine the corresponding spectral parameters that de-
scribe the statistical properties of the line intensity distri-
bution (Zhu 1991).

The Freeman er al. (1984) laboratory data were acquired
photographically at a resolution (8A),./A = 3 x 107°
and photoelectrically at a resolution (8A),,,,/A =1 X 1075,
which may be compared to the ratio (8A)pgppe/A = 3 x
1075, Thus, individual rotational lines were not resolved
in this experiment, but the spectral parameters can still
be determined by noting the following. Freeman ef al.
state that **At energies below ~51,000 cm™ (1960 A), the
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FIG. 3. High-resolution absorption cross section of SO, over Ax =
(2100.8, 2103.0) A at T = 213 K (from Freeman et al. 1984).

measured cross sections are probably close to absolute
because the spectral features being measured are often
not individual rotational hnes of Doppler width (FWHM)
~0.06 ¢m™', but clusters of overlapping lines; etc....”
Although the lines are Doppler, when they are overlapping
the important property is the envelope of line clusters
rather than individual properties of the line. The distinc-
tion among Doppler, Voigt, and Lorentz lines vanishes
with significant line overlap; only the cluster envelope
needs to be accurately modeled. This provides us with
an opportunity to model a set of Voigt lines by a set of
Lorentz lines whose expression for the band transmission
is extremely simple when a Malkmus distribution is
adopted for the line intensity distribution. Two spectral
parameters in the Malkmus model can be determined by
minimizing the difference of the absorption between the
analytical model and the exact evaluation of (1) based on
the experimental data from Freeman et af. (1984). A more
efficient technique that also has a clear physical basis
for the determination of the spectral parameters in the
Malkmus model is through the recently developed 4-distri-
bution methods (Goody and Yung 1989, Lacis and Oinas
1991, Zhn 1994).

From the expression for the band transmission (Eq. (1))
we see that it is not important where in Ay a particular
value of o; is located. The absorption.by o, only depends
on the fraction of frequency range that Av, occupies. Thus
the absorption cross section in frequency space can be
sorted according to the absorption strength and labeled
with a normalized frequency variable g (Figs. 3 and 4).

The band transmission can be computed in the g variable
by

1 I
5= jo exp(-k ) dg ~ 3 exp(-kN) Ag. ()
£

Because the sorted k-distribution &, is much smoother
than a,, L can be much smaller than M to yield a relatively
accurate band absorption. In the example shown by Figs.
3 and 4 for which M = 578 we obtain the band absorption
(Fig. 5) with a fractional error of less than 2% with L =
10 (Fig. 6),

For any given random band model there exists a corre-
sponding k-distribution that yiclds the same band trans-
mission. Here we adopt the following widely used Malk-
mus model for SO, band transmission (Goody and Yung
1989) whose k-distribution is also known

T 47 |\
S:exp(——z— y[(l+;};J\“) —ID, 4)

where o is the mean cross section

1

T=—

| M
Av Aucry dv—-A—v; o; Ay,

5

The corresponding & distribution for (4) is given by
(Lacis and Qinas 1991, Zhu 1992)

gk) = % {e™ erfc[(Vmy/2)(V 1k + V)]

(6}
+ erfe[(Vay2(V ik — Vi,

where erfc(x) is the complementary error function and «

is the dimensionless k-coefficient k¥ = k/&. The parameter

vy 1 {4) and (6) has been determined by two different

methods. When all the lines are pure Lorentzian then

¥ = @ /8 is proportional to the ratio of the mean Lo-

k distributien of
Cross Section

2.0 0.2 0.4 0.6 0.5 1.0
g (sm™}

FIG. 4, The k-distribution of Fig. 3 (solid line) and the corresponding
k-distribution of the Malkmus model (dotted line) derived from a least-
squares fit.
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FIG, 5. The absorptance calculated by the absorption cross section
shown in Fig. 3 and using Eq. (1) with M = 578,

