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Abstract

We have observed about 16 absorption lines ofith80, vibrational band on lo, in disk-integrated 19-um spectra taken with the TEXES
high spectral resolution mid-infrared spectrograph at the NASA Infrared Telescope Facility in November 2001, December 2002, and January
2004. These are the first ground-based infrared observations of lo’s sunlit atmosphere, and provide a new window on the atmosphere that
allows better longitudinal and temporal monitoring than previous techniques. Dramatic variations in band strength with longitude are seen
that are stable over at least a 2 year period. The depth of the strongest feature, a blend of lines centered at 530/dfemdrom about
7% near longitude 180to about 1% near longitude 318V, as measured at a spectral resolution of 57,000. Interpretation of the spectra
requires modeling of surface temperatures and atmospheric density across lo’s disk, and the variation inworidiaEonal temperature
with altitude, and depends on the assumed atmospheric and surface temperature structure. About half of lo’s 19-um radiation comes from
the Sun-heated surface, and half from volcanic hot spots with temperatures primarily between 150 and 200 K, which occupy about 8% of the
surface. The observations are thus weighted towards the atmosphere over these low-temperature hot spots. If we assume that the atmosphe
over the hot spots is representative of the atmosphere elsewhere, and that the atmospheric density is a function of latitude, the most plausible
interpretation of the data is that the equatorial atmospheric column density varies from &boLi6L’ cm~2 near longitude 180W to about
1.5 x 106 cm=2 near longitude 300W, roughly consistent with HST UV spectroscopy and Lynaaimaging. The inferred atmospheric
kinetic temperature is less than about 150 K, at least on the anti-Jupiter hemisphere where the bands are strongest, somewhat colder tha
inferred from HST UV spectroscopy and millimeter-wavelength spectroscopy. This longitudinal variability in atmospheric density correlates
with the longitudinal variability in the abundance of optically thick, near-UV brighy 0st. However it is not clear whether the correlation
results from volcanic control (regions of large frost abundance result from greater condensation of atmospheric gases supported by more
vigorous volcanic activity in these regions) or sublimation control (regions of large frost abundance produce a more extensive atmosphere
due to more extensive sublimation). Comparison of data taken in 2001, 2002, and 2004 shows that with the possible exception of longitudes
near 180 W between 2001 and 2002, lo’s atmospheric density does not appear to decrease as lo recedes from the Sun, as would be expected i
the atmosphere were supported by the sublimation of surface frost, suggesting that the atmosphere is dominantly supported by direct volcanic
supply rather than by frost sublimation. However, other evidence such as the smooth variation in atmospheric abundance with latitude, and
atmospheric changes during eclipse, suggest that sublimation support is more important than volcanic support, leaving the question of the
dominant atmospheric support mechanism still unresolved.
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1. Introduction

are due to rapid motions associated with plumes or super-
sonic winds(Ballester et al., 1994; Lellouch, 1996h ad-

lo’s atmosphere is one of the most unusual and interestingdition to SQ, lesser amounts of SQellouch et al., 1996;

in the Solar System, due to its unique composition (dom-

inantly S@) and unique structure. There are large lateral
variations in density which are thought to result from rapid
condensation of the dominant $@Qas away from volcanic

McGrath et al., 200Q)NaCl (Lellouch et al., 2003and $
(Spencer et al., 2000d)ave also been detected, as have
neutral atomic emissions from S, O, and KBallester
et al., 1987; Geissler et al., 1999a, 2001a, 2004; Wolven

or sublimation sources. The atmosphere thus offers uniqueet al., 2001; Feaga et al., 2004; Roesler et al., 1999;
insights into basic atmospheric physics. Itis also the medium Bouchez et al., 2000)and molecular emissions from SO
through which lo supplies the mass of the complex plasma (dePater et al., 2002)nd, probably, S@and/or $ (Geissler

that fills the jovian magnetosphere, and thus must be un-

et al., 1999a, 2001a, 2004; Jessup et al., 2004 emis-

derstood if we are to understand the jovian magnetosphericsion data are more difficult to interpret in terms of bulk
plasma. Recent reviews on lo’'s atmosphere and its interac-atmospheric properties than the absorption data, as emission

tion with the plasma torus can be foundMcGrath et al.
(2004)andSaur et al. (2004)

The atmosphere appears to cover most of the surface at

low latitudes but is much thinner at high latitudes, as re-
vealed most directly by imaging in reflected Lymanby
the Hubble Space Telescope (HST). A subsolap $GI-
umn density of a fewx 10® cm2 has been inferred from
the Lymane images(Feldman et al., 2000; Feaga et al.,
2004) HST disk-integrated observations of 0.20-0.23 pm

strength depends on excitation and dissociation mechanisms
as well as atomic or molecular abundances.

