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[1] During the past decade, FUV imaging of Jupiter’s auroral region by the Hubble Space
Telescope (HST) using two instruments, the Space Telescope Imaging Spectrograph
(STIS) and the Advanced Camera for Surveys (ACS), has provided detailed information
on the electrodynamic interaction between lo’s, Ganymede’s, and Europa’s atmospheres
and plasma in Jupiter’s magnetosphere. This interaction is responsible for the satellites’
auroral footprints in Jupiter’s atmosphere connected via magnetic flux tubes to the
satellites’ interaction regions. The observed brightness of each auroral footprint is
considered to be one main observable quantity to characterize the interaction environment
at the satellites. Previous observations of Io’s magnetic footprints using HST STIS images
showed that the footprint emission appears brightest when lo is centered in the plasma
torus. With the much larger data set obtained from the 2007 HST campaigns, we find
the same variation observed by Serio and Clarke (2008), but with significantly better
statistics over a time period of 10 years. These results confirm that Io’s footprint
brightness varies mainly with the satellite’s location in Jupiter’s plasma torus over a long
time scale. Additional observations of the downstream emissions and their variations
were presented by Bonfond et al. (2007). In Ganymede’s case, the relation between the
footprint brightness and the satellite’s position in Jupiter’s magnetosphere shows some
evidence for the same general trend, although the data are noisier than the data for
Io. Ganymede’s footprint brightness appears to be less consistent over time than Io’s.
The variation of Ganymede’s footprints over short time periods was studied by Grodent

et al. (2009). Europa’s fainter footprint brightness makes it difficult to see any

systematic trend.

Citation: Wannawichian, S., J. T. Clarke, and J. D. Nichols (2010), Ten years of Hubble Space Telescope observations of the
variation of the Jovian satellites’ auroral footprint brightness, J. Geophys. Res., 115, A02206, doi:10.1029/2009JA014456.

1. Introduction

[2] A number of direct observations and theoretical stud-
ies of planetary aurora have provided fruitful information
about their magnetospheres [McPherron, 1995; Carlson
and Egeland, 1995; Cowley, 1998; Kivelson, 2005; Stallard
et al., 2008]. Jupiter’s bright and complex auroral region has
traditionally been divided into three regions: the main auro-
ral emission, polar emission, and footprint emission [Clarke
et al., 1998; Grodent et al., 2003; Hill, 2004]. Observations
of Jupiter’s decametric radiation (DAM) first showed the
evidence of lo’s strong influence on the variation of the
emission’s intensity [Bigg, 1964]. The electron energy and
electric potential profile along the magnetic field line were
later acquired on the basis of Jupiter’s radio emissions [Hess
et al., 2008]. The first infrared observation of lo’s footprint
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emission was presented by Connerney et al. [1993]. The
observation showed faint H; emissions at the foot of the
Io flux tube, ~8° equatorward from the main oval. Over
the last decade, the Hubble Space Telescope (HST) has
made a large number of FUV observations of the auroral
footprints [Clarke et al., 1998; Gérard et al., 2006; Grodent
et al., 2008a; Wannawichian et al., 2008; Serio and Clarke,
2008, hereafter SCO8]. These studies of auroral magnetic
footprints provide a significant step to understanding the
satellites’ roles in influencing planetary magnetospheres
[Kivelson et al., 2004; Saur et al., 2004]. o, for example,
is known to be the main source of plasma in Jupiter’s mag-
netosphere. Io’s auroral footprint emission was found to be
the brightest among the magnetic footprints of the Jovian
satellites [Clarke et al., 1998].