rentzian half-width «, to the mean line spacing 8 (Goody
and Yung 1989, Zhu 1991). When the Doppler effect be-
comes important or the individual lines are not resolved
in a given spectrum, y can be better determined by least-
squares fitting the band transmission (4) to the exactly
integrated transmission (1)} (Lacis and Oinas 1991). This
second procedure requires performing, many times, re-
peated high-resolution integrations of (1) for a set of values
of absorber amount ranging from weak absorption to
strong absorption. However, if the parameter y is deter-
mined by a third method, i.e., a least-squares fit between
the exact &-distribution and the Malkmus model (Eq. (6},
we have to perform only the high-resolution integration
once to compute the exact k-distribution (Fig. 4). With
the one-to-one correspondence relation between the k-
distribution and band transmission we expect expression
(4) with two band parameters & and y determined by the
third method to yield a good approximation for the band
absorption. In our example (Fig. 4) two curves of different
k distributions are well fitted with& = 8.3912 x 0¥ cm™?
and y = 1.8478. The fractional errors in absorption given
by (4) are less than 2% and comparable to the result
obtained with . = 10 in Eq. (3) (Fig. 6).

The Malkmus model (4) is applied to narrow-band spec-
tral intervals, AX, to calculate individual band transmis-

sion in each interval
() NP
4 —
Ty N) !

S(A) =exp (— E%(A—) [(l
for cach Ax

()

SA)— exp{—c(MN) N—
S0 — exp(—[ryWT AN N — =,

(8a)
(8b)

where (8a) and (8b) are the asymptotic limits for small
column densities (optically thin limit) and large column
densities (optically thick limit), respectively. The parame-
ters y(A) and &(\) were derived with SO, laboratory data
of high spectral resolution (0.004 A) obtained at 213 K
(Freeman ef af. 1984), The parameter y(x) was fitted as
a function of wavelength from the laboratory data and
for the A) sampling range of the FOS data (1.47 A), and
was found to be greater than ! in many cases. This fact
implies that there is a considerable overlap among the
closely packed rotational lines so that pseudocontinuum
spectra are formed in those bands. From (4) we note that
such a pseudocontinuum spectrum with y > 1 prevents
curve-of-growth effects from becoming important until
much larger optical thicknesses (@ N/y > 1) are attained.

The temperature dependence of SO, band absorption
was also modeled since analysis of the millimeter-wave
observations has yielded a relatively hot (200-600 K) 50O,
atmospheric component (Lellouch et al. 1992), and Io’s
surface temperature is cold (<<[30 K). In addition to the
Freeman et al. (1984) data, we used SO, gas absorption
cross sections above 1975 A obtained at 300 K with 1-A
spectral resolution by Martinez and Joens (1992) to derive
a temperature dependence assuming the usual function
forma(A) = [op(A)/T) expl—B(\)/T], with B derived from
comparison of the 213 and 300 K data. Figure 7 shows
the SO, absorption cross section behavior of our random
band model for gas temperature 110, 250, and 500 K,
showing how the contrast is more pronounced at lower
temperatures and how the absorption peaks and the skew-
ness of the bands shift to the right (i.e., longer wave-
lengths) at higher temperatures.

Fractional Errors
in Absorptance

o -
i
|

100% + (Agpsrox — A exer) / Apaaer
]

-215 ) —— il
10 1016 1017
Calumr number densily (cm™}

FIG. 6. Fractional errors in absorptance. The solid line is the error
by using Eq. (3) with L = 10 and 4g; = 0.1. The dotted line is the error
by using the Malkmus model (Eq. (4)) with o = 839 x 10°% ¢m? and
y = 1.85,
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IV. COMPARISON BETWEEN DATA AND MODELS

I. Fitting Method

The geometric albedo derived for lo with the HST data
can be separated at 2130 A into two regions. Below 2130
A the error in the albedo is dominated by the statistical
error in 10’s spectrum, and in this region the SO, absorp-
tion bands are strong. Above 2130 A, where the SO, bands
are weaker, there is additional, undetermined error due
to nonlinear misalignments in the prominent Fraunhofer
lines of the solar and To spectra that complicates the model
fitting in this region (Section II). As described below, we
had to develop two different fitting methods to analyze
the data. The results were relatively similar, and only
those from the second method are presented in the paper.

