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A possible auroral signature of a magnetotail
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[1]1 Several theoretical models and in situ observations consistently suggest that the
process of nightside reconnection associated with Earth’s magnetospheric substorms is
also taking place in the midnight tail region of Jupiter. We report the observation of a new
auroral feature which takes the form of isolated spots appearing near the northern dusk-
midnight limb, poleward of the main auroral oval. This feature was clearly detected in
three HST-STIS data sets obtained on 14, 16, and 18 December 2000. Its position
poleward of the main auroral oval, and lagging corotation, shows that it is magnetically
connected to a distant region of the nightside magnetosphere. It is therefore suggested that
these transient spots are the auroral signatures of reconnection processes occurring in the
nightside tail of the distant Jovian magnetosphere. The cause of this reconnection is
somewhat analogous to the case of a solar coronal mass ejection, so one may refer to it as

a “Jovian mass ejection.”
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1. Introduction

[2] The Pioneer, Voyager, and Ulysses missions have
shown that the general picture of the Jovian nightside
magnetosphere is in several respects similar to the Earth’s
magnetotail. It consists of a plasma sheet with an embedded
current sheet stretching out far into the antisunward direc-
tion. Vasylidnas [1983] and Nishida [1983] suggested that
tail reconnection processes similar to the terrestrial case may
also exist in the Jovian magnetosphere. In the picture
proposed by Carbary et al. [1976] and Vasyliiinas [1983],
magnetic flux tubes are loaded with heavy ions originating
from the moon lo. They are pulled outward by centrifugal
force and pressure anisotropies [Paranicas et al., 1991] as
the newly created ions are brought to corotation. At some
distance on the nightside, the stretching of the flux tubes is
such that oppositely directed magnetic field lines reconnect
across a thin portion of the current sheet. During this
reconnection process a plasmoid may be released down
the tail, allowing plasma, continuously produced deep
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inside the magnetosphere near lo’s orbit, to escape from
the Jovian magnetosphere.

[3] The Galileo spacecraft found localized regions of
strong northward and southward field components beyond
about 50 R; in the postmidnight, predawn sector of the
Jovian magnetosphere. Russell et al. [1998] interpreted
them as localized transient reconnections in a rapidly
rotating magnetized plasma. Russell et al. [1998] discuss
two events characterized by an abrupt rise of the normal
component of the magnetic field which lasted about an
hour. They estimated the size of the disturbed region to be
~25 R; x 25 R,. These disturbances thus appear to be
large but not global events and may represent only a
fraction of the reconnection taking place in the magneto-
disk. Following further analysis of the Galileo observa-
tions, Russell et al. [2000] noted that small events occur
irregularly but on average about every 4 hours and large
events about once a day in a region beyond 50 R; and
from midnight to 0300LT. During orbit G12 in 1996, the
Galileo spacecraft detected a number of particle bursts
with large radial/antisunward anisotropies in the distant
Jovian magnetotail. Woch et al. [1999] analyzed one such
jet of energetic particles propagating in the radial direction
and reported signatures which, at Earth, are commonly
interpreted as the formation of active X-lines and an
associated release of a plasmoid. Statistical analysis of
the burst events appearing in the Galileo observations
[Woch et al., 2002] shows that they are concentrated in
the postmidnight deep tail region. The transition from
mainly inward to mainly outward directed bursts occurs at
roughly 70 R, in the predawn region and at 120 R,
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around local midnight. The transition establishes the most
probable location of a neutral line. The continuation of
this line to the premidnight/dusk sector is unknown, due
to a poor coverage of this sector by Galileo. The process
appears to be of a transient, impulsive nature rather than a
continuous, steady state process. The burst events show a
tendency to recur every 2 to 3 days. The ion and electron
energy spectra during the bursts show evidence for
heating or acceleration of particles. Lasting several tens
of minutes to a few hours and thus being relatively short
in duration, these burst events are part of a large scale
instability of the Jovian magnetotail which takes several
planetary rotations to develop. Woch et al. [2002] suggest
that the particle flow burst events are part of the source
process of the auroral dawn storms and auroral flares
observed with the HST. However, the energy density
carried by the inward beams of accelerated particles is
too low to account for auroral emissions of the reported
extreme intensity of the dawn storms. Therefore Woch et
al. [2002] suggest that breakup of the magnetic topology
of the tail associated with the bursts leads to a disruption
of the cross tail current. In analogy to auroral substorms
at Earth, the current will be partly diverted into the
ionosphere and will drive intense auroral events. Louarn
et al. [1998, 2000] have reported the quasiperiodic
occurrence of ‘“‘energetic magnetospheric events” cor-
responding to enhancements of the various Jovian radio
emissions observed by Galileo. These sporadic phenom-
ena are closely associated with the dynamic events
described by Woch et al. [1999] and are recurring with
a frequency varying from 2.5 days to more than 4 days,
with quiet periods of 10 days. They have been associated
with sudden and periodic plasma loading of the depleted
Jovian magnetodisk due to instabilities occurring in the
outer part of the Io torus. This feeding phase is followed
by a progressive outward plasma transport which likely
looses iogenic material to the tail.

