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Cassini UVIS observations of Jupiter’s auroral variability
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Abstract

The Cassini spacecraft Ultraviolet Imaging Spectrograph (UVIS) obtained observations of Jupiter’s auroral emissions in H2 band systems
and H Lyman-α from day 275 of 2000 (October 1), to day 81 of 2001 (March 22). Much of the globally integrated auroral variability
measured with UVIS can be explained simply in terms of the rotation of Jupiter’s main auroral arcs with the planet. These arcs were also
imaged by the Space Telescope Imaging Spectrograph (STIS) on Hubble Space Telescope (HST). However, several brightening events were
seen by UVIS in which the global auroral output increased by a factor of 2–4. These events persisted over a number of hours and in one case
can clearly be tied to a large solar coronal mass ejection event. The auroral UV emissions from these bursts also correspond to hectometric
radio emission (0.5–16 MHz) increases reported by the Galileo Plasma Wave Spectrometer (PWS) and Cassini Radio and Plasma Wave
Spectrometer (RPWS) experiments. In general, the hectometric radio data vary differently with longitude than the UV data because of radio
wave beaming effects. The 2 largest events in the UVIS data were on 2000 day 280 (October 6) and on 2000 days 325–326 (November
20–21). The global brightening events on November 20–21 are compared with corresponding data on the interplanetary magnetic field, solar
wind conditions, and energetic particle environment. ACE (Advanced Composition Explorer) solar wind data was numerically propagated
from the Earth to Jupiter with an MHD code and compared to the observed event. A second class of brief auroral brightening events seen
in HST (and probably UVIS) data that last for∼2 min is associated with auroral flares inside the main auroral ovals. On January 8, 2001,
from 18:45–19:35 UT UVIS H2 band emissions from the north polar region varied quasiperiodically. The varying emissions, probably due
to auroral flares inside the main auroral oval, are correlated with low-frequency quasiperiodic radio bursts in the 0.6–5 kHz Galileo PWS
data.
 2005 Elsevier Inc. All rights reserved.

* Corresponding author.
E-mail address: wayne_pryor@centralaz.edu(W.R. Pryor).

0019-1035/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2005.05.021

http://www.elsevier.com/locate/icarus
mailto:wayne_pryor@centralaz.edu
http://dx.doi.org/10.1016/j.icarus.2005.05.021


Cassini UVIS observations of Jupiter’s auroral variability 313
Keywords: Auroras; Jupiter; Solar wind; Ultraviolet
1. Introduction

The Galileo spacecraft orbited Jupiter from December
1995 to September 2003. The Cassini spacecraft(Matson et
al., 2002)flew past Jupiter on December 30, 2000, at an al-
titude of 9.7 million kilometers on its way to Saturn, provid-
ing an opportunity for several months of joint observations
of the Jupiter system by the two spacecraft, by the Hub-
ble Space Telescope, and by other facilities. The encounter
featured Cassini solar wind monitoring by CAPS (Cassini
Plasma Spectrometer,Young et al., 2004) and MAG (Mag-
netometer,Dougherty et al., 2004), and auroral observations
by UVIS (Esposito et al., 2004)mostly from outside the
magnetosphere, while the Galileo EPD (Energetic Particle
Detector,Williams et al., 1992) was making energetic parti-
cle measurements relevant to auroral processes from inside
the magnetosphere. ANature special issue described ini-
tial results from the joint observation campaign(Hill, 2002;
Gurnett et al., 2002; Bolton et al., 2002; Kurth et al., 2002;
Krimigis et al., 2002; Clarke et al., 2002; Gladstone et al.,
2002; Mauk et al., 2002). Radio emissions observed by
the Cassini RPWS(Gurnett et al., 2004)and Galileo PWS
(Gurnett et al., 1992)experiments were at times closely
linked to auroral emissions observed by UVIS, as will be
detailed here (Gurnett et al., 2002, presented a related report
from the Cassini RPWS point of view).

This paper focuses on Cassini UVIS observations of
Jupiter’s auroras during this campaign, including initial
auroral spectroscopy, detection of UV auroral brightening
events on both long and short timescales, and comparisons
with radio emissions, solar wind conditions, and the ener-
getic particle environment. Conclusions will be drawn about
large-scale auroral storms and their relationship to coronal
mass ejection events, and about brief UV bursts inside the
auroral ovals and their relationship to radio bursts over the
poles near the magnetopause.