The first method consisted of a nonweighted, least-
squares model fit to the data covering the whole spectral
region 1980-2300 A. Figure 8 shows the result obtained
with this method for a hemispheric atmosphere at 250 K
with best fit column density of 4.7 x 10" cm™ (the results
are discussed below). This figure also includes model albe-
dos for the same atmosphere with the column density
scaled by a factor of 2, showing that the spectral contrast
of the SO, absorption bands is sensitive to 8O, column
density to better than a factor of 2. The problem encoun-
tered with this general, nonweighted method is that the
fits are “‘pulled’” by the region above 2130 A and the
contrast of the SO, bands below 2130 A is not as large as

that apparent in the data. This point will be more evident
in the discussion of Fig. 10.

The second method results in better contrast in the SO,
bands below 2130 A and consists of a least-squares fit
weighted by the statistical error in the region 1980-2130
A. The quality of the fit is estimated by the weighted sum

0.027

Geometric Albede

0.019

007

2250

2000 2050 2100 2150 2200 2300

wavelength (A)

FIG. 8. Results with the nonweighted, least-squares fitting method
over the whole spectral region 1980-2300 A for 2 hemispheric 80,
atmosphere at 250 K with the observational data of Fig. 2. Short-dashed
line, data. Thick solid line, best fit with column density of 4.7 x 109
cm™. Thin solid lines, model albedos for the same atmosphere with the
column density scaled up (down) by a factor of 2 showing larger (smaller)
spectral contrast.



13°S SO, ATMOSPHERE

0.027 a) Extanded Atm,, 110 K

0.025 LA A £.2%10em™?
0.023

0.021%

Geometric Albedo

0.019

0.017
0.027

b) Extended Atm., 250 K
6.6x10'"cm™?

0.025 i}

0.621
0.0139

Geometric Albeda

0.017

0.027 c) Extended Ajm,, 500 K

0.025 A 71 $:0x10%cm™
0.023 8
0.021

0.01¢9

Geometric Albedo

0.017

2100 2150 2200
Wavelength (4)

2250

2000 2050 2300

FIG. 9. Comparison between best fit models of hemispheric atmo-
spheres at different temperatures with the observational data of Fig. 2.
Solid lines, model albedos. Short-dashed line, data. (a) 110 K. (b)
250 K. (c) 500 K.
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of square differences between fit and data divided by the
number of data points, x*/102. The result for the example
case of the hemispheric atmosphere at 250 K is presented
in Fig. 9b, showing that the right level of contrast is fitted
for the SO, bands below 2130 A. The fitted column density
is 6.6 x 10 ¢m~2, 1.4 times higher than found with the
first fitting method, confirming that the error in these fits
is better than a factor of two. The region above 2130 A
is also taken into consideration by: (i) checking how the
best fit for the region below 2130 A compares with the
data above 2130 A using the average sum of squared
differences, $2/117; (ii) by evaluating the corresponding
average sum of squared differences for the full spectral
region 1980-2300 A, ¥2/219, to represent the overall fit
to the data, and; (iii} by visual inspection. Rigorously,
however, we cannot define a limit for an acceptable con-
trast above 2130 A because we do not know what the
errors are in this region. As can be seen in Figs. 8, 9, and
others presented below, this region is not fitted acceptably
by any of the models; some SO, bands are out of phase
with the albedo. A more accurate solar spectrum would be
invaluable in understanding this portion of lo’s reflection
spectrum.

