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Abstract

More than 500 images of lo in eclipse were acquired by the Cassini spacecratft in late 2000 and early 2001 as it passed through the jovian
system en route to Saturn (Porco et al., 2003, Science 299, 1541-1547). lo’s bright equatorial glows were detected in Cassini's near-ultraviolet
filters, supporting the interpretation that the visible emissions are predominantly due to molecul&esiled comparisons of laboratory
SO, spectra with the Cassini observations indicate that a mixture of gases contribute to the equatorial emissions. Potassium is suggested b
new detections of the equatorial glows at near-infrared wavelengths from 730 to 800 nm. Neutral atomic oxygen and sodium are required to
explain the brightness of the glows at visible wavelengths. The molegute®stulated to emit most of the glow intensity in the wavelength
interval from 390 to 500 nm. The locations of the visible emissions vary in response to the changing orientation of the external magnetic field,
tracking the tangent points of the jovian magnetic field lines. Limb glows distinct from the equatorial emissions were observed at visible to
near-infrared wavelengths from 500 to 850 nm, indicating that atomic O, Na, and K are distributed across lo’s surface. Stratification of the
atmosphere is demonstrated by differences in the altitudes of emissions at various wavelengémisSions are confined to a region close
to lo’s surface, whereas neutral oxygen emissimsseen at altitudes that reach up to 900 km, drthelradius of the satlite. Pre-egress
brightening demonstrates that light scattered into Jupiter's shag@ad®es or aerosols in the giant planet's upper atmosphere contaminates
images of lo taken within 13 minutes of entry into or emergence from Jupiter's umbra. Although partial atmospheric collapse is suggested
by the longer timescale for post-ingress dimming than pre-egressémight lo’s atmosphere must be substantially supported by volcanism
to retain auroral emissions throughout the duration of eclipse.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction lo’s emissions are produced by electron impact excitation of
various gases in lo’s tenuous atmosphere. First imaged by
lo is the only moon in the Solar System known to display the Voyager 1 spacecraft W& the moon was eclipsed by
visible atmospheric emissions that are bright enough to be Jupiter(Cook et al., 1981 )little was known &out lo’s visi-
seen with the naked eye. At intensities that reach hundredsble aurora until the arrival of the Galileo Orbiter in late 1995
of kiloRayleighs (kR), lo’s aurorae would appear as brightas (Belton et al., 1996)Galileo eclipse pictures showed a col-
moonlit cumulus clouds to an observer on the surface of the orful display of red, greenish and blue glows believed to be
satellite. Similar to the aurorae on Earth and other planets, due to both atomic and molecular emissi¢@eissler et al.,
1999) Ground-based telescopi€cherb and Smyth, 1993;
— . Bouchez et al., 2000; Oliversen et al., 20Gi)d Hubble
Corresponding author. . .
E-mail address pgeissler@usgs.gov (P. Geissler). Space Telescope (HST) observatigisauger et al., 1997,
1 Now at Space Science Institute, 4750 Walnut Street, Suite 205, Boul- Retherford et al., 1999; Oliversen et al., 200@)ped iden-
der, Colorado 80301, USA. tify the gases and determine the morphology and time-
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variability of the atomic emissions. In December 2000, the field lines (Geissler et al., 2001)Finally, two pairs of im-
Cassini spacecraft made a gravity-assist pass by Jupiter erages from two eclipses acquired during Galileo’s 15th orbit
route to Saturn and over a week-long period observed 3showed that the disk-averagédightness dramatically di-
complete eclipses of lo through a variety of spectral filters. minished with time elapsed in eclipg@eissler et al., 1999)
Initial analysis of those observatiorfBorco et al., 2003)  suggesting collapse of lo’s sublimation-driven atmosphere.
confirmed previously seen visible emissions tracking the However, the limited downlink available from Galileo af-
tangent points of the magnetic field to the surface of lo, and forded only snapshots of lo near the start of these eclipses,
detected new emissions in the ultraviolet and near-IR. The making interpretation of the brightness variations difficult.
ultraviolet emissions were restricted to the deep atmosphere, More than 500 images were acquired by the Narrow An-
and the near-IR emis§ions arose from a distended tenuougyle Camera of Cassini’s Imaging Science Subsystem (ISS)
atmosphere surrounding the aliite. Here we report more during 4 separate eclipses (eclipses A, B, C, and D) of lo
detailed analysis of Cassini's multispectral imaging obser- tom December 27, 2000 to January 5, 2001. One of these
vations of lo’s eclipses. With its fully functioning high-gain imaging sequences (eclip#d was mistimed and captured
antenna, near-ultraviolet sensitivity and better spectral reS-0nly the start of the eclipse on December 27, 2000. The sec-
olution, Cassini was able -to fill many of the gaps in our ond sequence (eclipse B)ak place on December 29, 2000
knowle'dge of thesg mystgrlous phenomena.. . from 09:04 to 11:27 UT. The third (eclipse C) imaged from
Earlier observations raised several questions Concerning,, g ;1 on january 1, 2001 to 00:28 UT on January 2,
the visible emissions. Gikeo violet filter (380—445 nm) im- . .
ages showed bright glows along the equator of lo near the20_01' The Ie.1$t sequence (eclipse D) covered thg _penod from
11:03 to 12:44 UT on January 5, 2001. An additional, ear-

sub-Jupiter and anti-Jupiter points that are similar in mor- lier lo eclinse sequence was also planned but was canceled
phology to far-ultraviolet emissions from atomic oxygen (Ol ! P qu W P ut w