SO, gas appears to be released by the volcanos either
from primary vents(Spencer et al., 2000ar from inter-
action of lava with surface frostéMilazzo et al., 2001)
condensing on the surface to form the extensive deposits of
SO, frost seen on IdDouté et al., 2001)The atmosphere

is supported by a combination of direct volcanic supply
and frost sublimatior{fFanale et al., 1982; Ingersoll, 1989;

SO, gas absorption bands give subsolar densities of a fewMoreno et al., 1991; Wong and Smyth, 2000; Zhang et al.,

%10 cm~2 (Ballester et al., 1994; Jessup et al., 20G2)
~10' cm~2 (Trafton et al., 1996)f the atmosphere is as-

2003) The relative roles of the volcanos and the surface frost
in directly supporting the atmosphere depend on the frost

sumed to be concentrated over a few tens of percent of thetemperature and the volcanic supply rate, and have not yet

surface at low latitudes, as suggested by the Lymam-

been determined. The arguments for the dominance of one or

ages. Disk-resolved 0.20-0.23 um spectroscopy away fromthe other mechanism are considered later, in the discussion

plume sources gives low-latitude S@ensities of 15 x
10 cm~2 at longitude 318 W (McGrath et al., 20003nd
1.3 x 10 cm™2 at 160 W (Jessup et al., 2004Migh col-
umn densities up to 8 cm=2 have been inferred from
Galileo UVS dataHendrix et al., 1999)but are dependent

section. The question is important because a sublimation-
supported atmosphere is likely to collapse at night and dur-
ing Jupiter eclipse due to frost cooling, dramatically chang-
ing the interaction of lo with the magnetosphévéong and
Smyth, 2000)and will have a different local distribution, be-

on assumptions about the surface albedo, as UVS did not reing concentrated more around SfPost deposits than active

solve individual S@Q gaseous absorption bands.

SO column density appears to be modestly enhanced

volcanic plumes.
Studies have been hampered by the difficulty in observ-

over at least some volcanos. Voyager IRIS observations ofing lo’s atmosphere. While the first SQletection(Pearl

thevs vibrational band at 7.4 pm implied910' cm=2—2 x
10'8 cm2 of SO at Loki (Pearl et al., 197%einterpreted
by Lellouch et al., 1998 and UV absorption over Pele
implied an SQ abundance of 3 10'% cm=2 (McGrath

et al., 2000)and 7x 10 cm~2 (Spencer et al., 2000a)
while abundance over Prometheus reach8ck110' cm—2
(Jessup et al., 2004Disk-integrated mm-wave observa-
tions of SQ emission lines require local concentrations
of a few x10Y cm™2 of SO, at temperatures-600 K

et al., 1979)was at 7.4 um, all subsequent observations of
the sunlit molecular atmosphere (till now) have been in the
Lymanw and 0.2-0.3-um regions of the ultraviolet, where
the HST is required, or at mm wavelengths, requiring large
telescopes such as IRAM and CSO that have little time avail-
able for planetary studies. 1.7-um molecular SO emission
is visible from the ground during Jupiter eclipse, perhaps
due to direct volcanic emission of excited §@ePater et
al., 2002) but is difficult to relate to the bulk atmosphere.

to match observed line widths, if the atmosphere is static Full characterization of the atmosphere’s temporal and spa-

(Lellouch et al., 1992)such high temperatures are diffi-
cult to explain(Strobel et al., 1994)Lower temperatures,
and local abundances of aboutx110'’ cm~2, more con-
sistent with the UV results, are possible if mm line widths

tial variability has thus been difficult.