[3] Theoretical models describing the connections between
Io and Jupiter’s ionosphere include the unipolar magnetic
field model [Goldreich and Lynden-Bell, 1969], the Alfvén
wave model [Goertz, 1980; Neubauer, 1980; Hill et al.,
1983], and the open-loop Alfvén model [Crary, 1997; Crary
and Bagenal, 1997]. According to the unipolar inductor
model, a magnetic flux tube connects lo and Jupiter’s iono-
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Figure 1. Locations of Jupiter’s magnetic equator are cal-
culated from the VIP4 magnetic field model [Connerney
et al., 1998] at distances 5.91 R;, 9.39 R;, and 14.97 R,
(R;= 71,492 km) from Jupiter. These three distances corre-
spond to orbital distances of lo, Europa, and Ganymede, re-
spectively. The plot also includes the observed locations of
the plasma torus’ peak density [Schneider and Trauger,
1995] at 5.71 R;.

sphere, creating a DC circuit in which a current is driven by
a potential induced by the difference in velocity between lo,
orbiting at the Keplerian velocity, and the surrounding coro-
tating plasma. The current travels via Alfvén waves upward
from Io into Jupiter’s ionosphere and returns to Io to maintain
a closed circuit. However, observations by Voyager 1
[Broadfoot et al., 1979; Bagenal and Sullivan, 1981] made
the first in situ measurement of Jupiter’s plasma torus, which
slows down the Alfvén waves. The Alfvénic travel time was
found to be longer than the time predicted by the steady state
unipolar inductor model [Bagenal, 1994], implying that the
direct current loop cannot close between lo and Jupiter’s
ionosphere. The Alfvén wave model proposes a different ex-
planation of the interaction between the corotating torus
plasma and the plasma near lo [Goertz, 1980; Neubauer,
1980; Hill et al., 1983]. In this model, the torus plasma, trav-
eling faster than the plasma in the immediate vicinity of o,
is decelerated, causing a perturbation in the local magnetic
field, which propagates via Alfvén waves downstream along
the field line. The magnetic field lines are compressed and
bended because of this perturbation, creating a wake region,
known as an “Alfvén wing,” ahead of the satellite in the co-
rotation direction. Near lo, the interaction region is charac-
terized by two subsections: (1) the inner atmosphere,
where the collisions between torus plasma and Io’s neutral
atmosphere dominate, and (2) the extended atmosphere,
where the charged particles, ionized by charge exchange
and electron impact, are picked up [Delamere et al., 2003].
Third, a combination of the above models, the open-loop
Alfvén model, has been proposed [Crary, 1997; Crary and
Bagenal, 1997]. From observations of the Jovian DAM arcs
[Gurnett and Goertz, 1981], the spacing of these arcs sug-
gests that the Alfvén wave is trapped between Jupiter’s ion-
osphere and high-latitude plasma, because of a reflection of
the Alfvén wave at the boundary of the torus. The interaction
begins with the Alfvén perturbation near Io and then evolves
downstream into the steady state current that extends to the
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torus boundary [Crary and Bagenal, 1997]. Observationally,
Io’s FUV auroral footprints appear brightest when the satel-
lite is in the center of the plasma torus [Gérard et al., 2006;
SCO08], where the mass pickup is expected to be highest.
These observations thus support the importance of mass
pickup near the satellite. Therefore, the electrodynamic inter-
actions at the satellites are suggested to be one controlling
factor of the magnetic footprints in the auroral region. The
strength and nature of the interactions will affect the observed
footprint features, e.g., brightness, shape, and location
[Jacobsen et al., 2007, SCO08; Bonfond et al., 2008].