The weighted-fitting method was selected for the
analysis of the HST data presented: the results and
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FIG. 10. Results on the role of SO; column density, spatial distribution and temperature. Triangles T = 110 K. Solid circles 7 = 250 K.
Crosses T = 500 K. {a) Average weighted sum of squared differences for the region 1980-2i30 A (x*/102) for the best density fits versus the
percent areal coverage for gas at the three temperatures. The derived column densities are plotted on the top panel. (b) Corresponding average
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over the full spectral region 1980-2300 A.
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atmospheres at different temperatures. (a) 110 K, ~11% coverage. (b)
250 K, ~14% coverage. (¢) 500 K, ~17% coverage.

relevant properties of the models are listed in Table 1.
Results obtained with the nonweighted fitting method
were similar, except that the fitted column densities were
lower by less than a factor of 2. Figures 9, 11, 12, and
13, showing results from the weighted fits, have vertical
lines drawn at 2130 A to visually separate the diagnostic
regions.

2. Results

a. Column density, spatial distribution, and tempera-
fure. Three parameters in the models of Io’s SO, atmo-
sphere determine the overall intensity, contrast, and
shape of the absorption bands, and consequently how
well a model atmosphere albedo fits the HST data: they
are the column density, temperature, and spatial distribu-
tion of the atmospheric SO,. Since the reflected sunlight
samples the whole atmospheric column down to the sur-
facelayers and cur models are not muititayered, the model
temperatures represent vertically averaged or effective
temperatures. We tested the role of these three parame-
ters in producing the observed albedo in the following
manner. For each model atmosphere at a given tempera-
ture and spatial distribution, the SO, atmospheric column
density was treated as a free parameter, finding the value
(over several decades in density) yielding the best fit to
the data. The results for different combinations of temper-
ature and spatial distribution were then compared to find
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which combinations fit the data best. The effect of the
temperature was modeled with atmospheres at average
temperatures of 110, 250, and 500 K, ranging from the
cold surface temperatures on Lo to the hot values derived
from the millimeter SO, observations. The spatial distri-
butions were varied as follows: (i) the most general case
of hemispherical (1009%) coverage; (ii) a =30° latitudinal
band covering about 50% of the hemisphere and overlap-
ping the main volcanic and frost areas; (iii) an atmosphere
weighted by the possible SO, frost distribution visible as
white patches in the Voyager images (McEwen et al. 1988)
with an approximate 35% areal coverage in the trailing
hemisphere; and (iv) more localized atmospheres at the
subsolar point with hemispheric arcal coverages decreas-
ing down to ~5% (these can be alternatively placed at
different locations compensating for the projected areas
and air masses). Note that we are referring to hemispheric
arcal coverages and that the projected areas are larger.
We begin with the results for the most general case
of a hemispheric atmosphere. For this case the average
atmospheric temperature was varied from 110 to 500 K
in more detailed ~30 K steps. Better fits are obtained for
200 and 250 K, with comparable fits for the range 150-300
K (Table I). The temperature of 250 K was chosen as as
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FIG. 12. Comparison of volcanic cases. (a) T, = 500 K; Pele is
included and model volcanic densities have been scaled by 0.1. (b)
Toee = 110 K; Pele is included and model volcanic densities have been
scaled by 0.3, (¢) Two-component atmosphere combining the volcanic

atmosphere in (b) with a hemispheric atmosphere at 250 K and N =
1.4 x 0¥ em2,
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the mid-value for the other spatial fits to the data. Figure
9 shows the results for the hemispheric atmosphere at
T = 110, 250, and 500 K, where one can see the subtle
changes in the skewness, peak position, and contrast of
the bands with temperature (the 110 K model has too high
contrast around 2000 A and the bands are not skewed
enough, while the 500 K model bands have too much
skewness). (To verify that the smoothing of the data is
not influencing this result, the fits were also made using
unsmoothed data, and we found the same temperature
dependence with slightly higher column densities). The
fitted hemispheric SO, column densities are in the range
6-10 x 10" cm™? for temperatures of 110-500 K. These
column densities are still in the collisionally thick (N >
3 % 10" cm™?) regime but are significantly lower than the
previous IUE upper limit of 2 X 107 em™ (Ballester et
al. 1990).