[4] Earlier ultraviolet (UV) images of Jupiter’s aurora
have shown highly variable emissions inside the polar
regions [Prangé et al., 1995; Clarke et al., 1998; Waite et
al., 2001; Grodent et al., 2003b], but none so far has
reported on discrete emissions from the midnight sector
poleward of the main oval. In this study, we describe a new
auroral feature forming isolated spots appearing near
the northern dusk-midnight limb, poleward of the main
auroral oval. We suggest that this feature represents the
auroral signature of reconnection processes occurring in the
nightside tail of the Jovian magnetosphere.

2. Observations

[5] During the winter of 2000—2001, the photon-count-
ing detector MAMA (Multi-Anode Micro channel Array)
of the STIS camera (Space Telescope Imaging Spectro-
graph) on board the Hubble Space Telescope obtained
approximately 200 far-ultraviolet images of the auroral
emission near Jupiter’s poles. These observations were
completed directly before and after Cassini’s closest ap-
proach of Jupiter on 30 December 2000. They span a
period of six weeks extending from 14 December 2000 to
21 January 2001 (see Grodent et al. [2003a] for a full
description of the data set and of its reduction). The
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MAMA array consists of 1024 x 1024 pixels providing
a field of view of 24.7” x 24.7" with a ~0.08" full width
at half maximum point spread function (PSF). For a direct
comparison, the images were all scaled in pixel size to
display Jupiter as it would appear at a distance of
4.2 Astronomical Units. The transverse distance subtended
by one 0.02” pixel at Jupiter is then ~74 km. The images
were accumulated for ~100 s, during which Jupiter rotates
by ~1°. This rotation introduces a small smearing of the
images which, for a surface feature located near the limb
at a high latitude (>70°) is less than the size of a pixel and
has therefore been ignored.

[6] The viewing geometry for the southern aurora is less
favorable for Earth-based observations of Jupiter’s aurora.
The proximity of the magnetic south pole to the spin axis
and the northern subsolar latitude restricted the view of the
auroral distribution compared to the north aurora. As a
result, the dusk-nightside portion of the main oval is not
visible on the images of the southern aurora and we put the
emphasis on the images taken in the north. However, it
should be at least mentioned that, although there is no
definite evidence for polar spots in the south, localized
brightenings are observed at the limb which could result
from the limb brightening of emission features, a few
degrees poleward of the main oval, so that north-south
conjugacy may not be directly ruled out.

2.1. Overall Auroral Morphology

[7] The morphology of the Jovian UV auroral emission
is usually described in terms of three major components:
the satellite footprints, the main oval, and the polar
emissions [e.g., Grodent et al., 2003a, 2003b]. These three
components are well apparent in Figure 1 which shows the
same northern auroral region on the three days during
which the new feature was clearly visible at the dusk-
midnight limb.

[8] The satellite auroral footprints are easily identified by
the fact that they remain fixed along magnetic flux tubes
connected to lo, Europa, and Ganymede [Clarke et al.,
2002]. The Io footprint is the most conspicuous one, it
appears as a small and bright spot (~200 kiloRayleighs of
H, Lyman and Werner band emission [kR]) followed by a
long tail, trailing downstream along the footprint of the field
lines passing through the orbit of lo.