135.6 nm) and sulfur (SI 190.0 nm) seen by H&oesler due to prpblems wi.th one of the spacecraft reaction wheels.
et al., 1999) However, no atomic lines have been identi- The spa_t|al resolution of thesg p|_ctures ranged from 60 to
fied to explain the short-wavelength visible equatorial glows 88 Km/pixel for the full resolution images and from 120 to
and it was suspected thateth are produced by molecu- 136 kr_n/p|xel for summatloq mode images in wh|ch. adja—_
lar sulfur dioxide fluorescence. Also uncertain is the source CeNtPixels were summed to increase the signal to noise ratio.
of the currents that cause the visible glows. The brightest Cassini's CCD camera is sensitive to shorter wavelengths
far-ultraviolet emissions can be seen to periodically shift in than Galileo’s and could record more colors using a greater
latitude, tracking the tangent points of the jovian magnetic variety of filters. Observations of the first three eclipses were
field lines (Roesler et al., 1999; Retherford et al., 2000) Made using 5 colors (CLEAR, UV3, REP GREEN, CB1,
This should be expected if they are controlled by electrody- and IR4), while the last eclipse (eclipse D) was imaged us-
namic interactions with the plasma torus (e$gur et al.,  ing 15 different filter combinations (séable 1for a com-
2000. In contrast, the visible emissions are often bright- plete list of the filters and bandpasses). Similar views of lo’s
est around actively venting volcanoes rather than faithfully orbital trailing hemisphere were seen during each eclipse;
following the magnetic field, although analysis of the full Cassini’s lo-centered longitude shifted only 38 degrees dur-
Galileo clear-filter data set suggested that the visible emis-ing the week of observations as a result of the spacecraft's
sions tended on average to track the tangent points of themotion. However, the eclipses differed greatly from one an-

Table 1

Emission intensity of anti-jovian equatorial glow in eclipse D (January 5, 2001)

Filter name Center wavelength (nm) Bandpass (nm) isBion intensity (kR) or detection limit Comments
Clear 611 235-1100 33632
uvi 258 235-280 <61
uv2 298 265-330 56 27 Near detection limit
uv3 338 300-380 149-24
BL1 451 390-500 1028
GRN 568 495-635 412
R+G 601 570-635 124 Near detection limit
CB1 619 595-615, 625-645 265
RED 650 570-730 433
HAL 656 650-660 <7
R+IR1 702 670-730 <9
IR1 752 670-850 262
IR2 862 800-940 <24 Marginal detection
IR3 930 880-1025 <44 Marginal detection
IR4 1002 980-1100 <238

Listed are the means and standard deviations of up to 7 separate meargsrendetection limits where mangil detections or nontkctions were mde.
These values include (are divided by) correctfactors from the latest in-flight calibration.
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other with respect to the location of lo in Jupiter's magnetic Jupiter-facing side of 1o and the sub-jovian glows were far
field (Io’s System Il magnetic longitude, ax; ). brighter than the anti-jovian glows. Cassini viewed the trail-
ing hemisphere of lo directly (subspacecraft longitude 270)
during eclipse D of January 5, 2001, so that both glows could
be seen equally well. Measurements were made over two

The Cassini images covered a broad region around lo,3 x 3 pixel boxes centered on the cores of the two equato-
capturing an area more than 17 lo radii from the disk in all rial glows (covering areas of 410 km by 410 km) in 6 clear
directions, but no extended corona was detected beyond ondilter images taken while Cassini's subspacecraft longitude
lo radius from the satellite. Wh exposures ranging from 2 varied from 264 to 277 degrees. The antijove/subjove ratios
to 12 seconds, the images were optimized for the Pele hotin these images average t®04+ 0.028.
spot (Radebaugh et al., 2008ather than for faint auroral An extended corona could be seen in Cassini RED (570-
emissions. Images with exposures lasting several seconds’30 nm) and CB1 (595-615 and 625-645 nm) filter images
were expected to be noticeably smeared, but in-flight star reaching heights of up to 900 km, or half of lo’s radius. Pre-
images acquired via reactiorheels demonstrated (too late sumably due to neutral atomic oxygen emissions ([Ol] 630,
for Jupiter planning) that images with much longer exposure 636 nm), these faint equatorial glows track the changing lo-
times could be unsmeared. Aliree successfully recorded cations of the shorter wavelength equatorial emissions (see
eclipses (B, C, and D) showed broad similarities in clear- next sections) but at greater altitudes above lo’s surface.
filter emission morphologyRig. 1). Little if any emission In addition to the equatorial emissions, a glow encircling
could be seen across the disk on this (upstream) side of lo,lo along the limb could be seen at visible to near-infrared
in contrast to earlier Galileo images showing distinct disk wavelengths from 500 to 850 nm (Cassini GRN to IR1 fil-
emission on the downstream si(f&eissler et al., 2001 he ters). As in previous Galileo observatio(Geissler et al.
brightest glows were observed along the equator, near thel999, 2001)the limb glow appeared brightest on the side
sub-Jupiter (longitude 0) and anti-Jupiter (longitude 180) of lo that was closest to the plasma torus center. This was
points. Little volcanic plume activity could be detected near particularly evident during eclipse B on December 29, 2000,
these locations in the Cassini images, so the equatorial glowswhile 1o was below the equatorial plane of the jovian mag-
were fairly symmetric, uniform and diffuse compared to netic field at magnetic longitudes from 43 to 106 degrees,
many of the Galileo observations reported®gissler et al. and the limb appeared distinctly brighter in the northern
(2001) hemisphere than in the south.

The anti-jovian and sub-jovian glows appeared equal in ~ Sporadic local brightening of the diffuse limb glow near
intensity, to within measurement error. The brightness ra- the north pole of lo was seen in all three eclipses, proba-
tio depends strongly on the sub-observer longitude: during bly caused by a plume erupting from the volcano Tvashtar
the early eclipses B and C, Cassini got a better view of the (63° N, 125 W, on the side of lo opposite to that seen by