The Cassini UVIS instrument and its objectives are de-
scribed inEsposito et al. (2004). The current paper focuses
on UVIS observations by the Extreme Ultraviolet (EUV) and
Far Ultraviolet (FUV) spectrograph channels. Each channel
has 3 selectable slits that admit light that is dispersed by a
holographic toroidal grating and imaged onto Coded Anode
Converter (CODACON) solar-blind microchannel plate de-
tectors with 1024 spectral by 64 spatial pixels. The EUV
channel covers 56.3–118.2 nm with 0.3–1.9-nm resolution,
depending on the chosen slit, while the FUV channel covers
111.5–191.2 nm with 0.3–2.5-nm resolution.

2. Auroral spectroscopy

Jupiter’s intense polar auroral spectrum in the EUV and
FUV spectral regions consists primarily of H2 band emis-

sions and the H Lyman-α line produced primarily by en-
ergetic electron precipitation. These auroral emissions have
been discussed by many authors, and were reviewed by
Bhardwaj and Gladstone, 2000. Cassini UVIS spectra im-
prove on many earlier data sets, because of the extensive si-
multaneous EUV and FUV measurements with good count-
ing statistics, and because both day and nightside observa-
tions were obtained. The EUV channel observes emissions
from low-energy (0.1–3 keV) precipitating particle “soft”
auroras at a column density in H2 of perhaps 1016 cm−2.
This is well above the methane homopause. The EUV depth
of observation is limited by self-absorption in H2 gas(Ajello
et al., 2001). The FUV channel observes longer wavelengths
where H2 self-absorption does not occur, and observes a
wide range of auroral altitudes. At least some auroral emis-
sion occurs below the methane homopause, as characteristic
absorptions due to CH4, C2H6, and C2H2 are evident in FUV
spectra (e.g., Galileo spectra described byAjello et al., 1998,
2001). The main aurora is thought to occur at an H2 column
of 1020–1021 cm−2, near∼245 km above the 1-bar pressure
level (Vasavada et al., 1999).

Fig. 1 shows sample EUV and FUV UVIS spatially-
resolved spectra.Fig. 2 shows a spatially summed auro-
ral spectrum, compared to the electron impact spectrum of
H2 gas. The FUV data are quite similar to the lab spec-
trum, while the EUV data show more differences due to
self-absorption in H2 gas. Short-wavelength differences in
the FUV between the lab data and the Jupiter data can be
modeled by adding hydrocarbon absorbers above the auro-
ral emission, such as CH4 and C2H2. Fig. 3 shows a full
spectral model applied to UVIS spectra, based on models
developed to fit Galileo and Hopkins Ultraviolet Telescope
(HUT) spectra byAjello et al. (2001). An optically thin au-
roral spectral component due to soft electrons is required in
the fit to this spectrum at EUV wavelengths. A recent elec-
tron transport model byGrodent et al. (2001)with a flux
of weak (0.1 keV), soft (∼3 keV) and hard (15 keV) elec-
trons is capable of modeling Cassini(Ajello et al., 2005),
Far-Ultraviolet Spectrographic Explorer (FUSE) and HUT
Jupiter auroral observations(Grodent et al., 2003; Gustin
et al., 2002, 2004). Thus, there is evidence in auroral spec-
tra from Galileo, HUT, FUSE and now Cassini for signifi-
cant emission at high altitudes from a soft electron source,
in addition to the main auroral component deep in the at-
mosphere.

3. UVIS auroral time-series

The simplest UVIS data sets to work with are those ob-
tained early and late in the Cassini flyby when Jupiter was
spatially unresolved. We have used these to address the is-
sues of global auroral output and its variability. (The rather
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Fig. 1. Sample summed UVIS Jupiter dayside spectral image from 2000 days 345–346; 14 1-mrad spatial pixels are shown on the vertical axis; 1024gth
pixels are shown on the horizontal axis (in nm). The counts/pixel are indicated by color. H2 auroral band emissions from both poles are seen in the FUV b
165 nm. The disk scattered Rayleigh scattered emissions are seen at the longest wavelengths near 180 nm; note that the equator is relatively daUV
channel observed the S pole H2 band emissions in spatial pixels 7 and 8. Spatial pixel 5 was not working due to a temporary software problem. Torus
lines are seen, including ionized sulfur at 68.5 and ionized oxygen at 83.4 nm. H Lyman-α emission is seen at 121.6 nm both on and off the planet.