Here we describe and interpret the first ground-based de-
tection of lo’s sunlit SQ atmosphere in the infrared. These
observations open a new window for the study of lo’s unique
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atmosphere, and provide surprising new information on its In all cases, TEXES was used in its high resolution mode
temporal and spatial variability. with a 2’ wide slit. lo was nodded, typically 5 or’6along
the slit, and the spectra at the two nod positions were dif-
ferenced to remove telescope and sky background emission.
2. Observations and data reduction We observed an ambient temperature blackbody, sky, and a
low emissivity surface roughly every 10 min to provide cal-
We used the high-resolution mid-infrared Echelle spec- ibration data. Most data were taken at an airmass less than

trograph TEXES (the Texas Echelon-cross-Echelle Spectro-1.2, and included some daytime observations. We also ob-
graph,Lacy et al., 200)Lat the 3.0-m NASA Infrared Tele- served Callisto as a comparison object, as it is about 5 times
scope Facility (IRTF) on Mauna Kea in November 2001, brighter than lo at this wavelength. Sgable 1for details.
December 2002, and January 2004lfle 7). The observa- The data from lo and Callisto were reduced in the same
tions described here concentrated on the wavenumber rangavay using the TEXES pipeline described liracy et al.
529-531 cm’ (18.90-18.83 pm) that includes several of (2001) The pipeline corrects for spikes and cosmic rays,
the strongest lines in the vibration/rotation band of S§) removes background emission, removes distortions, and rec-
in a portion of the 20-um atmospheric window that is rel- tifies the 2D spectra. It uses optimal weighting to extract 1D
atively free of telluric absorption bands. TEXES can ob- spectra and sums spectra from the same observation set ac-
serve only 3 or 4 cross-dispersed orders simultaneously atcording to the square of the signal-to-noise.

these wavenumbers, with small gaps in wavelength cover- The wavelength scale was set using a single atmospheric
age between them. The exact grating setting, and wavelengttfeature in the spectral setting, most often the 530.4089'cm
range, varied between runs. We also experimented with ob-feature of CQ (we use vacuum wavenumbers throughout).
servations at shorter wavelengths, including a portion of the Before taking data, we made certain of the wavelength set-
SO, v3 band at 7.4 um that was seen by Voyager, where lo is ting by adjusting the cross-dispersion grating to see nearby,
much fainter and telluric obscuration is much greater (mak- strong, easily identifiable atmospheric emission features of
ing observations possible only during periods of low telluric H20. Because the spectral orders are larger than the de-
H,0O column abundance). No $0nes were seeninthe 7.4-  tector array at this wavelength, we adjusted the collima-
pm region and these data will not be discussed further here.tor/camera mirror to put the desired spectral region on the

Table 1

Log of observations and band depths

UT date lo central Radial velocity lo mean Callisto mean Heliocentric Fitted 530.42 crmt
(YYMMDD) longitude ¢ W) (km 571) airmass airmass distance (AU) band depth
011115 163 —257 108 119 515 0057+ 0.009
011116 334 —-133 116 126 515 —0.0054+ 0.003
011116 345 —16.2 103 112 515 0011+ 0.011
011116 14 —244 122 112 515 00224+ 0.005
011117 205 -12.8 104 101 515 0073+ 0.005
011117 215 —-9.9 119 152 515 0059+ 0.009
011118 36 -30.0 100 101 516 0030+ 0.005
011118 50 —-330 106 108 516 0033+ 0.004
021206 194 —19.9 101 102 529 0052+ 0.007
021206 210 —-152 119 104 529 0051+ 0.006
021209 90 —40.8 105 101 529 0035+ 0.009
021209 93 —-40.7 109 116 529 0038+ 0.004
021214 22 —28.6 102 106 530 0024+ 0.011
021214 30 —-30.6 111 121 530 0023+ 0.013
021214 35 -320 122 121 530 0033+ 0.007
021214 43 —-336 148 136 530 0028+ 0.010
021217 256 —4.6 103 105 530 0035+ 0.006
021217 280 —4.1 112 105 530 0017+0.014
021219 311 7.7 100 100 530 0016+ 0.008
021219 317 -89 102 106 530 0007+ 0.005
021219 319 —-94 105 106 530 0020+ 0.006
021219 323 -101 108 113 530 00084+ 0.004
040106 98 —418 104 105 540 0038+ 0.003
040106 105 —413 104 104 540 0044+ 0.005
040107 301 —9.6 104 105 540 0010+ 0.005
040107 310 -111 1.05 106 540 0011+ 0.004
040108 140 —-354 106 107 540 0043+ 0.002