2. Morphology

L]
Eclipse B 29 Dec 2000 Eclipse C 1 Jan 2001 Eclipse D' 5 Jan 2001

image nl356776585 image n1357082383 image n1357387941

M1 73.8 A1 274.8 ALrp 114.0

longitude 308.7 longitude 288.7 longitude 270.4

Fig. 1. Comparison of Cassini images from the three successfully receatipdes. These clear-filter, full resolution images were acquired neanitipoint
of the eclipses and have been cropped to show just the area around the s@@lilié® images reprojected to similar viewing geometries are shawgahe
bottom, with latitudes and longitudes marked at 30 degree irfgeriae resolution of the Cassini images decreased from 60/pikel through 61.3 kryipixel
to 68.2 knypixel during the period of observation. The brightsgot shows thermal emission from the volcano Pele.
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Cassini) that was later found to have deposited a red ring of minutes(Porco et al., 2003)Animated sequences of im-
sulfur around the volcano more than 1300 km in diameter ages from the best sampled eclipses (B and C) are available
(McEwen et al., 2001; Porco et al., 2008yashtar caused a  on-line at http://www.sciencemag.org/cgi/content/full/299/
knot of emission that could be seen in the near-ultraviolet 5612/1541/DC1Movie S3(Porco et al., 2003and http://
(Cassini UV3) and blue (BL1) filter images. Tvashtar’s astrogeology.usgs.gov/Projects/loAurorae
plume gases must have reached altitudes 880 km to be Figures 2 and 3how how lo’s clear-filter disk-integrated
observed by Cassini extending several pixels over lo’s limb. brightness varied during eclipses B and C. These measure-
Local emission associated with volcanic activity could ments were taken from raw clear-filter images with the pe-
also be seen near the equator on the Jupiter-facing side ofiodic noise removed by frequency domain filtering. Varia-
lo. A bright band extended eastwards along the equator fromtions in background level were subtracted by averaging the
the sub-Jupiter point, likely associated with plumes from the space surrounding lo. This approach has the effect of elim-
volcano Acala and several small volcanic centers in this re- inating possible variations in the extended corona (i.e., ex-
gion detected by Galileo images showing high temperature tending beyond 17 lo radii) and yields measurements with
thermal emission from a cluster of small hot spdfeEwen an arbitrary scale (mean digital number) but avoids the noise
et al., 1998a)This region is also bright in near-ultraviolet introduced by calibration uncertainties. Calibrated images
(UV3) images, indicating that Cassini observed non-thermal show that the absolute brightness of 1o was slightly higher
(atmospheric) emissions. during eclipse C (when lo was near the center of the plasma
Thermal emission from several active volcanoes was de-torus) than during eclipse B (near the edge of the plasma
tected in all of the clear and long-wavelength imaging se- torus, atiy; =43 to 106).
quences, particularly at Pele (1&, 255 W). Hot spots We can quantify the post-ingress dimming and pre-
were evident at Reiden (125, 234 W) and Wayland Pa-  egresss brightening of lo by fitting straight lines to the linear
tera (33 S, 223 W), a volcanic center that had never before portions of the light curves and assign uncertainties to the
been detected at visible and near-IR wavelengths. Faint hotdimming and brightening times (dashed linesHigs. 2

spots were also detected at Loki {19, 308" W) and at Pil- and 3 using the standard errors in theestimates from
lan (1 S, 24F W), the site of an enormous eruption 30 the linear regressions. In both cases the disk-averaged emis-
months earlie(McEwen et al., 1998b) sion diminished gradually for the first 17 to 19 minutes

after ingress, remained largely steady for the duration of
the eclipse, and then began to brighten agait2 to 13
minutes before egress. This behavior suggests that images
A major advantage of Cassini over previous observations acquired within a few minutes of eclipse ingress or egress
was the capability to record entire eclipses at intervals of are contaminated by sunlight scattered into Jupiter’'s shadow

3. Temporal variability

Eclipse B

0.8
T
]

0.6

Disk—averaged Brightness (Arbitrary Units)
0.4

0.2
T
Start of Umbra
End of Umbra

o I 1 1 A ] 1 I R
0 20 40 60 80 100 120 140

Minutes after 9:00 UT

Fig. 2. Time-series of disk-integrated intensities from eclipse B. This figure shows the total brightness of lo as a function of time, from raun@gssini i
taken under constant conditions. Solid lines show linear least-squarestfiesdata; dashed lines show the fotmacertainty in the times of intsections of
the fit lines.
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Eclipse C
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Fig. 3. Time-series of disk-integrated intensities from eclipse C. This figure shows the total brightness of lo as a function of time, from ramn@&gssini i
taken under constant conditions. Solid lines show linear least-squarestfiesdata; dashed lines show the fotmacertainty in the times of intsections of
the fit lines.

by Rayleigh scattering in the planet's upper atmosphere the Jupiter-facing side (left) shifted towards the north, in
(cf. Formisano et al., 2003 This is important in that it  accord with the changing orientation of the jovian mag-
provides an explanation for the dramatic dimming previ- netic field. This behavior is similar to that observed for far-
ously seen in Galileo images at the start of two eclipses ultraviolet and other atomic emissio(Roesler et al., 1999;
(Geissler et al., 1999because the earlier images in both Retherford et al., 2000)ndicating that these mostly mole-
pairs of Galileo pictures were acquired within 15 minutes cular emissions and the atomic emissions are excited by a
of ingress. However, the asymmetry between post-ingresscommon population of electrons.
dimming and egress brightening times suggesteHigy. 2
and 3is consistent with a partial collapse of lo’s atmosphere
during the first few minutes of eclipse (e.@larke et al.,
1994 and constrains the phenomenon to take place within  Five-color imaging at reduced resolution (in summation
~ 20 minutes of ingress. Alternatively, the differences be- mode) was also acquired during eclipses B and C. Results
tween the ingress and egress profiles might be attributablefrom these two imaging sequences were simidate 1ds a
to longitudinal asymmetry in Jupiter's stratospheric haze false color image from eclipse C made up of three of the five
(West, 1988; Rages et al., 1999) colors: emission in the UV3 filter (300—380 nm) is shown as
lo crossed the plasma torus center during eclipse C onblue inPlate 1awhile green denotes emission in CB1 (595—
January 1, 2001, as it passed through System Ill magnetic645 nm, excluding 615-625 nm) presumably due to neutral
longitudes from 250 to 303 degrees. The equatorial glows atomic oxygen ([OI] 630, 636 nm) emissions. Pele glows
were seen to shift in latitude during this eclipse, tracking brightly due to thermal emission from high-temperature lava
the tangent points of the jovian magnetic field linEgg- in the near-infrared IR4 band (980-1100 nm), displayed as
ure 4 shows three clear-filter images taken near the start, red inPlate 1aand is also seen more faintly in CB1 as the
middle and end of the eclipse, along with the locations of yellow spot at the center of Pele Rlate 1aPlate 1bshows
the tangent points of Jupiter’s magnetic field lines calculated two of these colors superimposed on a full resolution clear
using the approximate (but adequate) expression: anti-jovianfilter image; emission in the UV3 filter is again shown as
tangent point latitude- lo’s magnetic latituder 9.6 sin(lo’s blue inPlate 1h but here the visible CB1 emission (which
magnetic longitude- 112). Part of the change in lo’s ap- would appear red to the eye) is shown as red. The blue (UV3)
pearance was due to the moon’s rotation; Cassini's sub-glows correspond to the brightest emissions in the clear filter
spacecraft longitude started at 281 degrees West and reacheithages and are concentrateshnthe equator and close to the
297 degrees West by the end of the sequence. The equasurface of lo. The red (CB1) emissions are much more exten-
torial glow on the anti-Jupiter side of lo (on the right) sive, reaching up to 900 km above the moon'’s surface. This
could be seen to migrate southwards, while the glow on distribution is consistent with their interpretation as molecu-