As the spatial coverage of the atmosphere is reduced
the fits improve for smaller areal coverages, and thus
higher densities, with better fits at the colder gas tempera-
ture of 110 K. This result is presented in Fig. 10a, showing
the weighted x%/102 for the region 1980-2130 A versus
spatial coverage for the three atmospheric temperatures
chosen (we also show the fitted SO, column densities).
For a given atmospheric temperature, there is a turning
point in the coverage at ~11, ~14, and ~17%, respec-
tively, for 110, 250, and 500 K, above which the fits start
to degrade because the contrast becomes too low due to
the diminishing contribution of a shrinking area to the
disk-integrated albedo. The fitted model albedos for these
smallest coverages attainable at the three different tem-
peratures are shown in Fig. 11. Note that with T = 110
K the localized 11% case gives a better fit below 2130 A
compared to the hemispheric case because the spectral
contrast around 2000 A is now at the correct levet, and
the shape of the resulting bands is improved, for example
in the region around 2100 A. Figure 10b shows the behav-
ior of the sum of squared differences for the region above
2130 A corresponding to the best fit found below 2130 A:
the increased densities for areal coverages smaller than
~35% give higher contrast in this region, and when the
area becomes less than ~14% the contribution to the
albedo is small and the contrast again decreases. Because
the errors are undetermined in this region, it is hard to
set a rigorous upper limit to acceptable contrast. The sum
of squared differences for the whole spectral region is
presented in Fig. 10c, showing the same general trend
that was found for the region below 2130 A.

b. Valcanic atmospheres. Localized, dense atmo-
spheric regions associated with active volcanoes may be
present on lo, as evidenced by the Voyager IRIS detec-
tion, Unlike the small areal coverage atmospheres studied
above, a volcanic atmosphere would have different densi-

ties associated with each of the volcanoes. The uncertain-
ties in the model volcanic atmosphere include the follow-
ing characteristics for each volcano: (i) the activity at the
time of the observation, in particular that of Pele, (ii) the
relative SO, output, (iii) the effective gas temperature,
(iv) the strength, and (v) the extent of the SO, column
surrounding the volcano. We used a simple model for a
volcanic atmosphere, described in Ballester et al. (1990),
in which the mode! of the Loki plume by Ingersol] (1989),
with a pressure of 2.2 x 10°% bars over an area 300 km
in radius, is scaled to other possible plume areas found
by Strom et al. (1981) from Voyager images. In addition
to the long-lived Loki volcano and other smaller volca-
noes, we have also included Pele, which is Io’s largest
volcano but is sporadic, short-lived, and may not be
mainly SO,-driven {McEwen and Soderblom 1983). The
resulting areal coverages and column densities are 73%
for N = 10", 4% for 10M-10", 9% for 10'°-10'¢, 5% for
10'°-10"7, 4% for 10-10%, and 5% for 10'3-3.3 x 10"
cm™2. There are many assumptions in this model, but the
purpose is t¢ make a reasonable representation of lo's
volcanic SO, atmospheric component and test the effect
on the data. We used volcanic gas temperatures of 110,
150, 250, and 500 K, and we also scaled the volcanic
column densities, and thus the volcanic strength, over §
decades in density,

When Pele is exciuded from the model, the volcanic
atmosphere is too confined to give enough spectral con-
trast below 2130 A for either cold or hot temperatures,
even when adjusting the volcanic densities.