040108 150 —-327 104 105 540 0054+ 0.007
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detector. This was also done by watching atmospheric emis-lieve this feature compromises our measurements of the SO
sion lines and knowing where they should land on the de- lines.

tector. We estimate wavelength calibration accuracy to be The final coadded and ratioed spectra have a signal-to-
0.002 cntl, or 1.0 kms!. We averaged individual spec- noise ratio of up to several hundred and a typical spec-
tra to provide several mean spectra per night, excluding tral resolution of 65,000Hig. 1). At least 16 lines of the
from the analysis any spectra with obvious guiding prob- SO, v, band are readily apparent. We found that line po-
lems or cloud obscuration. We ratioed the 19-um lo spec- sitions differed significantly from those predicted by the
tra to Callisto spectra taken at similar airmass (generally HITRAN database of high-resolution molecular transmis-
within 0.1 airmasses), to remove telluric bands and varia- sion spectra(Rothman et al., 1987, 2003put were in
tions in grating efficiency across each order, though con- agreement with more recent data, as discussedipipen-
tinuum slope artifacts, which differ between spectrograph dix A. Band strength varies significantly with longitude,
orders, remain in some cases. We then corrected wavelengthwiith bands being strongest on the anti-Jupiter hemisphere
to lo’s rest frame by applying the appropriate Doppler shift. (central longitude 180W). The lines are unresolved, pro-
The previously mentioned 530.4089 chtelluric line of- viding an upper limit to their intrinsic width equal to the
ten falls within the strongest SCband on lo, depending TEXES spectral resolution at this wavelength, 0.01-ém
on the Doppler shift, but does not produce obvious arti- (5 kms™1). These lines were not seen in the Voyager IRIS
facts in the ratio spectra due to the generally good air- spectra of lo due to the much lower IRIS spectral resolution
mass match between lo and Callisto, and we do not be-of 4.3 cnt1,
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Fig. 1. Composite of all our lo spectra, with telluric and instrumental features removed by rationing to Callisto. The locatiopbaf@3seen in the model
spectrum (bottom) are shown in orange: all of these are seen in at least some of the spectra. Successive spectra are offset vertically by 0.1.



10's asymmetric atmosphere 287

3. Interpretation and modeling profile. This “line-independent” approach assumes no im-
portant overlapping between $0nes, and is justified given
In the thermal infrared, lo’s atmosphere is illuminated the low atmospheric densities and the spectral separation be-
from below by thermal emission from the passively-heated tween the strongest lines in thg fundamental band. A sim-
sunlit surface and from the volcanos. S@bration/rotation ilar approach has been found to be valid for themode
lines will be seen in emission if the vibrational temperature of vibration of CQ in the martian atmosphere above about
for the v, = 1 state is greater than the underlying surface 50 km, or pressures lower than 30 plfaépez-Valverde et
temperature, and will appear in absorption (as observed)al., 1998) A single collisional process is considered for the
if the surface is warmer than the vibrational temperature. (010) state, its vibration-to-translation (V=T) relaxation in
However, at the low density of lo’s atmosphere, collisional collisions with SQ, with a rate coefficient followindass
timescales are longer than radiative timescales, and vibra-et al. (1971) The inverse V=T production is also considered,
tional temperatures are influenced by radiative exchangealthough its importance is small compared to radiative exci-
with the surface and deep space and cannot be assumed to b@ation in most conditions, as explained below.
in local thermodynamic equilibrium (LTE) with the kinetic The model is run from the surface up to 200 km, with
temperature of the atmosphdiesllouch et al., 1992)The 1-km thick layers, assuming that all the atmosphere is com-
spectrum depends on the distribution of the atmospheric ki- posed of S@. The spectral data are taken from the HITRAN
netic and vibrational temperatures, the atmospheric density,database. The 0.12-cthwavelength errors in the HITRAN
and the surface temperature, and we now describe how theselatabase noted iAppendix A are unimportant to this cal-

