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Abstract

We have analyzed the Cassini Ultraviolet Imaging Spectrometer (UVIS) observations of the Jupiter aurora with an auroral atmosphere
two-stream electron transport code. The observations of Jupiter by UVIS took place during the Cassini Campaign. The Cassini Campaign
included support spectral and imaging observations by the Hubble Space Telescope (HST) Space Telescope Imaging Spectrograph (STIS)
A major result for the UVIS observations was the identification of a large color variation between the far ultraviolet (FUV: 1100-1700 A)
and extreme ultraviolet (EUV: 800-1100 A) spectral regions. This change probably occurs because of a large variation in the ratio of the soft
electron flux (10—3000 eV) responsible for the EUV aurora to the hard electromfllsx2 keV) responsible for the FUV aurora. On the
basis of this result a new color ratio for integrated intensities for EUV and FUV was definégb, 160 /47 11930-1150 A) Which varied
by approximately a factor of 6. The FUV color ration(# ¢, 1600 /47 11235-1300 A Was more stable with a variation of less than 50%
for the observations studied. The medium resolution (0.9 A FWHM, G140M grating) FUV observations (1295-1345 A and 1495-1540 A)
by STIS on 13 January 2001, on the other hand, were analyzed by a spectral modeling technique using a recently developed high-spectral
resolution model for the electron-excited kbtational lines. The STIS FUV data were analyzed with a model that considered the Lyman

band spectrum (BEJ — X 12;) as composed of an allowed direct excitation componeﬂu()g —B 123) and an optically forbidden

component (Xlzar — EF, GK, HH, ... 1):; followed by the cascade transitié‘nirg,r —B 123). The medium-resolution spectral regions

for the Jupiter aurora were carefully chosen to emphasize the cascade component. The ratio of the two components is a direct measuremen
of the mean secondary electron energy of the aurora. The mean secondary electron energy of the aurora varies between 50 and 200 eV fol
the polar cap, limb and auroral oval observations. We examine a long time base of Galileo Ultraviolet Spectrometer color ratios from the
standard mission (1996-1998) and compare them to Cassini UVIS, HST, and International Ultraviolet Explorer (IUE) observations.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Jupiter’s UV aurora has the strongest optical signature of
" Corresponding author. Fax: +1 818 354 9476. the elect.romagnetic interaction between. th_e magneto§phere
E-mail address: jajello@mail.jpl.nasa.go.M. Ajello). and the ionosphere. After the Sun, the jovian aurora is the
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most intense source of UV radiation in the Solar System. electron flux that excites the FUJAjello et al., 1998) Ad-
Jupiter’s aurora deposits far more energy into its upper at- ditionally, we study spatially resolved medium resolution
mosphere than occurs elsewhere in the Solar System. Itsspectra (0.9 A FWHM with the G140M grating) from STIS
ultimate power source is the rotational energy of Jupiter obtained during the CC on January 13, 2001. A recently
and plasma processes in the near co-rotating middle mag-developed high-resolution codkiu et al., 2002)for mod-
netosphere. From the time of Voyager in 19B¥oadfoot eling the intensity of the Brotational lines from the STIS
et al., 1981)to the present observations by HST STIS and spectra allows a different approach to the modeling of the
Cassini UVIS in the new millenniungDols et al., 2000; Lyman band spectrum by providing very accurate computa-
Ajello et al., 1998, 2001 )estimates of deposited power have tions of the separate contributions to the spectra from direct
remained the same for two solar cycles at a leve} d6'3 W excitation and cascading. The contribution of cascade to the
(requiring an energy input of10 erg/cn?/s). Moreover, measured outgoing portion of the FUV spectrum is predom-
this enormous power input into the auroral zone presum- inantly excited by low-energy secondary electr¢illo et
ably controls thermosphere global dynami&merich et al., 1998) The cascade cross-section from the EF, GK, and
al., 1996)and atmospheric chemistiPerry et al., 1999;  HH states of H is optically forbidden with a cross-section
Wong et al., 2000)The high spatial resolution capability that is sharply peaked at low electron energ20 eV)(Liu
(~200 km) of STIS with the two-dimensional multi-anode et al., 2003) STIS also acquired complete FUV spectra with
array MAMA detectors provides FUV images that resolve the G140L grating; one of these observations on December
the polar cap and main auroral o&lustin et al., 2002; Gro- 28 occurred close in time to the December 29 closest ap-
dent et al., 2003a, 2003b) proach UVIS measurement. The spectra from the two space-
The modeling of the dynamical magnetosphere—iono- craft are analyzed independently, since each spacecraft ob-
sphere coupling causing the jovian aurora has been aptlyserved different aurora.
described byHill (2001), Bunce and Cowley (2001prnd
Cowley and Bunce (2001)'hese authors suggest that the
auroral oval indicates the presence of a global-scale Birke-2. The observations
land current system that mapst@80 Rj. This current sys-
tem passes planetary angular momentum to the outward The observations for the Jupiter aurora by UVIS during
moving plasma sheet maintaining the middle magnetospherethe CC began in October 2000. There were approximately
in near co-rotation(Hill, 2001). In the region of upward 100 h of viewing the aurora and about 100 observations of
currents (downward electrons), field-aligned potentials ac- various kinds (torus, satellite and Jupiter disk) by the time
celerate electrons to auroral energies (10—-100 Kdiguk the CC ended on March 22, 2001. Some Jupiter system ob-
et al., 2003) servations of the disk had the slit-oriented parallel to the
The flyby of the Cassini spacecraft past the jovian plan- jovian equator to simultaneously measure and spatially re-
etary system allowed a long observation period (approxi- solve the aurora and torus emissions during far encounter.
mately October 1, 2000 to March 22, 2001) dubbed the Later observations had the slit oriented perpendicular to the
Cassini Campaign (CC). The remote sensing instrumentsjovian equator, an effective way to simultaneously observe
taking part in the CC auroral observations were UVIS, STIS, the north and south aurora on separate spatial pixels of the
Far Ultraviolet Spectrometer Explorer (FUSE), Chandra and imaging detector. To achieve observations that separately re-
Infrared Telescope Facility (IRTF). In this paper, along with solve the north and south auroral regions required a narrow
the companion paper bipryor et al. (2005)we describe  time window around closest approach of the Cassini flyby.
the CC auroral observations by UVIS. Herein we model the The UVIS could achieve a minimum of eight-pixel spatial
closest approach aurora spectra that were obtained in the peresolution of the Jupiter disk for the period &f15 days
riod from December 29, 2000 (DOY 364) to January 2, 2001 around closest approach. Closest approach occurred on De-
(DOY 2) with the spacecraft distance changing from 138 to cember 30, 2000 with a disk diameter of 14 mrad.
142 R;. The UVIS instrument provided complete; HRy- The characteristics of the UVIS instrument have been dis-
dberg band spectra coverage from 800 to 1700 A at bothcussed in detail in a recent pap@sposito et al., 2004)
2.4 and 4.8 A FWHM. The UVIS is the second Jupiter- In brief, the instrument consists of separate telescopes for
observing instrument to achieve this spectral resolution over the EUV (563-1182 A) and FUV (1115-1913 A) channels,
the full spectral range of Rydberg bands after the Hopkins respectively, with an option of one of three separate en-
Ultraviolet Spectrograph (HUT), which measured a single trance slits for each instrument: low resolution (75, 100 pm
spectrum of the jovian aurora in November 1995 at 3.0 A [FUV, EUV] slit widths), high resolution (150, 200 pm
FWHM. The UVIS data archive is much more extensive [FUV, EUV] slit widths) and occultation slit (800, 800 um
consisting of tens of spectra of the aurora. The temporal [FUV, EUV] slit widths). Each configuration determines the
variations of the complete UV spectrum during the flyby are field-of-view (FOV) in the plane of dispersion. The UVIS
particularly striking. The variation is interpreted in terms of field-of-view is 1 mrad (206 arcse&) 59 mrad for the EUV
temporal variations of the ratio of the soft electron compo- high-resolution channel and 0.2560 mrad for the FUV
nent that excites the EUYAjello et al., 2001)to the hard high-resolution channel in the directions of the slit width
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Table 1