[4] Since the satellite’s footprint brightness is controlled
by the interaction between the satellite’s atmosphere and
the surrounding magnetospheric plasma, knowledge of the
magnetospheric plasma structure, especially the plasma torus,
in the vicinity of the satellites is essential to interpret the
auroral footprint emission. The density distributions of ions
and neutral particles in Jupiter’s plasma torus have been stud-
ied via ground-based imaging by Schneider and Trauger
[1995], who identified three different regions in the plasma
torus: (1) the cold torus at 4.5-5.3 Rj; (2) the ribbon, the
most prominent feature in Jupiter’s torus, at 5.5-5.9 R;
and (3) the warm torus at 5.9-7.5 R;. Schneider and Trauger
[1995, Table 3] shows the central latitude of the ribbon,
which is defined by the latitude of the maximum density
and varies with system III longitude (Ap). A plot of their
result is shown in Figure 1. The brightness of the ribbon
was found to be most prominent between 150° and 300°
A, near the 110° and 290° Ay intersections of the plasma
equator with Io’s orbit (5.91 R). A study of the plasma torus
properties from direct observations by the Ultraviolet Imag-
ing Spectrograph Subsystem (UVIS) on Cassini [Steff! et
al., 2004] also showed an asymmetry in EUV brightness
between the dusk and dawn ansae. The various ranges of
temporal variations in the plasma torus brightness were pre-
sented. Their results suggest a different plasma environment
to that observed during the Voyager era [Steffl et al., 2008].
Furthermore, evidence of an additional source of plasma in
the torus near Europa’s orbit was presented by empirical
modeling of Voyager 1 observations [Bagenal, 1994]. Direct
observations of the ion composition by several spacecraft
(i.e., Voyager 1 and 2, Galileo, and Ulysses) have provided
fruitful data for modeling plasma properties from 5 R, to
12 R, [Bagenal, 1994; Moncuquet et al., 2002]. Although
the plasma densities near lo measured by different space-
craft differ by less than one order of magnitude, in general,
the density is suggested to be most concentrated near Io’s
orbit. Supporting those direct observations, UV imaging by
HST (SCO08) has revealed a strong relation between Io’s
magnetic footprint brightness and its location in Jupiter’s
plasma torus. In particular, the footprint is brightest when
Io is at Ay ~ 110°. Here we examine a significantly ex-
panded data set and confirm the trend identified by
SCO08, but with considerably improved statistics. We also
present additional results for Ganymede and Europa.

[5] For a detailed comparison of the observed footprint
brightness with the plasma environment at the satellite, the
locations of the plasma equator as a function of \;;; were
studied. The plasma equator is the position of peak density
in the plasma torus located between the magnetic equator and
the centrifugal equator [Schneider and Trauger, 1995]. These
results will demonstrate the significance and nature of
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mass pickup processes near lo and also extend the analysis
to the outer Jovian satellites, where different current sheet
parameters, magnetospheric structure, and external influ-
ences, such as solar wind pressure, are expected.

2. Observations and Data Reduction

[6] HST has played a major role in imaging Jupiter’s FUV
(115-170 nm) aurora for more than 10 years. Two different
instruments, the Space Telescope Imaging Spectrograph
(STIS) and the Advanced Camera for Surveys (ACS), were
used from 1997 to 2004 and 2005 to the present, respective-
ly. The chosen HST data set for the present work comprises
242 images for lo, 14 images for Europa, and 48 images for
Ganymede. The reduction procedures include dark image
subtraction, flat-field correction, and instrumental geometric
distortion correction [Nichols et al., 2008; Clarke et al.,
2009]. The images were scaled to appear at the common dis-
tance of 4.2 AU, with the north pole oriented toward the top of
the image and converted to kiloroentgens (1 kR = 10° photons
ecm Z s into 47 sr). The conversion factors were generated
by the synthetic UV spectrum of H, and Ly « emission
[Gerard et al., 2002]. The signal-to-noise ratio was im-
proved by two techniques: (1) accumulating a set of images
taken in the same HST orbits and (2) subtracting the back-
ground consisting of the reflected sunlight attenuated by
hydrocarbon hazes. In the case of the Ganymede footprint,
which is close to the main oval, the background also in-
cludes the diffuse auroral emissions from the secondary
oval and isolated features. The first technique was used
with an exposure time of less than 100 s, in which three
consecutive images were summed and averaged. For the
second technique, the simulation of the background bright-
ness is based on the reflected sunlight from Jupiter’s atmo-
sphere. The modified Minnaert formulation was used for
the horizontal distribution [Vincent et al., 2000], and a
fit of the north—south banding pattern obtained from the
sum of all the images obtained in a given month was used
for the latitudinal variation [Nichols et al., 2009; Clarke et
al., 1998; Wannawichian et al., 2008]. Then the subtrac-
tion factor was chosen so that the resulting background
level is no lower than 6 kR, referring to the emission of
H Ly o from the planetary atmosphere. In addition to
the global background produced by the Minnaert function,
a linear interpolation of the local background brightness
surrounding the footprint was produced because of the exten-
sion of the emission from the main oval. Then the simulated
background was subtracted from the original image to acquire
the footprint brightness. According to previous observations
[Clarke et al., 1998; Gérard et al., 2006], 1o’s footprint could
appear as multiple spots, presumably as a result of the Io-
generated waves reflected at plasma density gradients in
the plasma torus. In this paper, lo’s footprint brightness is
averaged over a 0.25 x 0.25 arc sec” area, which is smaller
than areas used in previous studies [Bonfond et al., 2007,
SC08], to focus on the brightest spots.