[¢9] The main auroral oval forms a relatively stable strip
of emission which closes around the magnetic pole. In the
northern hemisphere, at longitudes greater than 180° (all
longitudes cited in this paper are System III longitudes), the
emission is almost always very narrow (~1000 km), while
at smaller longitudes the emission broadens and tends to
break from the main oval. It should be noted that this
overall morphology is compatible with the auroral struc-
tures observed in the infrared [e.g., Satoh et al., 1996;
Stallard et al., 2003], although they do not stem from the
same processes, and Vasavada et al. [1999] also reported
local time variations of the morphology and total width of
the main oval observed in visible wavelengths from the
Galileo spacecraft. The brightness observed in the main
oval varies from ~50 to ~500 kR. It is generally accepted
that the main auroral oval is connected with the magne-
tosphere-ionosphere coupling current system associated
with the breakdown of rigid corotation in the middle
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Figure 1. HST-STIS images of the northern polar region
of Jupiter showing the new auroral feature, which we refer
to as nightside polar spots (NPS) (indicated by an arrow).
The three far-UV images were taken on (a) 18 December
2000, (b) 16 December 2000, and (c¢) 14 December 2000.
They were accumulated for ~100 s with the FUV-MAMA
Clear aperture. The CML is about 220° for each image, so
that the auroral morphologies are very similar, apart from
the lo footprint, which has a period of 42 hours. The main
oval, the secondary oval, and the polar emissions are located
with dashed lines and/or arrows. The plasma injection
signature and the multiple dawn arcs (MDA) are visible in
Figure 1b only. The north pole (NP) is marked with a
vertical tick, and the planetary limb is highlighted with a
thin dotted line. See color version of this figure at back of
this issue.

magnetosphere region. The main auroral oval may result
from the upward Birkeland current that enforces partial
corotation of the outward moving iogenic plasma [e.g.,
Bunce and Cowley, 2001; Hill, 2001]. According to this
interpretation, the equatorial source of these outward field-
aligned currents is broadly distributed within the middle
magnetosphere current sheet, between inner distances of
~20 R; and outer distances of several tens of R, bounded
by the radial extent of the current sheet.

[10] The polar emissions, i.e., the emission appearing
poleward of the main oval (highlighted with a dotted
contour in Figure la), by contrast, vary rapidly [Gérard et
al., 2003], up to the extreme cases represented by the polar
flares [Waite et al., 2001], which can rise from the back-
ground level of a few kR to several megaRayleighs (MR) in
brightness in tens of seconds. Grodent et al. [2003b]
suggested that the polar emissions may be distributed over
three regions fixed in magnetic local time (MLT): the dark
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region, a region devoid of emission appearing on the
dawnside of the auroral region and associated with the
return of previously emptied flux tubes; the swirl region,
a region of faint patchy emission features appearing near the
magnetic pole, likely associated with the region of open
magnetic flux mapping to the tail lobes [Cowley et al.,
2003]; and the active region confined to the noon to dusk
side, which contains the polar flares and is likely associated
with the site of dayside magnetic reconnection of the Jovian
magnetic field lines with the IMF.

[11] In addition to these general structures, secondary
auroral features are frequently observed. A secondary oval,
appearing equatorward of the main oval (Figure 1c), mainly
at longitudes smaller than 180°, has been reported in several
images [Grodent et al., 2003a]. It may represent a first step
in the process of corotation enforcement. Distinct patches of
auroral emission often appear at all longitudes, between the
main oval and the latitude of the Io trailing tail (Figure 1b).
They suggest Earth-like injections of hot plasma in the inner
magnetosphere [Mauk et al., 2002], or bursty bulk flow
processes [Baumjohann et al., 1990; Angelopoulos et al.,
1994]. Dawn storms are spectacular features [e.g., Gérard et
al., 1994; Ballester et al., 1996; Clarke et al., 1998] which
are characterized by a strong and localized brightening
(in excess of 1 MR) in the dawn sector of the main oval,
which resembles the feature highlighted in Figure 1b (see
section 4). Woch et al. [2002] and Cowley et al. [2003]
suggested that they may be associated with magnetic
reconnection events in Jupiter’s tail.