Fig. 2. Summed UVIS FUV H2 band spectra from the Jupiter nightside from January 20, 2001, are shown. Reflected sunlight is now negligible at
wavelengths in the FUV. Torus sulfur emissions are seen near 170 nm. Also shown are UVIS lab spectra obtained pre-launch of 100 eV electro
H2 gas. Jupiter’s spectrum resembles the laboratory spectrum in the FUV, but not in the EUV due to H2 self-absorption effects in the jovian atmosphe
Attenuating the lab spectrum by adding a simulated absorbing layer of CH4 (column density of 3×1016 cm−2) above the emission improves the overall sha
agreement. Adding some C2H2 (column density of 1× 1015 cm−2) improves the fit near 152 nm, but worsens the fit near 130 nm.
complex mosaics, slews, and maps of the closest approach
time period make that data more suitable for detailed spec-
troscopy studies presented elsewhere(Ajello et al., 2005)
than global output studies.) Data were used from the UVIS
EUV channel in the 110.8–113.1-nm region and the FUV
channel from 127.1 to 128.9 nm for monitoring H2 band
emissions, since these wavelength regions included Jupiter

emissions but were free of contamination from bright emis-
sions seen in UVIS observations viewing the Io plasma torus
(Steffl et al., 2004a, 2004b). Fig. 4 shows the observing
geometry for one of these spatially unresolved auroral ob-
servations.

The UVIS time-series data inFigs. 5 and 7revealed a
surprising amount of structure that is not due to counting sta-
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Fig. 3. Initial modeling efforts of the merged UVIS EUV/FUV spectrum from December 29, 2000. In this case 3 model components were compa
data: a two-stream electron energy deposition model by Grodent, an optically thin 20 eV electron impact on H2 spectrum, and a separate fit to the Lymanα

line shape based on interplanetary Lyman-α data. A multiple linear regression combination of these 3 components fits the data.
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Fig. 4. Sample geometry from October 1, 2000, for the UVIS globally
integrated auroral observations. In this case the long slits were aligned
east–west on Jupiter at a range of 1179 Jupiter radii from Cassini and a
phase angle of 20.2◦. The wide slit (red) is the EUV, that observed the en-
tire planet. The narrower slit (yellow) is the FUV. Reference auroral ovals
are indicated in orange. The FUV only captured the southern auroral zone
and part of the disk in the time-series data.

tistics. Large UV brightening events were seen, each las
for several hours and covering a variety of Central Me
ian Longitudes (CML). Exact event durations are uncl
because of the data-taking sampling. Several-hour per
of UVIS data were separated by several-hour periods w
CAPS full solar wind data was taken. Large-scale UV brig
ening events were seen in both the approach data (low p
angle, dayside), and in the outbound data at high phase
gles that probably represent mostly nightside auroral ac
ity. The 2 brightest events were on days 280 and 325–
of 2000, when UV auroral emissions were enhanced b
factor of 2–4. The same structures in the auroral time-se
data are seen in both the FUV and EUV channels in p
ods when both channels observed the auroral zones (Fig. 5).
Fig. 6shows the spectrum of the day 280 event, compare
spectra obtained under more normal conditions. The ov
effect of this event is an auroral brightening, and not an o
ous change in the spectral appearance, as might be exp
from an increase in mean particle energy that would l
to increased hydrocarbon absorption at short wavelengt
the FUV channel. In other words, the brightening appear
be related to an increase in precipitating particle flux and
to an increased particle mean energy. To quantify this re
the day 280 FUV event spectrum can be fit (Fig. 6, middle
panel) with the following expression:

Cts(day 280) = A × Cts(disk) + B × Cts(lab)

× exp(CH4 column density× σCH4),

where Cts is the FUV counts spectrum, Cts (day 280
the FUV day 280 event spectrum, Cts (disk) is an F
counts spectrum from the period around day 320 when
FUV channel was viewing the disk and not the auror
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Fig. 5. The early approach auroral time-series from UVIS EUV (watching both poles) and FUV (watching the S pole and disk center early, and just der
late in the period). The early data are correlated, showing that the outbursts occurred in the S and perhaps also in the N.