3. Data Analysis

3.1.

[7] The VIP4 magnetic field model [Connerney et al.,
1998] was used to map the magnetic latitude and longitude

Magnetic Mapping and Footprint Prediction
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of Io, Ganymede, and Europa onto Jupiter’s ionosphere,
given the satellites’ system III longitude (\y) at each time.
The VIP4 model as described by Connerney et al. [1998]
predicts relatively well the location of Io’s footprint, but it
is more uncertain for Europa and Ganymede. Moreover,
Grodent et al. [2008a] showed that the predicted locations
of magnetic footprints for lo, Europa, and Ganymede are
least accurate at the region called the “auroral kink sector.”
The kink sector is suggested to be controlled by a weakening
of the surface magnetic field by a localized tilted dipole, the
so-called “Dessler anomaly” [Clarke et al., 2004]. In the
case of Ganymede’s footprints, in addition to the planetary
magnetic field, the observed latitudes appear to be influ-
enced by the external magnetic component produced by
the azimuthal current flowing in the current sheet [Grodent
et al., 2008b]. In addition, since Ganymede’s and Europa’s
footprints are predicted to be very close to the main oval,
often the footprints blend into the main oval when they are
near the limb or extended in latitude. Therefore, separating
the footprints from the main oval can be challenging. This
task includes carefully simulating the background, including
the emission from the main oval to separate the footprint
from the main oval emission.

3.2. Plasma Environment Near the Satellites

[8] The planetocentric latitude of the magnetic equator at
the orbital distances of lo, Ganymede, and Europa versus
A was computed using the VIP4 magnetic field model
(Figure 1). It is shown that the latitude of the magnetic
equator is roughly independent of the distance from Jupi-
ter. In Figure 1, the observed latitudes of the plasma equator
at ~5.71 R, [Schneider and Trauger, 1995] vary approxi-
mately sinusoidally with Ap, roughly in phase with the
variation of the latitude of the magnetic equator. According
to Khurana and Schwarzl [2005], at distances less than
25 R, from Jupiter, the current sheet appears to be more
rigid than at greater distances, such that the distance of the
current sheet from Jupiter’s equatorial plane varies linearly
with radial distance. Therefore, the latitude in degrees at
the plasma equator at 5.71 R; should plausibly be similar
at distances within 25 R, covering the orbital distances of
Io, Europa, and Ganymede. In addition, at Ay ~ 110° and
290°, the magnetic equator and plasma equator cross 0°
latitude, which corresponds to the satellites’ orbital planes.
Around those longitudes, a strong interaction is expected
near the satellites because of the denser plasma environ-
ment. Consequently, the satellites’ auroral footprint may
be brighter.

3.3. Limb Brightening Effect

[9] Jupiter’s atmosphere is mostly optically thin in H,
emission but becomes optically thick in H Ly o emission.
However, H Ly « emission is only 15% of the entire H,
spectrum [Grodent et al., 2003]. In an optically thin atmo-
sphere, the footprint will appear brighter near the limb
edge because of the longer line-of-sight column. However,
the footprint also appears smaller, such that limb brighten-
ing does not affect the calculation of the total emitted
power. Therefore, the observer’s line of sight through this
optically thin atmosphere, which relates to the distance to
the limb, should not cause any variation in footprint
brightness. The implication is that the variation in the
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Figure 2. (top) Io’s footprint brightness corresponding to
the location of Io (Ay). (bottom) Same as for Figure 2
(top) but with limb-brightening correction. The data are sepa-
rated into two epochs, 1997-2001 and 2007, comparing clear
(115174 nm), F25SREF?2 filter (130-174 nm), F115LP filter
(115-170 nm), and F125LP filter (125-170 nm). The error
bars are the Poisson uncertainty of the background’s count
rates of the regions near the footprints.