4. Multispectral observations
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01/1/01 01/1/01 02/1/01
22:13 23:15 00:06

Fig. 4. Time-lapse sequence of clear-filter images of lo during the edipdanuary 1, 2001. Shown for comparison are the approximate locations of th
tangent points of the jovian magnetic field lirtsthe sub-Jupiter and anti-Jupiter points.

lar sulfur dioxide (blue) and atomic oxygen (red) emissions, 752+ 134 kR. Up to 7 separate measurements were made
since the heavier molecule should have a smaller scale heightn each filter combination durgneclipse D. The errors re-
than atomic oxygen. Atomic oxygen is four times lighter ported inTable 1represent the standard deviations of these
than SQ and would be expected in lo’s thin atmosphere to individual measurements.
potentially have a scale height four times larger than.3© The equatorial glows wereetiected at visible, near-
addition, the principal source of O atoms during eclipse is infrared and near-ultraviolet wavelengths. More than 100 kR
electron impact dissociation of $Qwhich is known to pro- were recorded in the ISS UV3 filter (300—380 nm) along
duce non-thermal O atoms wittharacteristic initial random  with a similar intensity in BL1 (390-500 nm), comparable
kinetic energy temperature @f ~ 1 eV (Vatti Palle et al., to Galileo estimates of violet filter intensiti€Seissler et al.,
2004) possibly enhancing the scale height for oxygen. Dis- 1999) At least 50 kR (the detection limit for this filter) were
tinct equatorial glows are observed in the oxygen emissionsdetected in UV2 images (265-330 nm). No detection was
along with limb glows that are brightest near lo’s south pole. made in UV1 (235-280 nm), allowing us to place an upper
Other CB1 images from this sequence show that the equa-limit of about 100 kR.
torial oxygen glows follow the motion of the brighter blue The Cassini detections of near-ultraviolet emissions from
(UV3) emissions. A knot of blue emission can also be seen the equatorial glows agree with their interpretation as mole-
near lo’s north pole, presumably due to S@nted from the cular SQ emissions, based on laboratory measurements of
volcano Tvashtar. electron-induced fluorescence of S(Miller and Becker,
The best spectral measurements of the glows were madel987; Ajello etal., 1992, 2002The SQ MUV2 band peaks
during the final eclipse (D) on January 5, 2001, when fifteen in the near-ultraviolet and extends to visible wavelengths.
different filter combinations were used for long exposure However, the ratio of BL1/UV3 (i.e., the ratio of intensities
(12 seconds) summation mode imagirigg( 5). Table 1 in the BL1 and UV3 filters) seems to be larger than expected
lists the mean measured brightness of the anti-jovian equatofor SO, alone. To verify this, we performed a detailed cal-
rial glow in each bandpass and the upper limits in the casesculation of the raw signal expected from $®hen imaged
where no positive detection was made. All of the equator- by Cassini ISS, using the laboratory g€pectrum ofAjello
ial glows were measured using ax% pixel box, covering et al. (2002)and the ISS system and filter transmissivities
an area of about 680 kix 680 km in these % 2 summa- and quantum efficiency as functions of wavelength. The re-
tion mode images. This area is larger than the dimensionssults (Table 2 indicate that the raw DN observed in the BL1
of the glows, and the central portions of the glows consis- filter is more than three times greater than predicted, rela-
tently reach brightness values higher than these averages byive to the UV3 filter, from laboratory measurements made
a factor of 2 to 3. Hence, the mean value of the bright- with electron temperatures in the range 8 to 18 eV (higher
est 136 kmx 136 km pixel intensity in the clear filter is  electron temperatures appear to be ruled out by the observed
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Tvashtar
plume

Reiden

.
Peleﬂ

<—to Jupiter

Plate 1. Multispectral images of lo during the eclipse of January 1, 20PEalge color composite made up of IR4, CB1, and UV3 images portrayed as red,
green and blue, respectively. (b) CB1 (red) and UV3 (blue) images superposclear filter image. (c) Location reference map with grid lines at 3Gedegr
intervals. (d) Annotated clear-filter image showing limas of volcanoes and plume glows discussed in text.

Table 2 to account for the brightness of the equatorial glows between
Raw digital number expected from ISS when imaging,SiDorescence, 395 and 500 nm. No line emissions brighter than 0.4 kR were
normalized to unity in the UV3 bandpass detected byBouchez et al. (200@)ver the wavelength inter-

Filter 8eV 18eV 98 eV Measured (DN)  val between 420 and 500 nm, covering most of the BL1 filter
uv1 0.0 0.34 0.36 <10 range. The best candidate is the set pfB8x;-X3%;)

uv2 0.33 0.42 0.41 (80+0.04 bands which span 240-711 nm. For electron energies much
uvs 1.00 1.00 1.00 DO+0.11 above threshold, the most intensgf@nds are below 350 nm
BL1 0.27 0.39 0.79 ®3+0.13 ) U o ,
GRN 029 0.20 0.97 ®64 014 with non-negligible intensity in the BL1 (390-500 nm) fil-
CLR 312 4.30 5.77 B9+ 0.70 ter range. For electron temperatures comparable to threshold