Summary of the UVIS aurora observations

Date Time at start Duration Distance at start CML at start of Slit Pole

(GMT) (min) (R}) observation

29 December 2000 02:20 <] 138 288 W Low North

29 December 2000 02:20 » 138 285 W Low South

02 January 2001 06:03 2B/ 142 290 W High South

Table 2

HST observations during Jupiter Millennium Campaign

Date Start time Exposure Grating mode Slit Bandwidth Central wavelength North/
(U (s) (arcseé) A R) south

28 December 2000 07:15:22 630 G1l40L »60.5 590 1425 South

28 December 2000 07:31:22 630 G140L »60.5 590 1425 South

13 January 2001 16:58:07 480 G140M 6R.5 56 1321 North

13 January 2001 17:13:50 480 G140M 60.5 56 1518 North

and height, respectively. The FOV widths double to 2.0 and man bands (B—X) is especially strong and lies near 1335 A
1.5 mrad, respectively, for the low-resolution measurements (Dziczek et al., 2000; Liu et al., 200ZJhe optically forbid-

of the EUV and FUV channels. The data discussed in this den excitation transition )&2; — EF, GK, HH, ... 12;
paper are for the low and high-resolution slits for each of from the ground state to the gerade Rydberg series is fol-
the EUV and FUV channels. The detector is a Codacon |qued by a cascade transition, EF, GKHH. .. iyt . B
(CODed Anode array CONverter). The detector format is 123. We refer to the collection of double minir%a gerade
1024x 64 (spectrak spatial) pixel array with a pixel size of ¢ iag EF, GK, H, ... as EF. The nomenclature of gerade
25x_ 1QO Hm. Thgs in the high-r_esolution queamonochro- (9) (even) and ungerade (u) (odd) is a center of symme-
matic line will be imaged on 4 pixels FWHM inthe EUV and v/ vefiection property of electronic states of a homonuclear
3_p|xels FW.HM in the FUY‘ The instrument slit function 'S" molecule. The electric dipole selection rule behavior for
triangular with extended wings. The photacathode materials electronic transitions of homonuclear molecules, described

are KBr for the EUV and Csl for the FUV. The peak sen- . ;
sitivities occur at 900 A for the EUV and 1300 A for the o Herzberg (1950requires that g u, e.g., the Lyman and
Werner band systems.

e Sy T nger avelngth argeof HST STIS G140 co-
g Y P Y ers the range from 1495 to 1545 A, where the methane

summing columns of the array detector. L .
9 y absorption is weak and acetylene absorption strong near

The Cassini observations to be discussed in this paper . S .
occurred on December 29, 2000 (29Dec00) and January 2,1520 A. Cascade is also weaker in this spectral re@idun

2001 (02Jan01). We summarize the geometry for these threeet al., 2002)The spectral image observations were separated

observations inTable 1 The observations, 290Dec00 and °Y 15 minwith starttimes of 16:58 GMT for the short wave-
02Jan01 were able to resolve the north and south aurora. Thd€Ngth spectrum and 17:13 GMT for the long wavelength
three auroral observations listedTable 1were very strong ~ SPECtrum. The duration of each spectrum is 6 min. Since the
providing high S/N (signal/noise). The aurora for the north t|mescale'of Jupiter auroral changes in the polar cap region
auroral zone on 02Jan01 was very weak and is not listed.  ¢&n be minutegPryor et al., 2001; Grodent et al., 2003a;
The two HST STIS observations performed during the Geérard et al., 2003nd the CML (central median longitude)
CC are described spectra ffable 2 The primary data  Was different in each case, it is not reasonable to think of

set consists of STIS low-resolution spectrai(= 12 A these spectra as simultaneous. The CMLs for the first spec-
FWHM grating G140L, the wavelength band-pass from trumwere 223.4and 228.3 at the start and at the end of the
1120 to 1736 A) and medium-resolution spectrai (= exposure, respectively. For the second spectrum, the CMLs

0.9 A FWHM, grating G140M, the wavelength band-pass Were 232.9 and 237.8, respectively.

of close to 50 A centered at 1321 and 1518 A). The data  The entrance slit length and width determine the FOV,
sets analyzed in this paper are the G140L observations fromwhich was 52x 0.5 arcseé for the G140M observations in
28 December 2000 (28Dec00) and G140M observations of the spectral mode. In parallel with the spectral observations
13 January 2001 (13Jan01). The Jupiter auroral spectra ain the TIMETAG mode, there were near-simultaneous im-
low resolution with the G140L grating cover the entire FUV ages from STIS to provide the morphology of the Jupiter
(1150-1700 A). The 50 A wavelength spans for the G140M auroral zone (aurora oval, polar cap, lo foot). A previous set
spectral ranges were carefully chosen to include one shortof STIS data from the Jupiter aurora in 1999 was obtained
wavelength range (1295-1345 A), where tHe= 0 vibra- with the G140M gratingGustin et al., 2002)We show in
tional sequence member,@) of the cascade-driven Ly- Fig. 1A a STIS image of the northern aurora during the CC
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ibrated spectra of the aurora requires proper subtraction of

the background. The background subtraction takes place in
several steps to be described in the next subsection. The au-
roral science analysis with the two-stream electron transport

code coupled to the spectral code will be described in the

AURORA K subsequent subsection.

OVAL

3.1. Datareduction

’ In the analysis we concentrate on Jupiter auroral obser-
STIS vations acquired at closest approach. These observations oc-
AEERILHE curred on 29Dec00 and 02Jan01. The geometry for the low-
resolution FUV slit for the 29Dec00 observation is shown in
Fig. 1B and can be compared to the higher resolution HST
STIS FOV from Earth-orbit on 13Jan01 shownRig. 1A.