Fig. 6. The spectrum of the strong event on day 280 of 2000 (in counts/1000 s integration/bin) is compared to the average of 100,000 s of data from
previous week. Top panel: FUV data. Both spectra show reflected Jupiter signal at long wavelengths. Near and below 160 nm the H2 band emissions dominate
The off-scale emission is Lyman-α at 121.6 nm. Middle panel: The FUV day 280 event spectrum can be matched by combining a non-auroral reflected
spectrum from Jupiter and a lab spectrum of electron impact on H2 attenuated by a methane column density of 3× 1016 cm−2. Bottom panel: EUV data. A
short wavelengths Io plasma torus lines are seen such as SIII 68.5 nm and OII, OIII 83.4 nm emissions. Above about 85 nm H2 bands emission from Jupiter
auroras are seen.
Cts (lab) is the pre-flight electron impact on H2 lab spec-
trum, A andB are fitting parameters,σCH4 is the methane
cross-section (cm2), and the derived CH4 column density
for both the event and the preceding days is estimated to
be 3± 1 × 1016 cm−2. That is, the auroral event occurred

at about the same mean methane column density in the at-
mosphere as the background auroral situation.

Fig. 7shows the complete set of disk-integrated EUV ob-
servations of Jupiter, showing a number of enhanced emis-
sion events, including events on 2000 days 280, 307–309,
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Fig. 7. Time-series of the EUV auroral emissions seen by Cassini UVIS during the encounter with Jupiter. Both poles were in the slit. Several sally
significant brightening events were seen. The top panel shows count-rates vs time. The bottom panel shows radiated power for those observatich
Jupiter was fully in the EUV observing slit.
325–326, and 2001 day 73. The top panel shows the count-
rates vs time. The bottom panel shows the radiated power
from Jupiter for selected observations in which Jupiter was
fully in the slit. This filtered data set removes most of the
lowest points, and also some of the highest ones during au-
roral storms. The filtered inbound data obtained near 20◦
phase angle are systematically higher than the filtered out-
bound data obtained near 140◦ phase angle. This could be
due to auroral differences, but this is also the expected phase
angle behavior for the dayglow component, which is not
clearly separated from auroral emissions in these observa-
tions.

An improved way to look at the trend in the auroral data
is to remove the modulation from the time-series due simply
to Jupiter’s rotation. This was accomplished using HST STIS
auroral images (like the one inFig. 8) that indicate the pro-
jected area of the main auroral ovals in the north and south
that was in view at any given CML. A linear least-squares fit
between auroral area visible and UV count rate of the form

fit to UV count rate= constant+ slope

× visible auroral area

(Fig. 9) leads to an expected modulation curve, that can be
subtracted from the count-rate curve to leave a residual curve
that emphasizes the auroral storms (bottom panel,Fig. 14).
This approach removes much of the variance.

4. Comparisons with other data sets

Radio observations of Jupiter show some of the same
brightening events that UVIS observed. Comparisons at hec-
tometric wavelengths of the UVIS data and the hectometric
Cassini RPWS data are shown inFig. 10 for the 2000 day
280 auroral event. The radio data have the advantage of be-
ing continuous. The UVIS data and the RPWS data have
similar increases in brightness.Fig. 11 compares weaker
brightening events from 2000 days 307–309 for the 2 instru-
ments, again showing increases in both.

A variety of observations allow us to examine the 2000
days 325–326 Jupiter auroral brightening event in some de-
tail. The event is linked to a strong solar flare and coronal
mass ejection (CME) on 2000 day 313 (November 8). Be-
cause Jupiter opposition occurred on day 331 (November
26), Jupiter and Earth were almost radially aligned with
the Sun on November 8, so solar wind observations ob-
tained near Earth are relevant to the events on Jupiter. The
CME was observed by the Solar Heliospheric Observatory
(SOHO) LASCO (Large-Angle and Spectrometric Corona-
graph Experiment) C3 instrument. The CME reached Earth
on day 315, when SOHO, ACE (Advanced Composition Ex-
plorer) and other spacecraft observed a strong shock in the
solar wind, characterized by a jump in velocity, density, and
temperature (http://www.spaceweather.com). This was the
largest of several large CMEs that merged to form a larger

http://www.spaceweather.com
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Fig. 8. HST STIS UV image of Jupiter’s north polar auroral H2 Werner and
Lyman band and H Lyman-α emissions from November 26, 1998. The al-
most complete oval is the main oval. The arc-like feature at lower latitudes
near the left limb is related to the Io–Jupiter current system. Emissions in-
side the main oval are highly variable.

merged interaction region before reaching Jupiter(Hanlon et
al., 2004). The merged CME shock reached Cassini (which
was upstream of Jupiter) on day 323 at 17 h and reached
Galileo (closer to Jupiter) on day 324 at 9 h. Enhanced so-
lar wind density measured by Cassini CAPS, magnetic field
magnitude measured by Cassini MAG, and energetic ion and
electron density measured by Galileo EPD persisted for sev-
eral days, overlapping with the days 325–326 auroral event
(Figs. 12–14).