This table shows the raw signal (DN) expected from an S@urce emitting excitation energies, the intensity d|3tr|b_Ut|0n IS unknown.
a known number of photons per waveggh increment, using values from  Molecular sulfur is a well known volcanically ejected gas

the laboratory measurements Ajello et al. (2002) The predicted ratios and has been spectrallye'dtified in Pele’s plquSpencer
take into account the wavelength-dependent sensitivities of the optical and gt 5| 2000)

electronic components of ISS and are adjusted (multiplied) using the lat- A clear detection of the equatorial glows was made in
est correction factors from in-flight calibration. The measured signals from q 9

eclipse D are shown for comparison. the IR1 band (670-850 nm). The equatorial glows were
not prominent in either the REB IR1 filter combination
(670—730 nm) or the IR2 filter (800—940 nm), indicating
UV2 : UV3ratio). The GRN filter signal is also elevated, but that the emission is mostly in the wavelength range 730 to
other constituents such as O and Na are known to contribute800 nm. Atomic potassium (KI 767, 770 nm), sulfur (Sl
to the GRN filter emissions and thus place constraints on 773 nm), neutral oxygen (Ol 777.4, 844.6 nm) and singly
the possible amount of S@mission produced by high tem- ionized oxygen ([Oll] 732, 733 nm) are all possible sources
perature electrons. The larger-than-expected BL1 intensity of the infrared emission but the largest contribution is likely
requires another emitting species in addition to 80order that of potassium, for reasons explained in the next section.
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Fig. 5. Montage of spectral images from Eclii3¢January 5, 2001). Equatorial glows were detected at wavelengths from at least 330 nm to 880 nm and in
all filters except UV1, HAL and IR4. Limb glows were detected in GRN, CB1, RED, and IR1 filter images.

Table 3

Emission intensity of limb glows in eclipse D (January 5, 2001)

Filter name Center wavelength (nm) Bandpass (nm) Emission intensity (kR) Comments
Clear 611 235-1100 102 22 N. Pole (including Tvashtar)
Clear 611 235-1100 4611 S. Pole
GRN 568 495-635 187 N. Pole
CB1 619 595-615, 625-645 103 N. Pole
RED 650 570-730 237 N. Pole
IR1 752 670-850 123 N. Pole

Listed are the means and standard deviations of up to 7 separate meassur@imese values include (are dividey) correction factors from the lates-flight
calibration.

Marginal detections of the equatorial glows in the IR2 (800— our knowledge, these are the first detections of K along lo’s
940 nm) and IR3 (880-1025 nm) bands might be explained limb.
by OI 845 and 926 nm emissions. Finally, disk-integrated measurements of the total power
Limb glows distinct from the equatorial emissions were radiated by the atmospheric emissions are shovliabie 4
detected in the clear filter images and also in GRN, CB1, These measurements were made from images edited to re-
RED, and IR1. Brightness measurements were made neamove the thermal emissions from volcanoes Pele and Rei-
the poles of lo using a rectangulas@3 pixel box with the den.Table 4indicates that much of the power radiated by
long axis parallel to the eqt@, spanning approximately lo’s aurorae was at ultraviolet and short visible wavelengths.
1220 km, and the short axis in the direction of the pole For this reason, it is unsurprising that the Cassini ISS es-
(~ 410 km wide). These measurements are listethine 3 timate of lo’s disk-integrated power (3600 MW) is larger
Although the north polar limb was affected by the erup- than the estimate from Galileo SSt 000 MW, Geissler et
tion of Tvashtar, limb emissions that completely encircled al., 1999, which was insensitive to UV wavelengths shorter
lo were seen in each of the CLR, GRN, CB1, RED, and IR1 than 390 nm. Because radiated powers were computed as-
filter images from eclipse DHig. 5). The specific emissions  suming that the photons had wavelengths at the center of
responsible for the limb glows are presumed to be Nal 589, the bandpasses, the mean Clear filter power of 3600 MW
590 nm and [OI] 557 nm in the GRN filter; [Ol] 630, 636 nm is probably a slight underestimate. Another reason why the
in the CB1 and RED filters; and KI 767, 770 nm in IR1. To power estimated from the Clear filter need not match the sum
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Table 4

Disk-integrated measurements of lo’s aaleemissions during eclipse D (January 5, 2001)

Filter name Center wavelength (nm) Bangpgénm) Radiated photons Radiated power (W)
Clear 611 235-1100 .24+ 0.07e+28 359+ 0.22e+-09
uv3 338 300-380 B4+ 0.68et+27 176+ 0.39e+09
BL1 451 390-500 B6+1.07e+27 117+ 0.47e+09
GRN 568 495-635 54+ 0.74et+27 054+ 0.26e+09
R+G 601 570-635 38+ 0.48e+27 013+ 0.16e+09
CB1 619 595-615, 625-645 16+ 0.44e+27 037+ 0.14e+09
RED 650 570-730 DP1+0.07et+27 062+ 0.02e+-09
IR1 752 670-850 11+ 0.35e+27 029+ 0.10e+09

Photon counts were measured over square boxes that extended an lo diamgtipethe disk in all directions, and assume that emission was uniform
over 4 pi steradians. Powers were computed assuming that the emissions were at the center wavelengths of each filter. Thermal emission froras/olcanoes w
excluded.