footprint’s emitted power is independent of any applica-
tion of limb brightening correction. However, there are
some uncertainties, including the accumulation of extra
emissions from the tail of the footprint (due to the wake
in the interaction region at the satellites) and absorption in
the optically thick hydrocarbon lower atmosphere. These
uncertainties become significant when the footprint appears
close to the limb.

[10] To test the effect of an optically thin atmosphere as
well as other uncertainties, the calculation of the limb
brightening correction factor at the emission scale height
of 600 km was used according to the method described by
SCO08. Then the footprint brightness was divided by the cor-
rection factor to acquire the limb brightening corrected
brightness. The correction factor varies as a function of dis-
tance from Jupiter’s limb. We set the limit of the least dis-
tance to limb at 5000 km, where the limb brightening
correction factor dramatically increases, causing a high un-
certainty. We tested the effect of limb brightening by exam-
ining brightness profiles obtained with and without the limb
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brightening correction, and we show that within the uncer-
tainties, the same general trends are seen in the data, as dis-
cussed in section 4.

4. Results: Footprints’ Brightness and Locations
of Io, Ganymede, and Europa

[11] The variation of the auroral footprint brightness as a
function of Io’s longitude (Ary) is shown in Figure 2. The
error bars are the Poisson uncertainty calculated from the
background count rates in the region near the footprints.
The effect of limb brightening is analyzed by comparing
(Figure 2, top) lo’s footprint brightness acquired directly
from the images with (Figure 2, bottom) the same footprint
brightness with the applied limb-brightening correction. The
trend in the variation of footprint brightness is only slightly
different when the limb brightening correction is applied.
This was examined quantitatively by correlating the observed
brightness values with the function f= sin*(\y — ), which
reasonably well approximates the two-peaked structure of
the data, and where phase ¢ was shifted in 1° steps from 0°
to 360°. The locations of the fitted peaks are then given by
© +90 and ¢ + 270. For each case, the phase with maximum
correlation was determined, as was the longitude range inside
in which the correlation coefficient was 90% of the maxi-
mum, as a reasonable estimation of the range of uncertainty.
The locations of peaks thus determined are 107° and 287° +
8° for the limb-brightening-corrected data and 101° and
281° + 13° for the noncorrected data, i.e., essentially identical
within the uncertainty. These results suggest that the relation
between Io’s location (M) and the brightness of its mag-
netic footprint is not significantly affected by the uncer-
tainty in the limb brightening. In addition, the variation
as shown in Figure 2 (top) is in good agreement with pre-
vious observations by SC08. Observed over a longer time
with more data points, our statistically improved data con-
firm the relation between lo’s footprint brightness and Io’s
location. However, small variations of Io’s footprint bright-
ness were noticed, which requires a more detailed study
and analysis. In addition, the second peak at Ay ~ 250°—
300° is seen more clearly compared with previous work
(SCO08). The peak brightness appears at two longitudes
(Am), ~110° and ~290°, where lo is near the plasma equator.
In Figure 2, footprints observed in clear images are generally
brighter than those from filtered images. The analytical inter-
pretation will be discussed in section 5.

[12] The situation is very different for Ganymede (Figure 3).
The brightness variation of Ganymede’s magnetic footprint
appears more time variable. Compared to our results, obser-
vations were of different time variations of footprint
brightness [Grodent et al., 2009] for 100 s, 10-40 min,
and 5 h time scales. Even though the relation between
Ganymede’s footprint brightness and the satellite’s loca-
tion is not as strong as it is in Io’s case, there is a sug-
gested peak feature at A\ ~ 100°. As seen in Figure 4,
we found fewer data for Europa’s magnetic footprints.
The data show a less clear relation between Europa’s foot-
print brightness and the location of the satellite compared
to those of To and Ganymede. Even though the brightest
footprints are observed when Europa was at Ay ~ 100°, near
the plasma equator, the faint emissions result in uncertainties
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Figure 3. (top) Ganymede’s footprint brightness cor-

responding to its Ay location from 1997 to 2001. (bottom)
Same for Figure 2 (top) but with images taken in 2007.
The filters’ notations are the same as described in Figure 2
(top) with no limb brightening correction.

too large to establish any trend. It is thus too early to con-
clude about the interaction at Europa.