When Pele is included, the results are sensitive to the
temperature of the gas. At 150-500 K temperatures the
spectral contrast is still too small to fit the data even with
scaled volcanic densities. Figure 12a shows the fit at 500
K. Only at the coldest 110 K temperature does the contrast
increase sufficiently to yield almost a good fit and then
only when the volcanic densities are scaled by a factor
of ~0.3 (at larger densities saturation effects decrease the
spectral contrast), This fit is shown in Fig. 12b. Above
2130 A the contrast is somewhat large, as in the small-
area cases discussed above, but we do not have a method
of constraining the contrast in this region. Because Pele is
the dominant volcano, the scaling of the volcanic densities
reflects mainly the scaling of its output. We have already
found that the other volcanoes could have higher densities
and still agree with the HST data. The results at the cold
temperatures are quite sensitive to the spatial extent as-
sumed for the volcanic atmosphere, and within the uncer-
tainties of the model, it is possible that a somewhat larger
Pele model could give a good fit to the data.

¢. Two-component atmospheres. l1o’s atmosphere has
different sources of SO, which may result in atmospheric
components of different average properties. We have
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FIG. 13. Comparison with results from millimeter data by Leltouch

er al. (1990} (see text). (a) 1990 Trailing hemisphere. (b) 1991 Trailing
hemisphere. {c} Best fit for all their millimeter data combined.

therefore tested a simple two-component model combin-
ing the dense, patchy volcanic-like atmospheres with
hemispheric atmospheres representing a tenuous, more
extended component. Most model volcanic atmospheres
were shown to give insufficient spectral contrast in the
SO, bands below 2130 A and thus require an additional
atmospheric component to fit the HST data. The two-
component model was constructed according to (i) use of
the volcanic component wherever its density exceeded
the hemispheric value; (ii) treatment of the hemispheric
column density as a free parameter; and (iii) use of hemi-
spheric temperatures fixed at 110, 250, and 500 K. In the
cases that include Pele, the volcanic densities have been
scaled down by the factors found above the one-compo-
nent volcanic atmospheres to fit the data best (0.3, 0.1,
and 0.1, respectively, for volcanic temperatures of 110,
250, and 500 K).

In all cases, the fits are improved over the separate
one-component volcanic and hemispheric atmospheres,
and even more so when the volcanic temperature is 110
K. The cases combining the cold 110 K volcanic atmo-
sphere that includes Pele give very good fits to the data as
shown in Fig. 12c. Because the one-component volcanic
models produce relatively little contrast, the results ob-
tained in the two-component models follow those of the
hemispheric atmospheres in that the warm 250 K hemi-
spheric temperature give better fits (the dependence is
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marginal with the cold 110 K volcanic atmosphere that
includes Pele). The fitted hemispheric densities are in the
10-10" cm™? regime, reduced from the one-component
hemispheric densities by factors of ~0.2-0.9,

Finally, some of the two-component models were also
tested by combining the volcanic atmospheres with the
hemispheric atmosphere weighted by the distribution of
S0, frost, a patchy SO, atmospheric component that
could for example be generated locally by sublimation
of 80, frost. The results were very similar to those ob-
tained with the hemispheric atmosphere except with
larger fitted column densities (by factors of ~2-3}. In
general, we also infer that combining a volcanic compo-
nent with an atmosphere of reduced areal coverage, as
discussed in Section 2a, would yield cases which fit the
data well,