various quantities are modeled and constrained. culation, given the line-independent assumption mentioned
above.
3.1. Non-LTE vibrational temperature models A few other approximations are used, like rotational LTE

at all altitudes. We think that a complete non-LTE treat-

A specific non-LTE model has been developed to calcu- ment of the rotational distribution within the S®and is
late the population of the first excited state of S@its v, an unnecessary complication in the lower parts of Io’s at-
mode of vibration, the (010) state, responsible for the 19- mosphere. High quality laboratory information is not avail-
pm absorption band. The model was also applied to the firstable for collisional activation of rotational lines, and also our
excited states of the other two modes of vibration and to observations do not have a signal-to-noise ratio large enough
the vy 4+ v3 state, and is able to produce both state popu- to test more detailed models. Also, although the LTE as-
lations and heating/cooling rates in the associated vibration—sumption for the rotational lines is not very accurate for the
rotation bands. Here we only report on the results of occu- uppermost layers considered here, the 19-um fundamental
pation number of the (010) state. band is optically thin above about 2 scale heights (around

The statistical equilibrium equation of the (010) state, in- 20-30 km), and at lower altitudes, where the spectral fea-
cluding its most important production and loss processes,tures are mostly formed, the atmospheric density is high
both collisional and radiative, was solved simultaneously enough {1 nbar) for this assumption to be reasonable.
with the radiative transfer equation of the fundamental band  This non-LTE model assumes a given atmospheric state.
at 19 um. The solution method follows a modified Curtis To model the data for a range of surface and atmospheric
Matrix formalism extensively employed in non-LTE prob- conditions, we performed a number of runs varying surface
lems in the upper atmosphere of Eaftldpez-Puertas and  temperature, column density, and atmospheric pressure, and
Taylor, 2001) Mars (L6pez-Valverde and Lopez-Puertas, typical results are shown iRig. 2, with the corresponding
1994) and Venug(Roldan et al., 2000)In our case, given  spectra, calculated as described in the next section, shown
the absence of hot transitions and relevant vibrational-in Fig. 3. Here we illustrate the (010) state population as
vibrational collisional exchanges with other excited states, a function of altitude using the concept of vibrational tem-
the non-linearities of the problem are of very small impor- peratureTy,. This is a useful parameter in non-LTE studies
tance, and the final solution is obtained with a single matrix because it matches the atmospheric kinetic temperafure,
inversion. An iteration was tested, however, after improving if in LTE, while T, < Tx when the state is underpopulated
terms like the vibration partition function, with completely due to an important loss mechanism, like emission to space.
negligible effects on the results. Ty is shown inFig. 2 for a number of conditions which il-

The radiative processes considered are the spontaneoubustrate the behavior of the model.
and stimulated emission in the (010-000) fundamental band, In the left panel,7;; is shown for an isothermal at-
the absorption of the upward thermal flux from the surface mosphere at 100 K, and for two values of the ;Sl-
of lo, as well as exchanges between layers. The atmospheriamn amount, 9 106 and 9x 107 cm=2 (curves A and
transmittances required in the radiative model were com- B, respectively). The surface temperature is set equal to
puted following a histogram procedure which collects the the atmospheric temperature. In the denser atmospfigre,
different SQ lines in boxes according to their strength and matchesTk in the lowest layers, i.e., it is in LTE near the
then integrates the equivalent width of the representative line ground, and it tends to values lower thBa higher up. This
of each box with high spectral accuracy assuming a \Voigt is a very common behavior in many non-LTE problems, with
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e M i b . . .
Irl ' in contrast,Ty is larger in the less dense atmosphere, due to

the reduced absorption of the upward thermal flux from the
surface. Notice thdky, in this example is lower than the sur-
face temperature at all altitudes, resulting in an absorption
spectrum since the, emission is controlled b#, .