5. Discussion

[13] These observations (Figure 2) confirm the same varia-
tion of lo’s magnetic footprint brightness (brightest at Ay ~
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Figure 4. Europa’s footprint brightness corresponding to
its A location from 1997 to 2007. The filters’ notations
are the same as described in Figure 2 (top) with no limb
brightening correction.
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Figure 5. Io’s footprint brightness from Figure 2 plotted as
a function of the satellite’s distance from the plasma equa-
tor. The distance is based on the latitudinal variation of
the plasma equator at different \jy; (Figure 1). The negative
distance is for the location where Io is below (south) the
plasma equator.

110°) discussed earlier by SC08. One benefit of having lon-
ger observational time and better statistics is that we are able
to see clearly the second peak at A ~ 270°. According to
ground-based observations [Schneider and Trauger, 1995],
there is an “active sector” (the most observed intense emis-
sion) of the plasma torus between 150° and 300° M.
Schneider and Trauger also found the intersections of the
plasma equator and Io’s orbit at 110° and 290°. This infor-
mation supports our observation of Io’s footprint brightness
maxima at ~110° and ~270° Ap;. Consistent results are also
found from the observation of DAM bursts [Bigg, 1964], in
which the highest intensities are found approximately within
115°-335° system III longitude of Jupiter, near an active
sector, as discussed by Schneider and Trauger [1995]. In
addition, the observation of H3 emissions at the foot of the
To flux tube [Connerney et al., 1993] presented 1o’s footprint
locations, which appeared to be close to the locations pre-
dicted by the then-current model (GSFC Og). Their results
gave the first direct evidence of the coupling between Io
and Jupiter’s ionosphere.

[14] It is remarkable that the footprint brightness follows
the same pattern despite the long period of observations
(1997-2007). The pattern is relatively insensitive to tempo-
ral variations of the plasma environment and is determined
mainly by lo’s location in the torus. This result provides better
statistical evidence that the interaction between lo’s atmo-
sphere and Jupiter’s ionosphere is strongest when Io is in
the center of the plasma torus. The comparison of lo’s foot-
print brightness and the satellite’s distance from the plasma
equator [Schneider and Trauger, 1995] is presented in
Figure 5. The results display a strong connection between
the plasma environment near lo and its auroral footprint.
The footprint brightness appears greater when the satellite
is closer to the plasma equator.

[15] The brightness observed in the clear images (115—
170 nm) is different from those observed in the filtered
images (125—170 nm). In the reduction process, the different
sensitivities between two band passes are compensated by
the calibration procedure (converting count into kiloroent-
gens). These converting coefficients are calculated on the
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Table 1. Correlation Coefficients Between Both Linear and
Gaussian Functions of the Satellites’ Distance From the Plasma
Equator and Their Footprint Brightnesses®

STIS ACS
Satellites Clear F25SRF2 F115LP F125LP Total
Linear Correlation Coefficient
Io 0.844 0.915 0.848 0.819 0.733
Ganymede - - 0.731 0.444 0.265
Europa - - - - 0.461
Gaussian Correlation Coefficient
Io 0.829 0.868 0.832 0.798 0.727
Ganymede - - 0.751 0.463 0.281
Europa - - - - 0.543

Correlation coefficients are given in equation (1). The two variations
result in similar correlation coefficients. The plasma density scale height,
H,is 1 R;, 1.49 R;, and 1.32 R, for lo, Europa, and Ganymede,
respectively. The correlation coefficients among different filters are
compared. Because of poor statistics, the correlation coefficient for
Europa was calculated only for the entire data set.