QY The locations of the 64 spatial pixels of the Codacon detec-
System Il Longitude (deg) tor are also indicated. The boresights for the EUV and FUV
slits are offset by 1 mrad in azimuth (plane of dispersion).
The small angular pointing difference is averaged over the
data records during the long durations of the observations,
generally ¥2 h or more. There is a 50% (0%) overlap in
the fields of view of the low-resolution slits (high-resolution
slits). At a spacecraft-Jupiter distance of 188the obser-
vation points of the EUV and FUV on the planet differ by
10,000 km. The planet must rotate@-13 min) to allow the
second channel to achieve the same boresight pointing direc-
tion to the aurora as the first channel. The geometry plot in
Fig. 1B is shown at roughly the center point of the 29Dec00
observation sequence. The UVIS maintained constant bore-
sight pointing at a fixed right ascension and declination as
the planet rotated beneath the boresight. In both UVIS obser-
vations the EUV and FUV detector spatial pixels numbered
bw 24 from 26 to 40 were on the planet with the smaller number as-
— 19.86 sociated with the south polBrangé et al. (1998)ave shown
Plot UTC - 2000 Deo 20 02:45:59.998  Target Body - JUPITER that in the absence of auroral storms or localized bright spots
Sub Obs latfong : 0.622/ 291503 Target Ra/Dec : 124.08/20.38 , that the longitudinal characteristics of the Jupiter aurora are
Sub Solar latdong : 2.542/344.25 S/C to Body Center : 9872689. Km ( 138 Rj) . . . . ..
FOV Twist around boresight: 0.00deg Phase angle at Sub Obs : 52.8 smoothly varying with medium scale brlghtness variations
Sub—Earth Longitude : 329.9 Target angular rate (deg/s) ; 6.679080E—05 extending over 5-20° in Iongitude. An extended time pe_

®) riod study of the aurora for seven days during the CC from

Fig. 1. (A) A Jupiter STIS image taken at 16:50 UT on 13Jan01 showing the the HST observations listed in Table 2 Brodent et al.
3 auroral zones of polar cap, auroral oval and limb with the B2 arcseé (2003b)has shown that the main oval is stable for periods of
slit projected on the image. The image was taken with 3 $iffér and  tang of minutes to hours. We examine auroral data from one

the FUV MAMA detector. The MAMA detector has a FOV of 25 25" W if th . the ed f el
with an angular resolution of.024” /pixel. (B) The geometry of the UVIS row (or two rows, if the aurora is on the edge of two pixels)

observation for 29Dec00 showing the low-resolution FUV spectrometer siit Of the UVIS spatial pixel(s) for each pole. The signal from
projected on to the Jupiter disk. The rows numbered 0-60 represent thethese one or two rows may contain a contribution from the

spatial pixels of the Codacon detector (10284). The spacecraft was 138 polar cap aurora. In this paper, for the purposes of analysis of
R; from the planet. the extended time durations (30 min or more) of the aurora
we assume the two-channel boresights are co-aligned.
taken 8 min before the G140M spectra. The black lineisthe  The observational data is acquired as an image on the
approximate image location of the slit at 16:58 UT. detector. The data is read out in individual records that
are equally spaced in time; and the records are summed to
present a unified observational spectrum of high S/N obser-
3. TheCassini auroral analysis vation. Each record can have a duration of approximately
1-30 min. The record length for the 29Dec00 observation
The Cassini analysis can be divided into two subsections.is 1000 s with a total of two records of auroral data. The
The data reduction of the raw data packets to produce cal-3D (dimensional) detector image of the slit in both spatial
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Fig. 2. (A) A three-dimensional surface plot of the EUV channel signal in counts plotted vs wavelength and spatial pixel. The EUV spectral-ggatifal ima

the jovian system clearly demarks an active UV auroral oval in both the northern and the southern polar regions for 02:20 29Dec00 observatiom. of 33.3 mi
(B) The total number of EUV channel counts in each spatial pixel summed over all spectral channels for the 29Dec00. The peaks in rows 26 and 40 correspond
to the locations of the south and north auroral oval, respectively as shdwg. itB.

and wavelength pixels for 29Dec00 is showrrig. 2A. The on 29Dec00. The northern aurora is on spatial pixel(s) (40
figure indicates strong aurora in both the north and south for the EUV and 38, 39 for the FUV) and the southern au-
from spatial pixels associated with the poles. The presencerora is on spatial pixel 26 for the EUV and 24, 25 for the
of the aurora is indicated by the strong Rydberg bands  FUV. Similarly for the south on 02Jan01 the southern au-
from 850 to 1200 A, lying upon one or two spatial rows. rora lies on rows 7 and 8 and a weak northern aurora in rows
The auroras are found on either side of the low latitude day- 20 and 21 for both the EUV and FUV. To this pixel num-
glow. The dayglow is observed since the solar phase angle,ber for 02Jan01 must be added the windowing offset of 20
which is listed inFig. 1B, is less than 90for the auroral se-  rows, since only 24 rows (numbered 20-43) were readout
quence. A similar 3D plot can be made for the 02Jan01 datafor transmission to the ground for the 02Jan01 data. Thus,
except that the recorded data showed only one strong aurordahe southern aurora was observed on spatial pixels 26 and
in the south. The next step is to carefully identify and sepa- 27 (referenced to a first spatial pixel of number 0). The lo-
rate the pixels containing the aurora as opposed to the wealkcations of the aurora as determined from the FUV channel
dayglow. The specific rows of pixels that contain the aurora for both sets of observations were the same as for the EUV
are obtained by summing the 3D data over wavelength (all channel.

columns) and is shown iRig. 2B for 29Dec00. We find the We will describe in detail the continuing data analy-
aurora in one or two rows for each of the two auroral zones sis preparation of the 02Jan01 southern aurora, since the
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02Jan01 data contains only one strong aurora. Our first steptorus signal acquired nearby in time for torus signal subtrac-
is to arrange the data in the spectral mode for the southtion. The torus background was acquired independently on
aurora rows (7, 8) and for the north aurora (20, 21). The day- 5Dec00 and was normalized to the 02Jan01 torus emission
glow in rows (9—19) will be described in a separate paper. of the Oll, Ill feature at 833 A.

The auroral oval has been observed at high spatial resolu- The mesa spectrum of scattered light from light leakage
tion by the Galileo Solid State Imaging Subsystem (SSI). of stellar sources and Jupiter is present on all spectral rows.
The SSI showed that the oval width varies between 200 andWe employ spectral rows 0-3 (sB&y. 2A) which are view-

1000 km(Ingersoll et al., 1998; Vasavada et al., 199R)e ing into space as the basis for subtraction of the mesa signal
UVIS FOV of a pixel projects to a width of about 4&m contribution to the auroral spectrum.
(compared to 200 km for HST STIS) at a distance of R42 The one remaining wavelength dependent background

from the planet for this distant flyby. For the 02Jan01 obser- signal for the wavelengths above 1150 A arises from internal
vation it is likely the north and south aurora were observed instrument scattering from H Lg- Its effect on the auroral
near the edge of a pixel and spanned two pixels. A fill-factor data is accounted for by normalizing to the interplanetary H
(Ajello et al., 1998)of 0.1 is arbitrarily assumed through- Ly-a signal in the EUV channels as measured during cruise.
out this paper for the closest approach aurora observationsThe spectral range of the 1024 channels of the EUV channel
and corresponds to an auroral main oval width of 1000 km. stops at 1182 A and does not include H &y-The contri-
The Cassini UVIS does not have sufficient spatial resolu- bution of the H Lyer blue wing to the EUV signal is small
tion to study the structure of the auroral oval by itself and below 1170 A. The contribution of the interplanetary H &y-
may include some contribution from the polar cap. With to the raw spectrum is estimated to be less than 7% at 1150 A
the added uncertainty of polar cap auroral contributions to based on comparison to arp hodel in the 1100-1200 A
the signal(Grodent et al., 2003a, 2003th)e absolute auro-  range. The Jupiter auroral raw spectrum is formed from the
ral brightness and energy input calculations deduced in thesubtraction of all noise sources discussed above. The cali-
modeling are approximate. The period of observation of the brated spectrum of the EUV channel is showifrig. 3A.
02Jan01 aurora was extensive. The summed signal in counts We must combine the EUV spectrum with the FUV spec-
is a co-addition of individual spectra for nearly half a jovian trum. We perform a similar data reduction process for the
rotation period {able ). The 29Dec00 auroral data archive FUV observation of 02Jan01. The raw FUV spectrum shows
was reduced by the same method and its composite integrathe effect of the Rayleigh scattered solar reflectance by
tion time is 33.3 min. The 02Jan01 data were obtained in Jupiter longward of 1700 A during the daylight observation.
177 consecutive records of 94 s each for a total duration of Three-point smoothing is needed to partially eliminate the
277.3 min. The measured and unreduced signal consists ofixed pattern pixel—pixel noise from the FUV channel Coda-
composite contributions from the aurora and foreground UV con. The calibrated spectrum of the FUV channel is shown

emissions from the interplanetary Lymanas well as in- in Fig. 3B. The FUV spectrum is dominated by the Lyman
strumental and spacecraft Radioisotope Thermal Generatobands, Werner bands and Lymarattenuated by overlying
(RTG) background signals. hydrocarbons.