The more complete Cassini RPWS (radio) time-series
data show several periods of enhanced hectometric radio
emission during the passage of large coronal mass ejection
events(Gurnett et al., 2002). One of these is associated with
the days 325–326 auroral event seen in UVIS. Other radio
flux increases occurred when UVIS was not taking data. The
flux increases in the radio, like the UV, were increases of up
to a factor of 3–4. In general, the hectometric radio emissions
vary out of phase of the auroral emissions (Fig. 9). This is
due to the preferential emission of the radio beam in a hollow
cone at a particular angle to the local magnetic field pro-
duced by spiraling electrons. For example, 1–10-keV auroral
electrons emit radio waves at∼80◦ to the local magnetic
field direction, in a cone∼10◦ wide(Ladreiter and Leblanc,
1989; Ladreiter, 1991).

ACE data for this large CME event at Earth were used to
simulate the effect on Jupiter’s magnetosphere of the CME.
This was done using a 1-D MHD simulation developed at

the University of Michigan to propagate the solar wind radi-
ally from Earth to Jupiter. The MHD simulation supplements
the spotty solar wind coverage available at Cassini (because
of spacecraft constraints, when full solar wind data was ob-
tained, auroral data was not, so time-sharing took place).
Fig. 14 illustrates this comparison. Agreement is not com-
plete, reflecting the limitations of 1-D models, although it
does generally indicate the several-day period of enhanced
solar wind density and enhanced auroral activity. A similar
MHD calculation has indicated that the same shock respon-
sible for the 2000 days 325–326 auroral event at Jupiter may
also be responsible for an auroral storm at Saturn detected in
HST observations(Prange et al., 2004).

5. UVIS high-time-resolution auroral data

On January 8, 13, and 20–21, 2001, Cassini UVIS ob-
tained data in a special high time-resolution mode. These ob-
servations were part of a campaign with simultaneous HST
STIS observations.Fig. 15shows the locations of the Cassini
spacecraft during these campaign observations. Instead of
the typically 1000-s UVIS integrations described earlier, 4-s
integrations were obtained to look for rapid auroral varia-
tions. This high time-resolution data was obtained with re-
duced spectral and spatial resolution, with just 16 spectral
and 16 spatial bins for each of the EUV and FUV channels.
Fig. 16shows a sample observing geometry for January 8,
2001. The long slit spectrometer was aligned N–S, allowing
for spectral separation of the 2 polar regions.Fig. 17shows a
spectrum obtained in this mode, showing H2 band emission
in both the EUV and FUV, and Lyman-α emission in the
FUV. At the longest wavelengths in the FUV, sunlight that
has been Rayleigh-scattered by Jupiter’s hydrogen and he-
lium gas is visible.Fig. 18shows time-series data obtained
on January 8, 2001 for both the FUV and EUV data for the
north polar region.Fig. 18 (and Figs. 19, 20, 22, and 23)
shows selected EUV wavelengths from 95.0 to 114.3 nm and
FUV wavelengths from 136.4 to 166.3 nm, avoiding most of
the Lyman-α emission that includes a substantial component
of dayglow as well as auroral emissions. The period from
January 8 18:45–19:35 h appeared particularly interesting,
showing a series of almost periodic bursts of UV radiation
that persist for typically a minute or two with separations
of a few minutes. These periodic bursts are subtle features
in the intensity, representing only∼20% enhancements, un-
like the major storms described earlier that increased the UV
output by factors of 3 or 4. The periodic bursts spectral sig-
nature (color ratio, etc.) is difficult to determine from this
limited spectral resolution data set because Lyman-α from
dayglow and aurora is blended with short-wavelength H2
band emission. At 19.0 h the Cassini subspacecraft longitude
was 173◦, an almost ideal position for viewing the magnetic
north pole, which is substantially offset from the rotation
axis. Fig. 19 shows just this selected time period, showing
that the EUV and FUV variations occur together.Fig. 20il-
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Fig. 9. Left panel: The time-series EUV auroral data (range-corrected counts per integration period) from both poles from 2000 days 275–33
correlated with the relative main auroral arc area from both north and south visible at any central meridian longitude (red line). The arc area at eacongitude
was determined from HST STIS imaging data. The yellow line is the least squares fit of the auroral area to the data. Auroral outbursts are seen tt
as high data points seen at a variety of longitudes. Middle panel: The time-series FUV auroral data from the south pole from 2000 days 276–3
correlated with the relative main south auroral arc area visible at any central meridian longitude (red line). The yellow line is the least squares fit of the auroral
area to the data. Southern auroral outbursts are seen to be present as high data points seen at a variety of longitudes. Right panel: Cassini Rve
intensity on 2000 days 322–332, unlike the UVIS data in the first two panels, is out of phase with the relative total auroral area (red) visible at aral
meridian longitude. A fit of the relative area to the data (yellow) shows how out of phase the UV and radio emissions are. Although the major aurorarsts
are seen in both the radio and the UV, detailed agreement should not be expected due to radio beaming effects.
lustrates the linear relationship between the EUV and FUV
emissions in this period.