of the individual filter power values is that several of these pixel tangentto the surface. On a global basis our model pre-
filter combinations overlap in wavelength. dicts 2x 10?7 photongs from the S@ MUV2 bands when
the electron heat conduction flux is handled as described in
Appendix A of Saur et al. (2002)n comparison to the ISS
measured value of.@ x 10?/ photong's. Hence it would ap-
pear that our assumed upstresorus electron density and
To interpret the Cassini observations we use the modeltemperature boundary conditions are insufficient to power
of Saur et al. (1999, 2002p describe the electrodynamic the observed lo visible auraras a check, the analytic solu-
interaction between lo and tipgasma torus. This model ex-  tion given in Appendix B ofSaur et al. (2003)which does
plicitly calculates the electron number densiy and tem- not depend on any particular model for the 3D interaction
peraturele as functions of location in lo’s atmosphere, given of torus and atmosphere, is used to calculate the maximum
the values of these quantities in the plasma torus upstream ofadiation rate if all available power in the torus could be uti-
lo. Details of the model and the physics of these interactions lized. The result is B x 10?7 photongs and 80% of the
were described bgaur et al. (2003Here we outline the re-  measured value. The differembetween the analytic and the
sults of these calculations for the simplified case of a spher-3D model results is the heat conduction time (infinitesimal
ically symmetric atmosphere with optically thin emissions, in the former and finite, but too long, in the latter). Our
and point out the implications for the column abundances 3D model results could be brought into better agreement
and mixing ratios of lo’s atmospheric constituents based on with a shorter heat conduction time constant. In addition,
comparisons with the Cassini data. the torus flux tubes may contain more energy than assumed
The intensities of lo’s near-ultraviolet emissions place in our model where the electrons are assumed Maxwellian
significant constraints on the column abundance of,%9 at 5 eV. If the electron distribution function were assumed
explained bySaur et al. (2000)f the atmosphere is too thin,  to be a kappa-distribution, as inferred ldgyer-Vernet et al.
the torus electrons simply pass through the atmosphere and1995)from Ulysses data, then actual energy content could
deposit their energy onto the surface. As the atmosphere geténcrease by~ 50%. A time variable flux of field aligned
thicker, the electrodynamic interaction is strengthened and non-thermal electrons<(30 eV) were occasionally detected
more of the torus electrons are diverted around lo so thatby the Galileo PLSFrank and Patterson, 1999, 20QBxt
fewer deposit their energy into lo’s atmosphere. Assuming would also add to the energy content.
upstream torus electrons with density = 3600 cnt? and Measured equatorial glows averaged over a5 pixel
temperaturde =5 eV, Saur et al. (2003find that the max- box and covering an area of about 680 k680 km are
imum intensity expected from the near-ultraviolet MUV2 compared with peak model intensities on the limb in our
bands of SQis attained for column abundances in the range analysis given below. These intensities are comparable in
(0.54-1.7)x 10 cm2, absolute magnitude and accuratea relative basis for inter-
Comparison of the Cassini ISS measurements with the comparison of ratios of filter intensities. Model intensities
Saur et al. (1999nodel is not straightforward. The S@t- integrated over lo’s disk and atmosphere can be increased
mosphere of lo has a scale height at the surface 0 and to the observed values by depleting the torus energy content
~ 200 km at its exobase. If we adopt the inferred model at- faster via a shorter heat conduction time constant.
mosphere given istrobel and Wolven (2001&n ISS pixel Partitioning the observed intensities according to the elec-
tangent to the surface includes the first five scale heights oftron impact excitation cross-sections measured at 8 eV by
the atmosphere. Ti®aur et al. (1999nodel has an assumed Ajello et al. (2002)for SO, yields intensities of 78 kR for
scale height of 100 km in ord¢o resolve each scale height the UV2 filter, 125 kR for UV3, 29 kR for BL1, and 10 kR
with three grid points, i.e., with resolutiaRy/50= 36 km. for GRN for a total intensity of 242 kR and within our the-
Thus the first five scale heights of our model map into the oretical range of 180-350 kR. The excess intensities seen