The next step is to remove these spurious signals and to The wavelength overlap by the EUV with the FUV is
produce a raw auroral spectrum prior to calibration. We need small. The FUV spectral range extends from 1115 to 1913 A.
to subtract from the total signal foreground signal the con- Fig. 3A shows that the EUV spectrum extends from 563 to
tributions from the torus emissions, background noise from 1182 A. However, the sensitivity of the FUV channel is not
random detector noise and RTG background, foregroundreliable below 1150 A, based upon the sharp cutoff charac-
scattered signal from interplanetary H byplus the disk teristics of the transmission curve of the Mgkindow. Thus
H Ly-«, producing internally scattered light by the grating. the region of the calibrated EUV spectrum above 1150 A is
There is an additional source of internally scattered light particularly important in properly overlapping the EUV and
from a pinhole light leakage (which the UVIS Team refersto FUV spectra. The overlap region will be discussed in detalil
as the mesa from its spectral signature) in the EUV channel.later.

First, we can estimate the constant background from RTG

plus detector noise background from noise signal data on3.2. Theanalysis

the first few pixels of the auroral spectrum since the wave-

lengths near 562 A do not include any wavelength dependent  The analysis made use of the two-stream electron trans-
background effects. port code that includes thermal transport to determine the

We describe the three main wavelength dependent back-thermal balance and altitude variation of Jupiter’s auroral
ground contributions to the total signal. The torus fore- atmosphergGrodent et al., 2001)Recent improvements
ground, the internally scattered light from interplanetary H to the best-estimate of the functional form of the incident
Ly-a/disk backgrounds and the mesa are wavelength depenjprimary electron flu{Grodent et al., 200linclude a mix-
dent backgrounds. The torus signal present as a contaminature of three energy distributions: (1) a high-energy com-
tion in all auroral spectra is very strong at Oll, 111833 Aand ponent 15 keV (diffuse aurora) to 22 keV (discrete aurora)
allows us to normalize the auroraltorus signal to a pure  determined by the measured FUV color rafiung et al.,
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Fig. 3. (A) A calibrated (kRA) EUV southern auroral spectrum for 02Jan01. (B) The calibrated AxFFUV spectrum for the southern aurora on 02Jan01.
The data was smoothed by a 3-channel box-car smoothing function. Each channel is 0.8 A wide.

1982) (the high-energy component heats the homosphere),from 10 to 3000 e\(Grodent et al., 2001gnd is based on the
(2) a soft electron component near 3 keV for heating the known thermal constraints of the auroral atmosphere. Our
thermosphere, and (3) a weak 100 eV component for heatingmodel is a synthesis of the following: (1) the spectral line
the upper thermosphere and controlling the exobase temperH, Rydberg code for electron impact describeddjgllo et
ature. al. (1984, 1998and Shemansky and Ajello (1983(2) the

We use the same approach to modeling the UVIS cali- two-stream electron energy degradation transport code de-
brated and merged spectraggllo et al. (2001)has pre- rived by Grodent et al. (2001)and (3) the one-dimensional
scribed for the analysis of Galileo and HUT spectra. The new heat conduction equation which includes the heating of the
two-stream model employed here more accurately describesatmosphere by the auroral electron precipitai@nodent et
the low-energy primary electron flux distribution function al., 2001)
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Fig. 4. The Cassini composite spectrum in units of/ RRor the southern aurora of 02Jan01 fitted in linear regression analysis with: (1) a discrete aurora
electron fluxGrodent et al., 200Jipcident upon an auroral atmosphere with an altitude dependent secondary electron distribution and atmospheric distribution
from a two-stream code, and (2) a H kyline. The EUV (0.6 A per channel) and FUV (0.8 A per channel) data are smoothed by a 5-channel box-car smooth
prior to merging. The model (2.4 A FWHM with 0.6 A channels) is smoothed by a 5-channel box-car smooth.

The atmosphere is divided into 200 layers of vertical =~ We compare the data and model using a regression analy-
depth 10-20 km from 0 to 4000 kifAjello et al., 2001) sis best-fit approach. The regression model, based on our
The emission emerging at the top of the atmosphere from knowledge of the source of the aurora emission, is com-
every layer is added to the running sum from all previous posed of two vectors—one vector is composed of the H
layers until the top of the atmosphere is obtained. Model Rydberg bands and the second vector is the Helline. We
line spectra are generated for molecular hydrogen for the show inFig. 4 the best-fit regression model to the 02Jan01
thermodynamic conditions at each layer. For each layer asouth observation. The model no longer needs the ad hoc
model line spectrum is produced from each differential elec- 20 eV laboratory spectrum as was used in the analysis of
tron flux element in the secondary electron spectrum from the Galileo and HUT observatioiidjello et al., 2001) The
the threshold for the Lyman bands at 11 eV to very high elec- Grodent et al. model already includes the very low-energy
tron impact energy+{500 keV). These 70 energy-dependent primary electrons {100 eV). The brightness of the Ryd-
spectra are summed to give the emission from each layer.berg bands (without the H Lg-line) emerging from the
Self-absorption and hydrocarbon absorption from the actual atmosphere is 496 kR as measured by the Cassini UVIS as-
heated auroral atmosphere determine the attenuation in thesuming a fill factor of 0.1 and the cosine of the emission
UV spectrum from each layer. The emerging line spectrum angle is 0.3 (emission angle of 72)5The energy input
is convolved with the instrument functidiiEsposito et al., into the atmosphere required to maintain this intensity is
2004) The model is compared with the spectral observa- 74 erg'cn?/s. There is approximately a 10% efficiency of
tions to determine for the 29Dec00 and 02Jan01 observa-conversion of auroral primary electron energy input to the
tions the energy inputQg, to the aurora. The EUV chan- UV emission in the Rydberg ban@é/aite et al., 1983)
nel alone can not determingy, the characteristic energy We show inFigs. 5A and 5Bthe best-fit regression
of the auroral flux. The EUV spectrum is produced high in models to the 29Dec00 north observation. The bright-
the auroral atmosphere above the main deposition peak. Theness of the Rydberg bands (without the H dyline) is
spectral distribution is sensitive to the overlying Eblumn 550 kR as measured by the Cassini UVIS. The energy in-
by self-absorption processes. The FUV spectrum has little put into the atmosphere required to maintain this intensity is
absorption from methane above wavelengths of 1400 A or 96 erg/cn?/s.
self-absorption from bl above wavelengths of 1200 A. The The main discrepancy between the model and data oc-
long wavelengths of the FUV channel have a preponderancecurs in the neighborhood of the strong EF bands. The recent
of signal from deep in the homosphere (200-300 km above modern spectral model of the EF bands developed.iby
the 1 bar level). The FUV color ratio determingg (Dols et et al. (2002)to be used in the next section has not yet been
al., 2000) incorporated into the two-stream spectral model used here.
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Fig. 5. (A) The Cassini EUV wavelength region of the UV spectrum in units gf&Ror the southern aurora of 29Dec00 fitted in linear regression analysis