The UV variations in UVIS data on short timescales seem
similar to bursty emissions in the interior of the auroral
main ovals seen in earlier HST STIS UV data(Waite et al.,
2001; Pallier and Prange 2001, 2004; Gerard et al., 2003),
Galileo UV data(Pryor et al., 2001)and Chandra X-ray data
(Gladstone et al., 2002). The ∼2-min duration and quasi-
periodic nature of the UV variations found here reminded us
of earlier work on quasiperiodic (QP) radio bursts at Jupiter
(Kurth et al., 1989; MacDowall et al., 1993; Desch, 1994;
Kaiser et al., 2001; Hospodarsky et al., 1998, 2001, 2003,
2004). We examined Cassini Radio and Plasma Wave Sub-
system (RPWS)(Gurnett et al., 2002)6–10 kHz data for
the January 8, 2001 18.6–19.7-h period and found little cor-
relation with the Cassini UV data. However, the Galileo
Plasma Wave Subsystem(Gurnett et al., 1992)was at a
similar jovian longitude in this period (at 19:00 h Galileo
was at 213◦ subspacecraft longitude vs 174◦ for Cassini,
and closer to the planet, 91 Jupiter radii vs 185, and at
a smaller local time, 16.3 vs 19.0 h for Cassini), and we

compared 0.6–5-kHz data from Galileo PWS (Fig. 21) to
the UVIS variations seen in the northern auroral zone from
18.75 to 19.6 h (Fig. 22). In this case the linear correla-
tion between the variations in the 2 instruments is good
(Figs. 22 and 23) with a linear correlation coefficientr =
0.57 with the chance of the correlation being random (P )
of less than 0.001(Bevington, 1969). Detailed agreement
between UV and quasiperiodic radio emissions may be pos-
sible because these low frequency radio emissions are not
strongly beamed and can be seen from a wide range of angles
(Hospodarsky et al., 2004). The reason that the Galileo radio
data are well correlated with UVIS data, while the Cassini
radio data are not, is probably because the radio emissions
were already difficult to detect at Galileo, and were below
the detection threshold at Cassini, which was further from
Jupiter.

Supporting HST observations, although planned, were
not obtained on January 8, 2001 when the UVIS quasiperi-
odic bursts were seen. However, HST STIS observations
were obtained on January 13 and January 20–21 when UVIS
was observing. Unfortunately, the UV variations seen in
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Fig. 10. The first large auroral outburst seen in the UVIS EUV auroral
time-series data on 2000 day 280, also occurred in the more continuous
Cassini RPWS hectometric data, with similar increases in relative inten-
sity. The UVIS data points are indicated by+ symbols, with the line
between+ signs just there to guide the eye. The radio outburst begins more
abruptly than it ends.

Fig. 11. Enhanced auroral activity seen in the UVIS EUV auroral
time-series approach data on 2000 days 307–309, also occurred in the more
continuous Cassini RPWS hectometric data, with similar increases in rela-
tive intensity. The UVIS data points are indicated by+ symbols, with the
line between+ signs just there to guide the eye.

Fig. 12. The large auroral outburst seen in the UVIS EUV aur
time-series approach data on 2000 days 325–326, also occurred in the
continuous Cassini RPWS hectometric data, with similar increases in
tive intensity. The UVIS data points are indicated by+ symbols, with the
line between+ signs just there to guide the eye. The time of shock pas
at Cassini on day 323 17 h is indicated. Cassini CAPS found enhance
densities after shock passage. Reprinted with permission fromGurnett et al.
(2002).

Fig. 13. Key events related to the days 325–326 Jupiter auroral even
indicated.