basis of on the assumption that Jupiter’s auroral spectrum is
the same everywhere. However, the spectrum could vary at
different times and locations. Therefore, the variation be-
tween clear and filtered images could be the result of varia-
tions in the auroral footprint’s spectrum. In addition,
regardless of how the limb brightening correction affects
the overall footprint brightness, the trend in the variation
is conserved (Figure 2). In the large scale, these results sug-
gest the time independence of the footprint brightness. How-
ever, the more continuous and concentrated measurements
for each day allow us to see small variations. It is possible
that there are other controlling factors with larger amplitude
for which more theoretical and analytical analysis are
required. For example, lo’s footprint brightness has
been observed to brighten on the time scale of ~1 min
[Bonfond et al., 2007], suggested to be an effect of the accel-
eration mechanism of the electrons on their way to Jupiter.

[16] According to Table 1, the study of the correlation be-
tween lo’s distance from the plasma equator and its footprint
brightness shows very high linear correlations (more than
80%) for all the filters. However, Hill and Michel [1976]
showed that the density of the plasma in the torus is expected
to vary as a Gaussian from the magnetic equator. We have
therefore also computed the correlation of the footprint
brightness with the function

g = exp(—d*/H?), (1)

where d is the distance of Io from the plasma equator and H
is the plasma density scale height. The values of H were taken
tobe 1 Ry, 1.49 R, and 1.32 R, for lo, Europa, and Ganymede,
respectively, on the basis of equation (3) of Hill and Michel
[1976] and plasma properties from Kivelson et al. [2004],
e.g., temperatures and compositions from their Table 21.1.
As seen for Io, Ganymede, and Europa, the correlations
obtained for the Gaussian relation is similar to those for
the linear correlations. In addition, prior observations by
UVIS [Steffl et al., 2004] showed temporal variations of
torus densities as well as differences from the Voyager
era [Steffl et al., 2008]. However, our result shows the var-
iations to be no more than 25%. This suggests the inde-
pendence ofTo’s footprint brightness from the global properties
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of the plasma torus seen during the 10 year observation
period.

[17] In Figure 3, the peak around 100° concurs with the
estimate of the plasma equator near Ganymede (Figure 1).
Although the current sheet is suggested to be nearly rigid
[Khurana and Schwarzl, 2005], the plasma properties as
well as the magnetic field configuration could change with
local time and longitude (). Consequently, the variation
of footprint brightness could be more time dependent, as seen
in Figures 3 (top) and 3 (bottom). The trend in the Ganymede
footprint brightness variation is not as clear as the trend in
Io’s. However, the same general trend is suggested, especially
for the observation by the F115LP filter in 2007. At the same
orbital longitude (A;) of Ganymede, different observing
times gave different magnetic footprint brightnesses. As
a result, Figure 6 shows a weaker correlation between
Ganymede’s distance from the plasma equator and its foot-
print brightness. As shown in Table 1, although the correla-
tion coefficients for overall data are low, there is a difference
among the results from individual filters of the ACS instru-
ment. The correlation is low for the STIS observations, in
which the brightness variation is comparable to the uncertainty.
The best correlation is observed for the ACS F115LP filter
(73.1%). This could be a result of different signal-to-noise
ratios observed by different instruments (ACS and STIS).
It should be noted that the variation of the brightness is com-
parable to the error bars considering Poisson uncertainty of
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Figure 6. Same as Figure 5, but showing Ganymede’s
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Figure 7. Same as Figure 5, but showing Europa’s foot-
print brightness.