with: (1) a discrete aurora electron fl¢&rodent et al., 200lipcident upon an auroral atmosphere with an altitude dependent secondary electron distribution
and atmospheric distribution from a two-stream code, and (2) a H lige. The EUV (0.6 A per channel) and FUV (0.8 A per channel) data are smoothed

by a 5-channel box-car smooth prior to merging. The model (2.4 A FWHM with 0.6 A channels) is smoothed by a 5-channel box-car smooth. (B) The Cassini
FUV portion of the UV spectrum in units of kA for the southern aurora of 29Dec00 fitted in linear regression analysis.

There is strong evidence of absorption by vibrationally ex- for the 02Jan01 auroral spectrum the strongest peak inten-
cited Hp at 1050 A ¢” = 1) and 1100 A ¢” = 2) as there  sity is found at 1117 A C(13) with no indication of self-
was for the HUT observations. The vibrationally excitesd H  absorption from vibrationally excited-at 1025 A C(11),

in the ground state is produced by excitation of the lowest 1054 A C(Q 1), and 1100 A C(02). The absence of strong
vibrational levels by low-energy electron impact from sec- self-absorption in the rovibronic lines of the «(1) and
ondary electrons and by excitation of all vibrational levels C(v’, 2) progression may indicate either cooler temperatures
by emission from the Rydberg stat@#/aite et al., 1983) (vibrational and gas) of plin the thermosphere (29Dec00 vs
Wolven and Feldman (1998)ave noted the strong effects 02Jan01) or a stronger soft electron component for 02Jan01.
of self-absorption near 1054 and 1100 A from the weak This latter conclusion seems to be the case as the discussion
measured intensities of the C—X(@) and C-X(02) Werner below will demonstrate.

band rotational lines, respectively. The optically thin model =~ The 29Dec00 EUV and FUV low resolution spectra were
employed here predicts too much intensity in the neighbor- carefully merged at the wavelength minimum of 1168 A
hood of 1054 and 1100 A for the 29Dec00 spectra. The based on the model. We make use of the two-stream spec-
synthetic spectral model does not include self-absorption by tral model compared to the EUV and FUV spectra. We show
vibrationally excited molecules (only” = 0 is included). in Fig. 6the over-plot of the two data sets. It is evident that
The long wavelength re-emission in thé > 0 fluorescence  the FUV portion of the spectrum shown as a dashed line fits
bands is a small effect on the relative intensities. Labora- the model down to a wavelength of nearly 1165 A. On the
tory spectra of electron-excited,Hor wavelengths above  other hand, the EUV portion of the spectrum fits the model
1100 A, where the strong fluorescence from the Lyman and up to a wavelength of 1170 A. For convenience we join the
Werner band systems with’ > 0 occurs (see band identi- two spectra at 1168 A at a minimum point in each spectrum.
fication Table 1 inAjello et al., 1984, does not show any  The large discrepancy between the EUV and FUV spectral
change in the relative intensities withyHjas pressure to  data curves near 1145 A occurs from the rapid loss of sensi-
column densities of 76 cm=2 (see laboratory spectrum in tivity of the FUV channel near its short wavelength limit by
Gustin et al., 2004 Optical depth effects in” = 0 become  the decline in transmission of the Mgwindow.

important at 1& cm=2 (Jonin et al., 2000)The model also We show inFig. 7 a comparison of three auroras (the
does not include a vector due to the weak g yine near two UVIS observations on 29Dec00 and 02Jan01 (except for
1025 A. The model fits of the 02Jan01 and 29Dec00 data 29Dec00 north) and the HUT 1995 observation). The spec-
sets are very similar in the FUV, since they have nearly tral structure contrasting the EUV and FUV spectral regions
identical FUV color ratios. However, there are discrepancies is dramatically stronger than the normal FUV color ratio. We
between the two data sets in the EUV. For the 29Dec00 auro-define a new color ratio, @4 15501620 47 1 1030-1150 A»

ral spectrum the strongest peak intensity in the EUV occurs contrasting the long wavelength FUV region (1550-1620 A)
at 1174 A (B(94) and B(125) vibrational bands), while  as in the normal color ratio with the EUV region defined
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295 3 of soft electrons or a small flux of hard electrons or both.

27¢ On a relative basis the 02Jan01 southern aurora data had

22 a larger source of soft electrons or/and a smaller source of

- hard electrons then the 29Dec00 southern aurora data three

19 days earlier. The EUV portion of the 02Jan01 spectrum is the

178 most optically thin against Hself-absorption of the three
cases shown.
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wavelength (A) servation on December 28, 1999 (28Dec00) of the south
polar region, and a medium-resolution G140M observation
Fig. 6. The merging of the EUV (golid) and FUV (dash) auroral spectra of January 13, 2000 (13Jan01) of the north aurora. The first
29Dec00 near 1170 A by comparison to the auroral model (dot). . e .
observation coincided closely with the closest approach of
Cassini on December 30, 2000. The 13Jan01 image was
from 1030 to 1150 A. The FUV color ratio for the four ~shown earlier irFig. 1and corresponded to the only oppor-
observations varies from 2.2 to 2.7. A larger FUV color ra- tunity to get a medium-resolution spectrum of the Jupiter
tio indicates a higher primary electron characteristic energy. aurora during the CC.
The EUV color ratio varies between 1.5 and 4.4; the ratio is
a measure of the ratio of the hard to soft electron flux mag- 4.1. Medium-resolution STIS observations
nitudes. The 29Dec00 north observation that is not shown in
Fig. 7, has an EUV color ratio of 2.0 and an FUV color ra- As obtained in 1999Gustin et al., 20023nd again during
tio of 2.0. A low EUV color ratio is indicative of a large flux  the CC, STIS obtained spatially resolved spectra of the po-
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lar cap, aurora, limb and foot of lo flux tube. A narrow STIS
aperture was chosen for both sets of observations. It mea- 15
sures 52« 0.5 arcseé with the G140M grating correspond-
ing to a spectral resolution 0£0.9 A. Two spectra were 14l
obtained with the wavelength band-pass of 50 A centered at =21 ns—
1321 and 1518 A. The first wavelength band was set to span

the wavelengths of the strongest & — X 12;) cas- 18 — 99 ns

cade bands arising by the rovibronic (rotational—vibrational— €=200ns

electronic) transitions of EF, GK, i, ...1x — B 1x. 12~ oy

The resolution is sufficient to separate the effects of direct h"“”;br“:'”’
T =

excitation and cascading contributions to individual rota-
tional lines. The excitation function for each process has
a different energy dependence and from the modeled ratio
we can estimate the contributions of each process to the
aurora thereby establishing the mean secondary electron en-
ergy present in the aurora.