d. Comparison with millimeter SO, observations.
The single-component analysis of the millimeter-wave ob-
servations made by Lellouch ef al. (1992) gives very spe-
cific, although nonunique, results which we have also
compared with the HST data. Their best fit cases (cited
in their Fig. 6) include: the best fit for the whole set of
observations of a volcano-like atmosphere, with N = 8.2
x 107 cm™2, ~2% areal coverage and 600 K temperature;
the fit for the trailing hemisphere for 1991 data with N =
7.2 x 10" ¢m™%, ~5% areal coverage, and T = 350 K;
and the fit for 1990 trailing data with the same density as
in 1991 but with a more extended ~11% coverage and
T = 200 K. (These areal coverages at the subsolar point
correspond, respectively, to the ~3, 9, and 22% projected
areas quoted by Lellouch et al.). We found that none of
these model atmospheres fits our HST data, as shown
in Fig. 13. The best fit and 1991 atmospheres covering,
respectively, ~2 and 5% of the surface (Figs. 13c, b)
have no contrast below 2130 A, as one can infer from the
minimum acceptable areal coverages of 11-17% illus-
trated in Fig. 11. In the limit of the higher column densities
required by Lellouch et al. (1992) saturation effects in the
SO, UV bands are significant and further degrade the
already low contrast due to small areal coverage. The
single exception is for the 1990 trailing hemisphere (Fig.
13a) where the areal coverage is 11%. Although this area
is sufficiently large, the density is too high by about a
factor of 5; saturation occurs below 2130 A, but not above
2130 A, where the resultant atmospheric SO, band absorp-
tion signature is unacceptably large. However, this milli-
meter observation had the worst S/N, and the best fit
model atmosphere of Lellouch ez al. (1992) also fits this
data. (The best fit model does not exhibit detectable bands
above 2130 A, Fig. 13¢c.) Therefore, the millimeter-wave
inferred atmospheres are invisibie in the ultraviolet due
to small areal coverage and saturation of the HST detected
SG, bands.
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e. Fluorescence. Finally, another aspect we had to
consider for the region above 2{30 A was the strong fluo-
rescence known to occur in SO, for bands above the
predissociation threshold at ~2200 A, with peak quantum
efficiencies ranging from 100 to 40% in the 2200- to 2325-
A region (Okabe 1971, Ahmed and Kumar 1992). This
fluorescence is not quenched in 1o’s tenuous atmosphere.
We do not have information on what percentage of pho-
tons is reemitted within the same band because the mea-
sured quantum efficiencies encompassed large band-
passes: if it were 100%, we would see quite a different
signature in the albedo, with emission instead of absorp-
tion at the bands. We constructed a model for the geomet-
ric albedo including the fluorescence with a scaling factor
to estimate the maximum possible contribution. The
model included single scattering albedo (valid for an opti-
cally thin case) in the incident and refiected beams. We
found that the maximum fluorescence contribution may
be ~20%. Some cases with 5 or 10% fluorescence give
slightly better fits in the region above 2130 A, but as in
the case of pure absorption, the model looks out of phase
with the data, particularly for the strongest band at
2207 A.

V. SUMMARY AND CONCLUSIONS

The SO, absorption signature in the UV albedo of Io’s
trailing hemisphere observed with HST provides con-
straints on the density, temperature, and spatial distribu-
tion of the SO, atmosphere even though the disk-inte-
grated HST data cannot resolve the spatial distribution.
A hemispheric atmosphere fits the data weil with average
column density N = 6-10 x 10 cm™? for temperatures
in the 119500 K range. More spatially confined atmo-
spheres yield better fits, with a limit of ~8% areal cover-
age and ~3 x 10" ¢m~2 column density. The uncertainty
in the derived densities is better than a factor of 2. These
moderate densities are on average 10-30 times less dense
than the TUE upper limit, and are also smaller than in-
ferred from millimeter-wave observations.

Alocalized and dense (N = 10'°cm %) SO, atmosphere,
as could be associated with the voicanoes on Io, cannot
generate the observed spectral contrast regardless of the
atmospheric temperature (110-500 K), unless the Pele
volcano is included with a cold (110 K) atmosphere.
Whereas most model volcanic SO, atmospheres could be
present, an additional atmospheric component is required
to fit the HST data. Two-component models which com-
bine volcanic-like atmospheres with a hemispheric com-
ponent, or one weighted by the SO, frost distribution,
significantly improve the fits, with the coldest volcanic-
component temperatures giving the best fits.