the background emission. If Ganymede’s footprint bright-
ness has a close connection with the local plasma density
like To’s, this result could reflect the time variation of the
current sheet density at Ganymede. According to Schneider
and Trauger [1995], the dense plasma torus remains inside
7.5 R, while lower plasma densities extend to greater dis-
tances. Therefore, at Ganymede’s orbital distance (15 R)),
which is considered to be the middle magnetosphere, the
plasma system should be much different from the plasma
system at [o’s orbital distance (5.91 R;). The differences in-
clude plasma density, structure, and solar wind influence.
Since the plasma and magnetic field are tightly connected
to each other, variations in the plasma density at Ganymede
could cause the time variability of the footprint brightness.
The difference in coefficients could be due to the variation
of the footprint brightness related to Ganymede’s interaction
region, such as the variation of Jupiter’s plasma equator
location and density and energetic magnetospheric events,
e.g., plasma ejections and reconnections in Ganymede’s
magnetosphere [ Grodent et al., 2009]. Furthermore, magnetic
flux tubes at Ganymede’s orbital distance (15 R)) are very
close to the magnetic field line connecting to the main oval
(also seen in direct observations). While the emission of
Ganymede’s auroral footprint is expected to be equator-
ward of the main oval, at times, the footprints were seen
to be very close or even blend into the main oval. Jupiter’s
main oval originates from the corotation breakdown region
in the magnetosphere, near the interaction region at Ganymede.
Jupiter’s magnetic field simulated by the VIP4 model is
carefully generated up to high-order spherical harmonic ex-
pansion including an empirical model for average conditions
of the magnetodisc, while the effects of the solar wind are
not included [Connerney et al., 1998]. At Ganymede’s orbit,
the external influences become significant. Occasionally,
Ganymede’s footprint locations were not found exactly at
the predicted locations. Previous observations [Grodent
et al., 2008a] compared the predicted and the observed
Ganymede’s footprint locations and found that the predic-
tions are less accurate than the predictions of the locations
of Io’s footprints, especially in the region of the magnetic
anomaly in the northern hemisphere.

[18] For Europa (Figure 4), the scattered footprint variation
and low number of observed “good spots” cannot give us a
clear indication of the connection between the footprint
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brightness and Europa’s locations. In addition, Europa’s mag-
netic footprints appear less bright than Io’s and Ganymede’s,
suggesting that, within the limit of the low signal-to-noise
ratio, the field-aligned currents related to the electrodynamic
interaction at Europa are weaker than those at Io and
Ganymede. The relation between Europa’s footprint bright-
ness and its distance from the plasma equator (using the
same assumption in Ganymede’s case) is shown in Figure 7.
The correlation coefficient (Table 1) between Europa’s dis-
tance from the plasma equator and the satellite’s footprint
brightness is low (46.1%). This may be a result of poor statis-
tics and low signal-to-noise ratio. There is not enough cer-
tainty to draw conclusions about Europa’s case.

6. Conclusion

[19] These results present the strong connection between
Io’s magnetic footprint brightness and the density of the
plasma torus in which Io is embedded. While the strength
of the interaction between Io and Jupiter’s magnetosphere
is determined by the ratio of the effective conductivity of
Io (including Pedersen, Hall, and pickup conductivities) to
the Alfvén conductivity [Hill et al., 1983], the variation of
plasma density near the satellite is more directly related to
the conductivity due to the mass pickup. Moreover, the Alfvén
conductivity is determined by the magnetic field and current
loop that close far from lo. Our results present the strong
connection between lo’s magnetic footprint brightness and
the density of the plasma torus in which Io is embedded.
Therefore, the pickup process is an important controlling
factor of Io’s footprint brightness. During 10 years of HST
observations, the variation of Io’s magnetic footprint as a
function of Io’s location has not changed much, suggesting
that it is time independent. Observations of Ganymede’s and
Europa’s magnetic footprints, which appear to be time var-
iable but with a low signal-to-noise ratio, are also presented.
These interactions may reflect the stronger influence of the
current sheet at greater distances from Jupiter. Farther away
from Jupiter than lo, Ganymede and Europa are located in
regions where the plasma density is lower and the possibility
of solar wind influence is higher.

[20] Modeling the structure of Jupiter’s plasma density in
the torus and current sheet will be a powerful tool to de-
scribe the variation of the footprint brightness in detail.
Along with magnetic field modeling, this future work will
be another stepping stone to understanding more about Jupi-
ter’s magnetosphere and the unique electrodynamic interac-
tions with Jovian satellites.
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