UVIS were much smaller on those days than on Janua
We did examine HST STIS time-tagged images from J
uary 13, 2001 that show modest south polar auroral z
flares in the interior of the main oval. During this period l
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Fig. 14. The auroral event from days 325–326 was related to passage of a CME that affected several experiments. Top panel: Galileo EPD data indicate a sharp
increase in energetic electrons and ions on day 324 that persisted for several days. 2nd and 3rd panels: Cassini total magnetic field andz-component magnetic
field data indicate enhanced magnetic fields and severalz-component reversals from day 323 to day 328. The data are also displayed with a 16-h delay to line
up the shock seen at Cassini with the shock detected on day 324 by Galileo EPD. 4th panel: Estimated solar wind ram pressure based on ACE data at 1 AU
propagated to Jupiter by an MHD code. 5th panel: Cassini RPWS data show several radio bursts associated with the CME passage. 6th panel: UVIS EUV data
(black) show the major event seen in the radio data on day 326. The red curve shows the expected variations based solely on rotation of a static oval. Also
shown is the UVIS data detrended (blue): the red curve has been subtracted from the black.

tle variation was evident in the less spatially resolved UVIS
data. The STIS data sets support the idea that most auro-
ral variations on short timescales occur in the interior of the
main auroral oval, something that the UVIS data do not have
the spatial resolution to show unambiguously. Additional
discussion of the HST STIS data for the campaign period
can be found inGrodent et al. (2003).

6. Conclusions

UVIS has created a rich database of Jupiter auroral spec-
tra that show the presence of well-defined auroral bright-
enings, or storms. These UVIS brightenings occur together
with hectometric radio brightenings measured by Galileo
PWS and Cassini RPWS that include more complete time-
coverage. These combined observations demonstrate that
Jupiter’s aurora responded strongly to the compression
events produced when large solar coronal mass ejections
reached Jupiter’s magnetosphere. Earlier work with Ulysses,
Galileo and IUE data also indicated that CME’s can drive au-
roral brightenings(Prange et al., 1993, 2001). We conclude

that, at least occasionally, the solar wind plays a major role
in the Jupiter system, in spite of the rich plasma source at
Io, and the vast rotational energy in the system. More gen-
erally, Jupiter’s main auroral emissions are thought to be
associated with co-rotation breakdown in the middle part
of the Io-plasma dominated magnetosphere (e.g.,Cowley et
al., 2003). This is a different situation from the Earth, where
the main auroral emissions are associated more directly with
the polar cap boundary layer and solar wind effects (e.g.,
Tsurutani et al., 2002).

It is not yet clear from these globally integrated UVIS
observations what type of aurora the several-day-long auro-
ral storms represent. The auroral storms reported here may
occur on the main oval, where most of the emissions oc-
cur, due to compression of the whole magnetosphere by
increased solar wind ram pressure, or perhaps in the po-
lar cap, where highly variable auroras have been seen (e.g.,
Waite et al., 2001; Pryor et al., 2001; Gladstone et al., 2002;
Grodent et al., 2003). We do know from the UVIS outbursts
seen at both low phase angles on approach and high phase
angles on the dusk side during the outbound phase that UVIS
was not just seeing the dawn storms, bright spots near dawn
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shock and
side, s
bservation
Fig. 15. The Cassini/HST observing campaign. The Cassini trajectory, with 1-day time ticks, is shown near representations of the jovian bow
magnetopause for two different solar wind pressure values. UVIS time-resolved observations occurred where the 3 green dots occur, on the dusklightly
towards midnight local time. HST observations occurred when Cassini was at the locations of the 4 red dots and the last 2 green dots. The HST os
did not occur on January 8, 2001.
been
-

ur-
n the
Fig. 16. Observing geometry for the January 8, 2001, observations at 18:45.
The UVIS long slits (EUV green, FUV yellow) are aligned N–S, providing
64 spatial bins. 16 bins were returned in the data stream. At this time the
northern auroral oval was clearly in view.

Fig. 17. High-time resolution spectra from January 8, 2001, have
summed to show the H2 band emission in both channels and the H Lymanα

121.6-nm emission in the FUV channel.

sometimes seen on the main auroral ovals (e.g.,Ballester et
al., 1996).

Recent theoretical work had suggested (Southwood and
Kivelson, 2001, andCowley et al., 2003) that the most im-
portant effect on Jupiter’s aurora would be a dimming d
ing magnetospheric compression and a brightening whe
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Fig. 18. 5 h of Cassini UVIS high time resolution data are presented from
January 8, 2001, with the FUV in the top panel and the EUV in the bottom
panel. Notice the large, statistically significant, almost periodic variations
from 18:45–19:35 (18.75–19.6) h. Sudden large rises and falls indicate
spacecraft slews.