The millimeter-wave data obtained by Lellouch er al.
(1992) were best fitted with localized $O, component of
=59 areal coverage which gives a spectral contrast too

weak to fit the HST data, To reconcile the data sets, one
can, in principle, add a millimeter-wave atmosphere with
areal coverage =<5% to one of the cold (T = 110 K) atmo-
spheres given in Table 1 and obtain an acceptable two-
component model which would fit both the HST and milli-
meter-wave observations, because the latter is a measure-
ment of relative temperature contrast with the ground. A
detailed comparison of the HST and millimeter data is
currently underway.

In terms of the atmospheric temperature, the hemi-
spheric atmosphere fits better with warm 150-300 K aver-
age temperatures, but as the areal coverage decreases the
data ft better with colder temperatures. This is also true
for volcanic atmospheres, If these results are confirmed
with better S/N data, the preference found for localized,
dense atmospheres that are cold (~110 K) is consistent
with the calculations of the vertical temperature structure
of Io’s atmosphere by Strobel et af. (1994), who found
that when the surface pressure exceeded 10 nbar the atmo-
sphere became quasi-isothermal at the surface tempera-
ture to a pressure of 1 nbar and with the formation of a
mesopause region somewhere between the sarface and 1
nbar, However, the millimeter-wave observations have
been interpreted to be emission from an isothermal 600
K atmosphere with most of the line formation occurring
in the 1- to 16-nbar region.

It may be possible to reconcile this discrepancy by
noting that the intrinsic rotational line Doppler width is
~900 K, which corresponds to a characteristic velocity
of ~0.5 km sec !, This velocity is also typical of the initial
injection velocities of most volcanic plumes detected by
Vovager imaging (Strom and Schneider 1982), with only
a few plumes having velocities that equal or exceed |
km sec”!. The essential question lies with the relative
contributions to the overall line shape by (1) thermal
broadening and (2) Doppier components of expanding voli-
canic plume gases. This topic is currently under investi-
gation.

If the moderate SO, atmospheric densities found with
HST are at least partly produced by sublimation of the
surface SO, frost, the results imply an average effective
temperature of sublimation ranging from 108 to 110 K for
the hemispheric cases to 118 K for the smallest areal
coverages. This temperature regime is low compared to
most temperature distributions previously studied for lo.
Since the surface frost must undergo some degree of heat-
ing and thus sublimation during the day, cur results imply
that there may be processes reducing the sublimation that
would result from standard temperature models. Pro-
cesses that reduce the effective temperature of the SO,
frost (such as an insolation—propagation mechanism;
Brown and Matson 1987) may require further study. An-
ather aspect of the sublimation process that is not clear
is whether SO, frost intimately mixed with other frosts,
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as strongly suspected to occur on Io (Howell et al. 1984,
McEwen et al. 1988), follows the vapor-pressure curve
of pure S0, frost reported by Wagman (1979). A lower
vapor-pressure curve, for example, would result in higher
average frost temperatures than found above. On the
other hand, it is always possible that the SO, frost abun-
dance was low at the time of the HST observations in
March 1992, since it must be ultimately maintained by the
volcanoes which may have had particularly low activity:
Johnson et al. (1992) report that disk-integrated thermal
fluxes of the trailing hemisphere made 1 month before our
HST observations were the lowest observed since 1983,
and Spencer et af. (1992) report that the dominant Loki
volcano resolved in ProtoCam images was quiet between
October 1991 and May 1992, Further observations are
required to study the relationship of Io’s volcanic activity
and its SO, atmospheric abundance, whether through di-
rect volcanic output or related sublimation sources. The
moderate densities found for the SO, atmosphere,
whether patchy or global, may also have implications on
the interaction of the plasma torus with the atmosphere
and surface (Johnson 1989). The atmospheric SO, will be
more exposed to the torus plasma (unless other unidenti-
fied atmospheric components are more abundant) and
may thus be more efficiently heated and more efficiently
removed from the atmosphere in molecular form, and the
surface may also be exposed to the torus bombardment
during the day.
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