The pumping of the low-lying vibrational levels of the B

hV(Lyman Bands)

41— 10

Potential Energy (eV)
[&)]
I

state by the many rovibronic cascade transitions produced 3

by the Rydberg series of gerade states fashions an entirely

different UV spectrum than the direct excitation spectrum 2 s
(Dziczek et al., 2000)We show the two types of transitions

that populate the B state iRig. 8 The strongest cascade 1

bands lie near 1335 A and arise from thle= 0 progres-
sion. The difference in the internuclear separation for the B

12: state, the upper state of the Lyman bands and the first

o +
minimum of the EFlzg state, the upper state_ of the EF-B o' : 0_‘8 : 1.|6 : 2"4 -3_'2
cascade bapds account§ for_ the difference in the str.ongest Internuclear Distance (A)
v/ progression. These vibrational levels are= 7 for di-
rect excitation to the B state and = 0 for cascade to the  Fig. 8. A partial energy level diagram ofsHshowing: (1) the two main
B state. The strongest member of the progression is theRydberg series (gerade and ungerade), the cascade transitions from the EF
B(0, 4) band with rotational lines lying between 1330 and 12; gerade series to E&Ej and (3) the life-times of the various vibra-

; tional transitions to indicate allowed and forbidden nature of the transitions
1335 A T.he Sec?nd (;eglo-n I(nsardi.l.518 A) .for .the ISTIS |Ob- (adopted fronDziczek et al., 2000 The cascade bands are observed in the
servation is populated mainly by direct excitation. It is also y;gipie and infrared.
a region that has negligible methane absorption. We show
the data and the model fits to the two spectral regions in )
Figs. 9A and 9B Fig. 9A shows the short wavelength re- Ajello and Shemansky, 198%and references therein) from
gion with the regression model fit individual vectafsg. 98~ the Earth dayglow, unaccounted for in the model. For ex-
shows the regression model fit in the long wavelength region, @mple there are atomic nitrogen lines at 1311, 1313, 1315,
The best-fit rotational temperature occurs at 450 K. Spec- 1316, and 1320 A. The model used to derive the spec-
tral models were generated for 300, 450, 600, and 900 K trum consists of a slab em|SS|on_Iayer of With overlying
enabling us to minimize the regression model on the basisMethane absorption. The most important part of the STIS
of temperature. The STIS spectrum Fiig. 9A shows the spectrum for estimating cascade effects lies between 1320
strongest rotational lines in the spectrum occur at 1334.0 A and 1345 A,

1t
X}:g

(Ro, R1), 1335.8 A (P1, R2), and 1342.1 A ) the B(Q 4) The cascade model includes the full set of cascade spectra
vibrational band. These rotational lines have roughly equal to the Blx., Clmy, B ¥, and D1, ungerade states
contributions from direct excitation and cascaééy. 9A from the EFlzg+ Rydberg series of gerade states. Most of

plots the three independent spectral vectors that are usedhe cascadeX95%) undergoes transitions to the vibrational
to complete the regression model of the data. These vec-levels of the B-stat€Dziczek et al., 2000)The direct excita-

tors are the EF cascade spectrum, the B direct spectrumtion EUV and FUV synthetic line spectrum model of the H
and the atomic O spectrum from the resonance features amolecule has also been previously derigea et al., 1995;
1302.2, 1304.9, and 1306.0 A. The atomic features arise be-Jonin et al., 2000)The regression model returns fitting co-
cause of the Earth’s airglow detection at the altitude of the efficients with the contribution of each of these two indepen-
HST orbit. The inexact model fit below 1320 A may be also dent spectra. The coefficients give the best fit contributions
due to the presence of atomic and molecular nitrogen emis-of these two spectra to model the data over the spectral range
sion telluric features in the spectrumjélio et al., 1989; of 1295-1345 A. Based on the short wavelength range stud-



338 JM. Ajello et al. / Icarus 178 (2005) 327-345

T A B B B B B B B B A AR A A
225} A) : R
2007 HST OVAL AURORA DATA N

REGRESSION MODEL |
128~ EF,GK,.. Cascade | m
v B—direct

< 150 I .

o

=

©

&>

o 100 —

75
o0~ —
25+ =
o) PP AN 5 L0 /N DR (e I P T PR LA e
1290 1300 1310 1320 1330 1340 1350
Wavelength (A)
18500 T T T T T L B L I
1400 — HST OVAL AURORA DATA _
_________ EEGE%SS!OCN MCSEL 8)
L. M e , GK,... Cascade _
1300 i B-direct
1200 — —
1100 [~ _
1000 — =

Signal (kR/A)
o
3

B WET RTINS S L LTIP SYR0 VI P ARY T 20 L W T O O

1490 1500 1510 1520 1530 1540 1550
WAVELENGTH (A)

Fig. 9. (A) The HST STIS G140M relative photon intensity short wavelength spectrum (1295-1345 A) for the north aurora of 13Jan01 starting at 16:58:07
with a 480-s integration fitted in linear regression. The linear regression analysis with independent vectors of: (1) a direct excitatiorhipspaityrtim of

the Rydberg bands of by a monoenergetic electron distribution at 100 eV, (2) a cascade excitation optically thin spectrum of the Rydberg babgtsaof H
monoenergetic electron distribution at 100 eV and (3) an atomic oxygen multiplet at 1304 A. The regression model to the observational data is #ased upo
linear regression analysis with these three independent vectors and transmission through a shalfR)f THe¢ HST STIS G140M relative (photon) intensity

for the medium wavelength spectrum (1495-1545 A) for the north aurora of 13Jan01 starting at 17:13:50 with a 480-s integration fitted in liriear regress
The STIS data is smoothed with a 7-point box-car smooth; the data point step-size is 50 mA.

ied, it is possible to estimate the total contributions from the B—X band system with an emission cross-section of 8%
direct excitation and cascading. We find that 11% of the total of the B—X direct excitation cross-section. This band system
Lyman band emission arises from cascading and 89% fromlies in the EUV (850-1150 A).

direct excitation. To our knowledge this is the first estimate ~ The energy dependencies of the cascade cross-section
of the cascade contribution to the Lyman band Jupiter au- and direct excitation for the Lyman bands are different.
rora. Thus the EF, GK, andifitotal cascade cross-sectionis Direct excitation is dipole-allowed with the high-energy
the third strongest excitation process of emission by the H Born behavior and a peak cross-section energy of 50 eV
Rydberg series of ungerade states. The two most important(Liu et al., 1998) The cascade cross-section is optically
emission cross-sections are the Lyman (B—X) and Werner forbidden and has been describfdziczek et al., 2000;
(C-X) band cross-sections from direct excitatidonin et Liu et al., 2003) In Dziczek et al. (2000yve find that the

al., 2000) Most of the cascade emission occurs in the FUV. cascade cross-section falls by a factor of 3.4 between 20 and
The fourth strongest band system emission cross-section isL00 eV with a peak cross-section between 15 and 20 eV.
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Fig. 10. (A) A plot of the Lyman band direct and excitation cross-sections ftomet al., 1998; Dziczek et al., 200@ndLiu et al., 2003. (B) A plot of the
ratio (EF/B) of the cross-sections from (A).