5. Interpretation
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by Cassini must be contributed by other atmospheric con- fraction of predissociation after excitation to bound states.
stituents, such as O, S;,Na or K. Consequently, the following approximations and assump-
Two sources of information help to constrain our inter- tions were made. The,Ss presumed to be vibrationally
pretations. The first is that some of these gases have beemot in the atmosphere-(1000 K) consistent with the high
observed in lo’s atmosphere at far-ultraviolet wavelengths, temperatures in the conduits of volcanic vents and the slow
such as HST/STIS observations of neutral O (135.6 nm) andvibrational relaxation in lo’s thin atmosphere. Excitation
S (190.0 nm)Roesler et al., 1999 The abundances inferred  from ground state vibrational levels to B state vibrational
from the Cassini observations ought to be consistent with levels is assumed to be proportional to the Franck—Condon
those existing measurements, allowing for variability of Io’s factors given imPAnderson et al. (1979Radiative decay from
atmosphere with time. The second constraint comes from thespecific B state vibrational levels to various ground state
abundance ratios determined for optically active gases, suchvibrational levels was compedl with theoretical Einstein
as the alkali metals Na and K, that are visible even though “ A” coefficients supplied by S.R. Langhoff (unpublished
they are present in small quantities. and private communication, 2003). These coefficients and
Electron impact on atomic oxygen contributes to the the associated Franck—Condon factors are in good agree-
RED, CB1 and GRN filters via the red lines of & — 3P) ment with theAnderson et al. (197®xperimentally inferred
at 630.0 and 636.4 nm and the green linelSK> 1D) at Franck—Condon factors. As a check, these coefficients also
557.7 nm, as does electron impact on,S®@he electron compared favorably with the Einsteit-values adopted by
impact excitation cross-sections for {3 and OfD) are Kim et al. (1990) The calculated Langhoff spectroscopic
based on the laboratory measurement®oéring and Gul- quantities have the advantage of being more comprehensive
cicek (1989a) and Doering (199)he Ol 844.6 nmand Ol  (v/,v”" =0,1, ..., 39) and self-consistent.
777.4 nm multiplets result from cascades and contribute to  The resultant distributions of,Sband emission which
the IR1 Filter intensities. For Ol 135.6 nm, the direct ex- originate from the first three ground state vibrational lev-
citation cross-section fotS term has been measured in the els v” = 0, 1,2 were partitioned into the relevant ISS fil-
laboratory and our adopted cross-section is based principallyters (UV2, UV3, BL1). For our desired level of accuracy,
onDoering and Gulcicek (1989bfror cascade contributions  the intensity ratio of 3 emission for BLL UV3: UV2 is
the review article byLaher and Gilmore (1990h conjunc- 1:23:~ 23 for eachv” (0,1, 2). The observed intensity
tion with Julienne and Davis (1976)ere used to construct ratio for BL1: UV3 is 1: 1.5. Electron impact emission
the total emission cross-section. Cross-sections for sulfurof SO, at low 7. (8-18 eV) yields an intensity ratio for
were computed from the theoretical electron impact colli- BL1: UV3 of 1:4.3. Thus itis clear that no combination of
sion strengths calculated Batsarinny and Tayal (2002) S, and SQ band emission can explain the observed filter in-
Electron impact of Sl into théS andD terms is followed tensity ratio. If our assumptions are correct, one is forced to
by 1S — 1D radiative decay to produce the Sl 772.5 nm invoke some additional emitter(s) to account for the “excess”
line with probability 0.84 and thehD — 3P to radiate the ~ emission observed in the BL1 filter. Alternatively, one might
Sl 1082.0, 1130.6 nm lines in the ratios of 0.77 and 0.23. argue that excitation electrons are hetX00 eV), but then
Prominently contributing to the GRN filter intensity are the the inferred intensity ratios would be43l:1:1.64:1.36
Nal D lines at 589.0, 589.6 nm, whereas KI D lines at 766.5, for GRN : BL1 : UV3 : UV2 filters, in disagreement with
769.9 nm probably dominate the IR1 filter intensity because the observed intensities. In particular, when normalized to
the cross-section of K is much higher than other candidate the BL1 filter, the GRN filter would be all SOemission
emitters. Electron impact cross-sections for these speciesand the implied S@ emission in the UV2 filter would ex-
were adopted fronKim (2001). These cross-sections are ceed the observed intensity by a factor of 2. Absorption in
exceedingly large, with peak values of (460~ 1° cn? the UV2 range is unlikely to be important in lo’s tenuous
at 6-8 eV. These allowed transitions have large oscillator atmosphere: S@absorption is at most 138 cm=2 at the
strengths, so that small column densities yield large inten- inferred column density o& 2 x 10 cm~2. A more plau-
sities. Hence, optical depth effects can be important even atsible scenario is that excitation of the B state vibrational
low abundances. levels at threshold electron energies is not proportional to
The available data on the electron excitation cross- the Franck—Condon factors and lower vibrational levels of
sections and spectroscopy of iS less than satisfactory. To  the B state have higher probability. Until laboratory data are
the authors knowledge no quantitative laboratory measure-available, accurate estimates of the partitioning pb8nd
ments have been made for electron excitation of thé88S  emission cannot be made.
state; only the theoretical eleoh excitation cross-sections To estimate the Smixing ratio, $ is assumed to be
of Garrett et al. (1985pre available. According to Gar- solely in the ground state vibrational leval$ =0, 1, 2 in
rett et al., electron impact on,Sn low vibrational levels thermodynamic equilibrium at 1500 K. The electron impact
leads primarily to bound state excitation of the°’Bg‘ state excitation cross-section is taken froBarrett et al. (1985)
rather than dissociation via this state. The latter outcome oc-and adjusted for bound B state predissociation. To achieve
curs preferentially by electron impact on isoelectronic O 70 kR in the BL1 filter would require a 27% mixing ratio
(v = 0). Their method of calculation does not yield the for S;. If all the S band emission occurred solely in the
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Table 5
Calculated intensities for the anti-jovian equatorial spot compared with observed intensities
Filter Emitters Mixing ratio Cross-section peak Calculated Observed
(%) (1078 cm?) @ (eV) intensity (kR) intensity (kR)

uv2 SO, MUV2 82 16.5@ 10 64

S ~ 10, (5-27) 290 @ 10 < 165, cf. text

Total 64-229 56+ 27
uv3 SO, MUV2 82 16.5@ 10 102

S ~ 10, (5-27) 290 @ 10 < 165, cf. text

Total 102-287 149t 24
BL1 SO, MUV2 82 16.5@ 10 24

S, ~ 10, (5-27) 290 @ 10 ~ 70, cf. text

Total ~94 102+ 8
GRN SO MUV2 82 8

Ol 557.7 5 3.3@9.5 2.5

Nal 589.0 0.12 3830 @ 8 30

Total 40.5 41+ 2
CB1 01630, 636.4 5 54 @6 31 265
RED 01630, 636.4 5 54 @6 31 433
IR1 Ol 777.4 5 51@ 20 0.9

Ol 844.6 5 10 @ 20 1.5

SI1772.5 2.5 6.5@ 11 2.3

Kl 767 0.036 6170 @ 6 18

Total 23 20+ 2

The chosen mixing ratios imply FUV intensities for Ol 135.6 nnx 8.32=1.6 kR; and for SI 190 nm: .3 x 1.7 = 4.2 kR.

BL1 filter at 70 kR, then the required $ixing ratio would derived from optically thin intensities by factors of 3.5 and
decrease to 5%. Within this mixing ratio range (5—27%), a 3, for Na and K, respectively. Thus the Na mixing ratio is
representative value of 10% would be most reasonablein  ~ 1.2 x 10-2 and the K mixing ratio is~ 3.6 x 10~*. The
light of all the assumptions and uncertainties. This mixing implied Na/K ratio 'iSN 3.3, which is a factor of 2—3 below
ratio range is comparable to wh@pencer et al. (2000)- the quoted range iBrown (2001)of ~ 10+ 3. However,
ferred for the Pele plume. if the SQ contribution to the GRN filter were much lower,
Table 5shows our best-fit predictions of lo's auroral then a Na mixing ratio of B x 10-% would be needed to
equatorial emission intensities compared with the intensi- match the GRN filter and the Na/K ratio would be 5. Also,
ties measured in the anti-Jupiter equatorial bright spot. It the photoionization lifetime of K is- 20% shorter than the
should be noted that we have no spectral features to inferNa photoionization lifetime, which implies thg atmospheric
the SO mixing ratio, which is on the order of a few percent N&/K mustbe lower than the coronal Na/K derivecBrpwn
(Lellouch et al., 1996)We assume an O mixing ratio of 5% (2001) Hence our inferred Na/K ratio is consistent with the
to match the CB1 filter, a S mixing ratio of 2.5% (which Brown (2001alue. ,
gives SI 190 nm in the range seen by HST) parxing ra- Qne complication is that QD) reacts or is quenclt?)ed
tio of ~ 10% to match the residual of observed BL1 filter rapidly by most mp!eculeg W'.th a ra.te.of (0.4-2)10°
intensity minus S@ MUV2 band intensity, a Na mixing ra- cne/s, in lcompetmqn with 't$ radiative decay rate of
tio of 3.3 x 10-% to match the residual in the GRN filter 0.00681 s*. While this quenching rate has not been mea-
o ) 4 ' sured for SQ@, a reasonable estimate isx110~1° cmd/s.
and a K'mixing ratio of 12 x 10~ to match the bulk of the Thus quenching and radiative decay are equally probable
IR1 flltgr, unde.r the as;umptlon that these resonance I|nesWhen the S@ number density is 8 x 107 cm3. Hence Ol
are optically thin. A quick chck at these very low mixing