Fig. 19. The counts/bin variations in the Cassini UVIS EUV and FUV chan-
nels are seen to track each other in the period from 18.75 to 19.6 h on
January 8, 2001.

compression ended, the opposite of what is described here.
For the Earth, it has been shown that CME pressure pulses
can drive auroral brightenings(Zhou and Tsurutani, 1999,
2001). The effects of CMEs on the Jupiter magnetosphere
are clearly not well understood. Better data are needed from
future missions to resolve these issues.

The quasiperiodic UV data presented here indicate that
there is a connection between quasiperiodic low-frequency
radio bursts (0.6–5 kHz) and UV flares of∼1–2-min du-
ration in the interior of the main auroral oval that have
been seen in both polar regions. In the Cassini at Jupiter
era, quasiperiodic radio bursts exhibit a wide variety of
durations and separations, with a common separation in-
terval between bursts of 1–2 min(Kaiser et al., 2001).
Initial direction finding efforts with Cassini and Galileo
radio data found a high-latitude source for quasiperiodic

Fig. 20. Linear regression showing that the UVIS EUV and FUV high-time
resolution auroral variations fromFig. 19are linearly correlated.

bursts near the magnetopause(Hospodarsky et al., 2004)
perhaps in reconnection events. Energetic particle bursts
seen in Ulysses data may also be related to quasiperiodic
radio bursts(Zhang et al., 1993; McKibben et al., 1993).
There is a terrestrial analog to the QP bursts called low-
frequency (LF) bursts that are primarily correlated with so-
lar wind velocity, with some dependence on interplanetary
magnetic field orientation(Desch et al., 1996; Kaiser et al.,
2001).

These bursty events may be the source of the jovian rel-
ativistic electrons that have been observed near Earth in
recent years by the SAMPEX spacecraft(Kanekal et al.,
2003). In Pioneer 11 data from 1974 these jovian rela-
tivistic electrons were enhanced during periods of reduced
solar wind dynamic pressure(Morioka and Tsuchiya, 1996).
During the Cassini epoch mono-directional energetic elec-
tron bursts were detected escaping from the dusk mag-
netosphere(Krupp et al., 2002, 2004)when Cassini was
outside the magnetopause. On January 10, 2001, when
both Cassini and Galileo were inside the magnetopause,
bi-directional electron beams were observed: Cassini ob-
served 40-min periodic electron modulation, while Galileo
observed 60-min periodic modulations. It is not yet clear
what causes the multiple periodicities in what may be a
bursty reconnection process. Systematic study of bursty
events in Galileo EPD data ledWoch et al. (2002)to de-
duce the presence of a near Jupiter neutral line where re-
connection is taking place, and which they identify with
the origin of both the auroral flares (inside the main oval)
and the auroral dawn storms that fall on the main au-
roral oval. Bunce et al. (2004)recently presented a the-
oretical model for producing the polar cap “cusp” au-
roras from pulsed reconnection at the dayside magne-
topause.

It will be valuable to pursue auroral flare and radio burst
comparisons using ground-based infrared H+

3 , CH4, C2H2,
and C2H6 band emission data and HST UV and Chandra
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8 18.75 to
Fig. 21. Galileo PWS spectrogram showing the power level as a function of time and frequency including the period under study from 2001 day
19.6 h.
Fig. 22. The sum of the EUV and FUV H2 band counts from the northern
auroral zone are compared with the Galileo PWS radio signal from 0.6 to
5.0 kHz for the period 2001 day 8 18.75–19.6 h.

X-ray observations of the Jupiter auroral emissions ob-
tained while Ulysses made its second Jupiter encounter with
a closest approach on February 4, 2004, of 1684 Jupiter
radii. Ulysses has been observing quasiperiodic Jupiter radio
bursts (MacDowall et al., personal communication, 2002)
with the URAP (Ulysses Radio Astronomy Package,Stone
et al., 1992).

The Cassini UVIS data from Jupiter encounter contain
a great deal of information about auroral processes. An-
other UVIS study details the auroral spectroscopy from
closest approach(Ajello et al., 2005). We look forward to
many Cassini auroral observations of Saturn in the coming
years.

Fig. 23. Linear regression showing that the sum of the UVIS EUV and FUV
H2 band counts from Jupiter’s northern auroral zone is linearly correlated
with the Galileo PWS radio signal from 0.6 to 5.0 kHz for the period 2001
day 8 18.75–19.6 h.
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