We plot in Fig. 10the cross-sections (top) and the ratio of code as described Mello et al. (2001) The modeling result
the cross-sections (EF/B) for these two processes (bottom).shows that the energy input to the aurora is approximately
The ratio of the integrated intensitieskig. 10A from each 10 erg'cm?/s with a characteristic energy in the primary
process is equal to the ratio of the cross-sections at the mearelectron distribution of 22 keV (44 keV mean energy). The
secondary electron energy. The measured ratieign 10A measured integrated intensity (1150-1700 A) is 49 kR for
is 12% corresponding to a mean secondary electron energythe measured FUV spectrum.

of 175 eV. We have re-analyzed the 1999 STIS G140M au-

rora, polar cap, and limb dai@ustin et al., 2002)n the

same way and find that the EF contribution for these obser-5. Discussion

vations varies between 10 and 20% (EF/B ratio 0.11-0.25)

corresponding to a mean secondary electron energy of 50— The Cassini UVIS obtained a large set of instrument per-

200 eV. formance and science observations during the Jupiter flyby
The long wavelength region of the STIS spectrum shown in preparation for the Saturn encounter in 2004. Of funda-
in Fig. 9B gives an excellent indication of the;8, col- mental interest is the fact that the auroral observations at

umn density from its strong absorption band near 1520 A. Jupiter indicate the EUV wavelength range (800-1100 A)
The model does not account for all of the absorption away are very sensitive to variations in the soft electron flux
from 1520 A. We estimate the column density ofH3 to (e ~100-3000 eV). The variation in the soft electron flux
be 2x 10'® cm~2. This column density compares favorably ~of primary electrons incident on the jovian atmosphere can
with column densities of gH, estimated inAjello et al. be described by an EUV color ratio. The EUV color ratio is
(1998) The other distinct regions of the aurora, the polar foundto vary by nearly a factor of three for observations that
cap and limb, observed on 13Jan01 will be discussed in ado not contain contributions from the dayglow. This varia-

forthcoming paper (Gustin, private communication). tion may indicate a sharp change in the ratio of the fluxes
of the hard to soft electron&rodent et al. (20013how that
4.2. The December 28, 2000 HST STIS observation there are three electron energy deposition peak altitudes in

the atmosphere corresponding to the three magnitudes of
The image/spectrum pair lying closest in time to the characteristic energies in the model: weak (100 eV), soft
Cassini closest approach occurred on 28Dec00 at 07:15 UT.(3 keV), and hard (22 keV for a discrete aurora). The alti-
We show the linear regression fit to the datdrig. 11 The tudes of the peak emission layers are 250, 600, and 1500 km
model inFig. 11is based on the Grodent two-stream elec- approximately (see Fig. 6 @rodent et al., 2001 The alti-
tron distribution(Grodent et al., 20013nd the H modeling tude evolution of the auroral energy distribution from 1 eV
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Fig. 11. The HST G140L FUV spectrum in units of kR for the south aurora of 28 December 2000 (start tin@7:15:22, 630 s integration) fitted in linear
regression analysis with: (1) a discrete aurora electron(fBdent et al., 200lipcident upon an auroral atmosphere with an altitude-dependent secondary
electron distribution and atmospheric distribution from a two-stream electron transport code, and (2aliHd.y-

to 1 MeV is shown in Fig. 2 of5rodent et al. (2001)The tic energy 15 keV will be stopped very near 250 kfxjello
weak and soft electron peaks are found above the homopauset al., 2001; Vasavada et al., 199%e results indicate that
where no CH absorption occuréAjello et al., 1998) Occa- the electron distribution chosen I&rodent et al. (2001is
sionally, the Galileo UVS observed aurora with no £&b- an excellent model capable of reproducing the auroral emis-
sorption, indicating no hard electron energy component. The sions measured by Cassini UVIS on 02Jan01 in the south,
EUV emission observed by a spacecraft is produced, pre-the 29Dec00 in the north, and the 28Dec00 STIS observation
dominantly, from a region just above the homopause (400—in the south. However, the Grodent et al. primary electron
1000 km) as shown in Fig. 7b djello et al. (2001) The distribution is not able to model the 29Dec00 southern au-
EUV color ratio is more sensitive to the soft component, rora data shown irrig. 7B. The FUV color ratio of 2.69
3000 eV than the weak component, 100 eV, whose emissionrequires a higher characteristic electron energy (30-50 keV)
peak lies near the exobase. The electron energy distributionsimilar to the HUT observation dfig. 7C.
model fits to the UVIS EUV spectral data may not be unique.  An important question arises as to whether the aurora
Other electron distribution functions of the weak and soft spectral characteristics change on a timescale of tens of
electron components may provide excellent fits to the data minutes as the planet rotates beneath the Cassini UVIS bore-
(cf. models of the HUT observation bijello et al., 2001 sight. We ask this question since the 02Jan01 observation
andGustin et al., 2004 had a duration of 4.5 h (nearly half a rotation); and the ob-
We have modeled UVIS spectra taken at closest ap- servation has been analyzed on the basis of the average spec-
proach, 29Dec00 and 02Jan01. The spectra were modeledrum shown inFig. 4 We have broken the observation into
with a two-stream electron transport code foundsirmdent Six separate observations of 31.3 min (20 spectral records
et al. (2001) Grodent et al. (2001pave chosen an auroral of 94 s per record). Each observation group, is referred to
emission model, which is generated by the influx of a pri- by an observation number from 0 to 5. Each observation
mary electron flux consisting of three components with char- is separated by 47 min. The planet rotated a total of°166
acteristic energie€o: 100 eV, 3 keV, and 15 keV (diffuse)  during the entire observation with about°li8er individual
and 22 keV (discrete). We have modeled the data shownspectrum. The relative spectral characteristics of the EUV
in the model-data comparisons considered with the discretechannel and FUV channel varied strongly over this period.
case. Both models are capable of fitting most of the obser-We show a plot of the EUV and FUV relative intensities in
vations with no additional soft electron flux requirements, Fig. 12A and a plot of the EUV and FUV color ratios in
since they are already included in the initial Grodent et al. Fig. 12B as a function of observation number. The variation
electron distribution function model. The high-energy com- of integrated intensities in the FUV was a factor of eight and
ponent is a kappa distribution for the diffuse aurora case andin the EUV a factor of three. The peak-integrated signal for
the two low-energy components are combined as a doubleeach channel occurred at a different observation group num-
Maxwellian. We have also shown that a 25 keV Maxwellian ber. The peak in EUV signal occurred during observation
with a kappa distribution of kappa index 2.1 and characteris- period 4 from time 141 min to 172 min, whereas the peak
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of the observation in minutes from 06:03 UT are 0, 47, 94, 141, 188, and 225 min from the start of the observation. The abscissa is labeled observation
number according to the start time with observation O referring to the start time of 0 min. The integrated intensities for the EUV were measured from 103
to 1150 A. The integrated intensities for the FUV were measured from 1500 to 1700 A. (B) The EUV and FUV color ratios for observations 0—4. The S/N
for observation 5 was insufficient to get a statistically significant EUV color ratio. The plot also shows the optically thin EUV and FUV color rat@s fro
laboratory experiment. The experiment was conducted at 100 eV electron impact energy with the same spectral resolution of 2.4 A as the Cassini UVIS (se
Jonin et al., 200D The color ratio for integrated intensities for EUV was defined{fs,_1600 447 1030-1150 A- The color ratio for integrated intensities

for FUV was defined (#1 15501620 X471 1230-1300 A-

FUV signal occurred during observation period 2 from 47
to 78 min. The FUV color ratio was nearly constant varying
from 2.00 to 2.16 for the first 188 min. The last observa-
tion period with a minimal of counts had a color ratio that
was slightly more. The variation in the EUV color ratio is
very striking as it varied a factor of 6 for the observations
0-4. The last point, observation 5, for the EUV color ratio

plot is uncertain and is not shown. For comparison to a lab-

The meaning of the extreme variations for the EUV color
ratio for this period are found by comparing the full UV
spectrum for observations 1 and 3 kings. 13A and 13B
respectively. The observation 3 model requires a contribu-
tion from an additional source of soft electrons, by an energy
flux amount that exceeds the relative soft electron flux in the
Grodent et al. (2001¢lectron distribution model. The ra-
tios of high-energy{22 keV) to low-energy electron energy

oratory benchmark color ratio we conducted a low pressure flux (~3000 eV) and weak electron flux(00 eV) are fixed

optically thin laboratory experiment (see referencesiin

at 2 and 40, respectively, in tiigrodent et al. (2001hodel.