SR . . . red line emissions do not originate near the surface, but are
ratios indicates that these lines have total tangential opti-

‘ confined to elevated levels within three scale heights of the
cal depths in the range of 4-12. The methodzdfdstone

: X 0 exobase in the equatorial atmospher&wbbel and Wolven
(1985)is used to treat approximately the radiative transfer ;2001)

of these resonance lines generated by the internal source o

electron impact excitation. ® atmosphere can be treated

at these visible wavelengths as a pure scattering atmospherg. Discussion

with single-scattering albeday = 1. The finite scattering

optical depth atmosphere with an internal electron impact The Cassini observations strengthen the case that the
excitation source of Na and K D lines requires an enhance-bright blue equatorial glows seen in the Galileo pictures
ment of the inferred Na and K mixing ratios over values are the visible tails of molecular SGemissions that peak



138 P. Geissler et al. / Icarus 172 (2004) 127-140

at near-ultraviolet wavelengths. These broadband molecu-  terpretation that the emissions are due to molecular SO
lar emissions are difficult to detect from Earth, owing to The visible glows likely represent the long-wavelength
the scattered light from nearby Jupiter. The new observa- tails of the MUV2 emissions identified from laboratory
tions also show that the molecular emissions move about lo, measurements of electron-induced,StDorescence.
following the magnetic field of Jupiter. Like their counter- (2) Detailed comparisons of laboratory S@pectra with

parts caused by atomic emissions, the; $@ws appear to the Cassini observations indicate that a mixture of gases
be powered by electrodynamic interactions between lo and  make up the equatorial emissions. Potassium is sug-
the plasma torus, controlling the electron energy flow pat- gested by new detections of the equatorial glows at
terns into lo’s atmosphel&aur et al., 2000) near-infrared wavelengths from 730 to 800 nm. Neu-
Cassini monitored lo’'s appeamce over entire eclipses, tral atomic oxygen and sodium are required to explain

documenting temporal changes on time scales of minutes.  the brightness of the glows at visible wavelengths. The
These data provide an explanation for the dramatic changes  best candidate for the excess intensity of the glows in
seen by Galileo during the first few minutes after ingress the BL1 filter wavelength interval (390-500 nm) is S
and help constrain the degree of atmospheric collapse when (B 32§_x 32u—)_

lo enters Jupiter's shadow. The contribution of light scat- (3) Stratification of the atmosphere is demonstrated by dif-
tered into Jupiter's shadow by aerosols or gasesin the jovian  ferences in the altitudes of emissions at various wave-
atmosphere is demonstrated by the pre-egress brightening  |engths. The near-ultraviolet (SPemissions are con-
observed on lo by Cassini, beginning some 12 to 13 minutes  fined to a region close to lo’s surface, whereas neutral
prior to the satellite exiting the planet's umbra. Post-ingress oxygen emissions are seen at altitudes that reach up to
dimming takes substantially longer, suggesting that partial 900 km, or half the radius of the satellite.

collapse of the sublimation-driven atmosphere does indeed(4) The locations of both the molecular (and atomic
take place (assuming that Jupiter's stratospheric aerosols  (Q) visible emissions vary in response to the changing

were similar on the dusk and dawn limbs). However, the per-  grientation of the external magnetic field, tracking the
sistence of auroral glows and the column densities inferred tangent points of the jovian magnetic field lines. This
from modeling their intensities indicate that a significant behavior of the visible aurorae had not previously been
component of lo’'s atmosphere is retained in the absence of  jpserved directly or simultaneously, but was inferred
sunlight, presumably supported by volcanism. from analysis of a collection of Galileo observations ac-

Detailed comparisons of the equatorial glow intensities quired with a variety of viewing geometries.
with the spectrum of eleain-induced fluorescence of 8O (5 | imb glows distinct from the equatorial emissions were

suggest that the equatorial glows are produced by a combi-~ * pserved at visible to near-infrared wavelengths from
nation of gases including S00, 5, Na, and K. The sources 500 to 850 nm. The limb glows, brighter on the side of

of the potassium and sodiumin lo's torus are of greatinterest |5 cjgsest to the center of the plasma torus, indicate that
from a geological poinof view, given the recent identifica- O. Na, and K are distributed across l0’s surface and not

tion of Cl in the torus with abundances that suggest that the
metals may have derived from sa{&chneider et al. , 2000)
and the recent detection of gaseous NaCl in volcanic plumes
by Lellouch et al. (2003)The Cassini results are consistent
with Na and K derived from primary volcanic gases of NaCl
and KCI (Fegley and Zolotov, 2000)n particular, the in-
ferred NaCl/SQ flux ratios for volcanic models are in the
range of (0.4—-13% 103 with the smaller values appropriate
for co-location with S@ and the larger values appropriate
for preferential concentration near volcanic vents. It should
also be noted that the inferred Na tangential column density
at peak emissiony (1.2-18) x 102 cm~2, is comparable

to the Na column density of.1 x 1012 cm~2 derived by
Schneider et al. (1998 1.4 lo radii. Acknowledgments

simply confined to the equatorial regions.

(6) Pre-egress brightening demonstrates that light scattered
into Jupiter's shadow by gases and aerosols in the giant
planet’s upper atmosphere contaminates images of lo
taken within 13 minutes of entry into or emergence from
Jupiter’s umbra. Although partial atmospheric collapse
is suggested by the longer timescale for post-ingress
dimming than pre-egress brightening, lo’s atmosphere
must be substantially supported by volcanism to retain
auroral emissions throughout the duration of eclipse.
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