The central panel shows the importance of the surface up-
ward flux. Tk is fixed at 150 K, while surface temperature is
varied, but kept lower than the kinetic temperature, with val-
ues of 110, 120, and 130 K (curves C, D, E, and F, G, H).
LJ.K The upward surface flux is very important in the less dense
atmosphere (% 10 cm~2, curves C, D, E), and not in the
denser one (& 10" cm~2, curves F, G, H). In this last case,
Ty is higher than the surface temperature, producing emis-
| sion spectra.

] AT R I s NTTAL SIS Another interesting behavior is illustrated in the right

80 90 100 MO 100 120 M0 el 120140160180200 panel, where the surface temperature and the column den-
ibrational Temperature (K) X ) 6 o )
sity are fixed at 150 K and & 10'® cm=2, respectively,
Fig. 2. Vibrational temperature of the $@, fundamental band foranum-  while changingTk from 100 to 150-200 K (curves I, J, K,
ber of cases. Left panel: for an isothermal atmosphere at 100 K, surface respectively). In spite of these large variationgin the Ty
temperature of 100 K, and column densities of;3® 9 x 101° (A) and profile is only slightly modified. This shows that for rela-
9 x 1017 cm~2 (B). Central panel: for an isothermal atmosphere at 150 K . v low densitiest: d thus th i .
and surface temperatures of 110 (dashed: (C) and (F)), 120 (solid: (D) tively low densitiesty, a.n _t us the resulting spectrum, Is
and (G)) and 130 K (dot—dash, (E) and (H)), and for column densities largely controlled by radiative exchange between the surface
of 9 x 106 (thick) and 9x 107 cm~2 (thin). Right panel: for an at-  and space and is little affected . For larger densities,
mosphere with a column density 0f910'® molecule cr2 and a fixed the atmosphere becomes very optically thick and the other
surface temperature of 150 K, and kinetic temperatures of 100 (1), 150 (J) radiative term, the exchange between layers, becomes very
200 K (K). . ' '
and 200 K (K) Important.
L L L L B An increase in atmospheric density can therefore produce
K an increase in absorption strength (cf. curves A and B) or (if
35F 4 T Tk is warmer than the surface and the atmosphere is suffi-
T oW ciently dense) a decrease in absorption strength, potentially
v e N S A e E Ty producing emission lines, due to the increased vibrational
30}t ] temperature (cf. curves E and H). This leads to ambiguities
- H L . . .
e h A At A in interpreting the mid-IR spectra, as discussed later.

lo’s vertical atmospheric structure has been the subject of
considerable modeling (s&robel et al. (1994andWong
257 ] and Smyth (2000for the most recent works) but is observa-
tionally poorly constrained. Even the mean gas kinetic tem-

4o |

Tk

w
o
——

Altitude [km]
- =

N
o
—

10t \ \

"Transmission"

F perature remains uncertain, although recent HST and mm
20t g data tend to suggest lowk@50 K) temperatureMcGrath
E ey et al., 2000; Jessup et al., 2004; McGrath et al., 20Bd)

D this reason and for simplicity, we only considered isothermal

15l o AR atmospheres. We calculated profiles of vibrational tempera-

) v v ture with height for a range of surface temperatures (90, 100,

B 110, 120, 130, 140, 160, 180, 200, and 250 K); isothermal

"AV LR I AN atmospheric kinetic temperatures (100, 125, 150, 175, 200,

1.0~ ey 225, 250, 275, and 300 K); and atmospheric column den-
o o L L sities (1x 106, 2 x 106, 3 x 106, 6 x 10%, 1 x 10,
529.0 529.5 530.0 530.5 2 x 107, 3x 10", 6 x 10Y7, and 1x 108 cm‘z) as de-

-1
Wavenumber, cm scribed above.

Fig. 3. Model spectra corresponding to the atmospheric vibrational temper-
ature profiles shown iffig. 2 Successive spectra are offset vertically, for ~ 3.2. Calculation of spectra
clarity.