et al., 2002 with the Cassini spectral resolution of 2.4 A One way this low-energy contribution can be made available
FWHM and at 100 eV electron impact energy, a value near would be to include an optically thin laboratory spectrum,
the mean secondary electron energy found earlier. We find20-3000 eV in the synthetic model code. We arbitrarily in-
that the optically thin color ratios are 0.55 for the EUV clude a 20 eV laboratory spectrum as an added vector in the
and 1.0 for the FUV. The FUV color ratio measured during regression analysis irig. 13

the CC always shows the effects of methane absorption and Observation 1 indicates a deep aurora with self-absorp-
never approaches the laboratory value. On the other handion within thev” = 1 and 2,v’ progressions. Note the in-
the Galileo ultraviolet spectrometer observations measuredability of our model, which does not include self-absorption
color ratios with no apparent methane absorpfigjello et for v > 0 to fit the observation 1 data for wavelengths
al., 1998) However, the EUV color ratio can swing from at 1054 and 1100 A. The peak signal in observation 1
nearly optically thin to optically thick (weak intensity of soft is 1174 A, indicating a deep aurora without significant
electrons as in observationHig. 12B) as the aurora rotates  contribution from low-energy electrons. The peak sig-
beneath the UVIS boresight. nal in observation 3 is 1117 A showing a strong con-
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Fig. 13. (A) Observation 1 from 02Jan01 showing the combined BEUNUV spectrum that started at 47 min after the observation start tifiekile 1 The

plot is a sum of 20 records of 94 s each. The numbering of records is given asttie in Figs. 12A and 12B(B) Observation 3 from 02Jan01 showing the
combined EUV4+ FUV spectrum that started at 141 min after the observation start tifiehle 1 The plot is a sum of 20 records of 94 s each. We include a
model regression of observations 1 and 3 which are fitted in a linear regression analysis with: (1) a discrete aurora elé@roddhbet al., 200lipcident

upon an auroral atmosphere with an altitude-dependent secondary electron distribution and atmospheric distribution from a two-stream ezl (2) a n
optically thin H, Rydberg band laboratory spectrum excited by a 20 eV monoenergetic electrons, and (3)ealifd.y¥e show the regression model fit to

the observations with the 20-eVV component as discussed in the text.

tribution from a low-energy electron aurora in the ther- There were 38 observations in the north and 28 observations
mosphere. in the south with sufficient S/N for the color ratio study. The
It appears that the main variation in the EUV color ratio record numbers are given. We can show from the Galileo
as defined in this paper is a very sensitive indicator of auro- predawn observations of the main oval during the two years
ral variations of the electron energy flux. The change occurs of observations that the color ratio of the north oval shown
from strong variations in the flux level of both the low- and in Fig. 14 is highly stable(Ajello et al., 1998) The color
high-energy primary fluxes. Although both EUV and FUV ratio of the FUV spectrum measured by the Galileo UVS
integrated intensities vary, the FUV intensity has the greater was nearly constant over the entire mission at a value of
variations as shown iRig. 12A. 1.5+ 0.5 for the predawn auroral oval. We have parame-
A more extended observation period of FUV observations terized this color ratio with the methane column density.
occurred during the Galileo Mission. We showFiiy. 14the A column density of 0—3« 106 cm~2 for methane will re-
FUV color ratios for the prime Galileo Mission 1996-1998. produce all the FUV color ratios (values between 1 and 2)
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Fig. 14. A comparison of the color ratios for the north and south Galileo UVS FUV observations over the two-year prime mission (1996-1998). The record
numbers are a measure of the time from orbits Ganymede 1 (DOY172-1996) through Europa 11 (DOY 309-1997). There were 3-5 observations every orbit.

in the north. The dispersion of the color ratio measurement indicate that the average FUV color ratio in the north is con-
is much larger in the south (1-5) corresponding to column stant in both space (system Il longitude) and time for the
densities of 0-16« 106 cn?; though most color ratio cal-  predawn to morning terminator region. The average northern
culations for the south tend to approach the lower values, aurora observation by Galileo can be modeled by assuming
similar to the north color ratios. We can compare IUE, STIS a 25 keV Maxwellian with kappa distribution with a charac-
and Galileo color ratios and intensities. The Galileo color teristic energy of 15 keV for the high-energy component of
ratio results for the north are different from the IUE color the primary electron flugAjello et al., 2001) Both the IUE
ratios for the northLivengood et al., 1990)Livengood et and Galileo (not shown) spacecraft agree that there is a de-
al. show in their Fig. 1 a large color ratio variation of 1-6 pendence of intensity on system Il longitude. The Galileo
for the north auroral polar region. The IUE observations oc- data shows a peak intensity in the north near’18@gitude

cur near local noon, whereas the Galileo observations wereand a peak intensity in the south betweérafid 100 longi-

at local dawn. Local dawn is where HST spectra have oc- tude. Based on the indicated color variation with system |
casionally shown large color ratio variations. The Galileo we can surmise that there may be a fundamental difference
data was predawn and the measured spectra were acquireth the aurora primary electron flux between predawn and af-
over many hourgAjello et al., 1998) Recently,Gérard et ternoon. Certainly the morphology of the aurora is different
al. (2002)confirmed the IUE results with their analysis of for these two periods. The predawn and morning termina-
the STIS observations obtained over the period 1997—2001.tor region is sharply defined by a bright arc with occasional
Gérard et al. found a main oval variation of 1.4-10.4, also at dawn storms. The afternoon region is found to be more dif-
local noon. The mean value of the FUV color ratio for IUE fuse and less intense and a wider spread in latitude than
is 2.5 averaged over many years of observatigieris et the morning side regio(Gérard et al., 2003; Clarke, 1998;
al., 1996) The three observations of Cassini showikig. 7 Vasavada et al., 1999) he primary flux may vary with local
have values very close to the IUE average. They occurredtime with a more temporally stable and lower characteristic
in the late afternoon local time. There is more than the dif- energy in the predawn region.

ference of mean color ratios that distinguishes Galileo and  Dols et al. (2000¥tudied eight G140L spectra from HST
IUE. IUE shows a dependence of color ratio on system lll Goddard High Resolution Spectrograph (GHRS), near local
CML, whereas Galileo UVS has measured a color ratio that noon, and found that the spectra from the oval had color ra-
is independent of system Ill. The Galileo results seem to tios in the 1.9-2.7 region. Dols et al. also found that the high
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