Model atmospheres were then incorporated in a multi-
collisions dominating over radiative losses in the lowest al- layer, line-by-line radiative transfer code to calculate model
titudes. At lower densities (curve A), collisions are less im- spectra, using more recent S0ne parameters than the
portant and the departure from LTE is larger. Above 30 km, HITRAN database, which we found to contain significant
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wavelength errors (seppendix A). The model is very sim-  that this total volcanic flux was uniform across the disk, and
ilar to usual LTE calculations, with two differences. First, distributed the flux from each visible hot spot, at the temper-
when calculating line strengths and monochromatic opac- ature of that hot spot, among all tiles according to their pro-
ities at each atmospheric level, the vibrational tempera- jected area. For each tile we also calculated the temperature
ture was used instead of the kinetic temperature to calcu-and projected flux for the two model passive surface compo-
late the vibration partition function. Second, and most im- nents, which we assumed, like the hot spots, to be spatially
portantly, when calculating the Planck integral, the kinetic mixed on a scale smaller than our tiles. We implicitly as-
temperature was also replaced by the vibrational tempera-sumed, however, that the different surfaces are segregated on
ture, i.e., the local source function was taken as the Planckscales larger than an atmospheric scale height (about 11 km),
function at the local vibrational temperature. In some sit- as our model spectra assume illumination by a uniform tem-
uations, this resulted in absorption lines even with a ki- perature surface. For each tile the model yielded two passive
netic temperature higher than the surface temperature; thisemperatures and several hot spot temperatures (depending
occurred when the bulk of the atmosphere had a vibra- on how many model hot spots were on lo’s visible hemi-
tional temperature colder than the surface. An example is sphere for the chosen central longitude), and recorded the
the caselk = 150 K, Tsyrface= 120 K, column density= contribution to the disk-integrated 18.9-um flux from each

9 x 10'® cm=2, curve D inFigs. 2 and 3Spectra for all ~ temperature component.

model atmospheres were calculated for five values of the air-  Because the Veeder et al. model only modeled volcanic
mass (1.0, 1.5, 2.0, and 3.0, and 4.5), representing the rangdluxes from lo for the years 1983-1993, and did not cover
of viewing conditions at lo, giving a total of 4050 model the period of our observations, we arbitrarily used the 1983

spectra. hot spot data from the anti-Jupiter hemisphere in our stan-
dard model. Calculated band depth did not vary much with
3.3. Surface temperature model assumptions about volcanic activity, with the largest effect

being that band depth increased somewhat when Loki, 10’s

Several constrains on lo’s surface temperature distribu- largest volcano, was on the diskigs. 9 and 16discussed
tion are available. The most detailed existing model is that later).
of Veeder et al. (1994who matched multi-wavelength disk- We tested our thermal model in several ways. First, we
integrated ground-based photometry of lo with a thermal compared the model to the best Galileo PPR map of daytime
model that included passive (non-volcanic) and volcanic thermal emission on lo, the observation 31IPDGTM__ 01
components. Veeder et al. modeled the passive flux as aris-obtained at 27 um on Galileo’s 131 encounter with lo
ing from two components: a high-albedo “reservoir unit” (Rathbun et al., 20Q4their Fig. 1).Fig. 4 compares this
assumed to have infinite thermal inertia and thus a tempera-brightness temperature map to maps calculated from our
ture that depends only on latitude, comprising roughly 80% thermal model. In its original form our model predicted too
of the surface, plus a lower-albedo “conventional unit” with  much flux near the limb and not enough near the subsolar
zero thermal inertia and thus a temperature depending onlypoint. The discrepancy is not surprising, as the model was
on distance from the subsolar point. Their model also repre- designed to match disk-integrated flux only. We therefore
sented the hundreds of volcanic hot spots with ten model improved the match to the data by introducing an empiri-
hot spots with fixed locations distributed around lo, with cal weighting factor that modified the temperature of each
temperatures and areas that were adjusted to fit each year'somponent so as to multiply the flux at each solar incidence
ground-based observations. anglei by the weighting factor ®7(0.3 4+ cog)), which

However, because atmospheric density and airmass bothhas a mean value of unity across lo’s projected disk and thus
vary across lo’'s disk, to calculate the disk-integrated at- preserves the known total flukig. 4 shows that with the in-
mospheric spectrum we needed to adapt the model, origi-clusion of this factor the Galileo observations are reproduced
nally designed to match disk-integrated fluxes only, to pre- quite well.
dict the distribution of temperatures at each point on the  We also compared a nea