2.2. Nightside Polar Spots

[12] Figure 2 illustrates the temporal evolution of the
morphology of the new feature, which we will refer to as
nightside polar spots (NPS), in a series of images taken on
18 December 2000 (Figure 2a is a close-up view of
Figure la). The ten images span a total time period of
~2500 s. In Figure 2a the NPS is made of two distinct
spots that appear brighter than and poleward of the main
oval. The faintest spot (marked 2) is poleward of the
brightest one (marked 1). The second spot is undoubtedly
completely detached from the main oval. Two minutes
later (Figure 2b) the two spots are still present at the same
location, although the brightness of spot 2 has decreased
relative to spot 1 (brightness aspects will be discussed in
the next sections). In Figure 2c, 5 minutes later, spot 2 has
faded below the background level while spot 1 continues
to brighten. The same situation prevails two minutes later
(Figure 2d). After about 5 minutes, two new faint secondary
spots (marked 2 and 3 in Figure 2e) have appeared to
the left and right of spot 1. After two minutes (Figure 2f)
spot 3 had disappeared. At this point, the brightness of
spots 1 and 2 has started to decrease rapidly. In Figure 2g,
five minutes later, spot 2 has almost disappeared, but after
~ eight minutes Figure 2h shows that spot 2 is still
present. It should be noted that Figure 2h displays a time
tagged image which was obtained with an additional filter,
cutting most of the Ly-a emission, and integrated over the
300 s exposure time, so that the background level appears
fainter than in Figure 2g. In Figures 2i and 2j, about ten
minutes later, the two spots can hardly be discriminated
from the main oval emission. In summary, the lifetime of
spot 1 is at least 30 min. During this period the brightness
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Figure 2. Evolution of the morphology of the NPS in the
STIS data set obtained on 18 December 2000. Distinct spots
are marked with ID numbers 1, 2, and 3. The number in the
bottom left corner of each panel is the CML at mid-
exposure, and the bottom right corner number gives the time
spanned (in seconds) since the first image of the series
(Figure 2a). The image displayed in Figure 2h was obtained
in time tagged mode with an additional filter (see text).
Figure 2k shows the limits of the zoomed sector appearing
in Figure 2g.

of the spot increased and then decreased below the
background level. Secondary spots appeared near spot 1
with lower brightnesses and shorter lifetimes.

3. Data Analysis
3.1. Location and Size of the Spots

[13] The first step in the analysis of the new auroral feature
consists of finding the position of the spots in Jovicentric
coordinates and their spatial extent on the planet surface.
Previous studies [e.g., Livengood et al., 1992; Grodent et al.,
1997; Geérard et al., 1998] have demonstrated that the
vertical extent of the auroral emission is of prime importance
for the analysis of auroral structures appearing near the limb
where geometrical effects, such as limb brightening, make it
difficult to untangle the intrinsic characteristics of the auroral
emission. The Chapman function gives the ratio of the slant
column emission rate to the vertical column emission rate.
However, this function is only appropriate for an emission
uniformly covering the planet. This is clearly not the case for
Jovian auroral emissions, which are generally organized in
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narrow arcs. Consequently, we have developed a simple
numerical model which estimates the position, the size, and
the limb brightening effect of a small spot appearing just
below the Jovian limb.

[14] This procedure requires a model emission vertical
profile. Grodent et al. [2001] used an energy degradation
model from which they obtained two emission profiles
meant to reproduce the emissions of a diffuse (unstructured
emission) and a discrete aurora (arcs). This model considers
an electron energy flux at the top of the Jovian atmosphere
and self-consistently calculates the vertical temperature
profile, the composition structure, and the degraded energy
flux of the electrons as they penetrate deeper into the Jovian
atmosphere. In this scheme, the principal input parameter is
the energy spectrum of the precipitating electrons. It was
adjusted to meet observational constraints such as the
altitude of the H, emission peak, the thermal infrared and
ultraviolet emissions, and the temperatures associated with
various optical signatures. Here we consider the discrete
auroral case, which is displayed in the top left corner of
Figure 3. In order to obtain an analytical form for this
profile, it is fitted with three Chapman profiles (dashed lines
in Figure 3). The resulting emission profile J(z) (dashed-
dotted line in Figure 3) is given by equation (1), where H; is
the emission scale height, zy; is the emission peak altitude,
and w; is the weight of each component in the sum. These
parameters are listed in Table 1.

3
J(z) = Z wi I(H;,zo;) with I(H,zp) = aexp(—a) and
i=1

o= p(_%) (1)

[15] The numerical model procedure that has been applied
to the STIS images is threefold and gives rise, for each
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Figure 3. Illustration of the method used to determine the

position and size of the emitting spots. The top left insert
shows the vertical extent of the emission which was
considered in the calculations (solid line, taken from
Grodent et al. [2001]). The dashed lines represent the three
Chapman profiles which were used to fit this emission
profile. The solid line of the main plot is the emission
distribution along a cut through Figure 2f, perpendicular to
the limb. The dotted line was calculated using the vertical
emission profile appearing in the insert, with the resulting
distance and width listed in Table 2 (penultimate row).
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Table 1. Characteristics of the Three Chapman Components Used
in Equation (1) to Fit the Emission Profile Displayed in the Top
Left Corner of Figure 3

Scale Height, Emission Peak Weight
Component km Altitude, km %
1 30 240 96.32
2 110 370 3.57
3 150 1050 0.11

image, to a plot similar to that illustrated in Figure 3. (1) The
limb of the planet is determined with the procedure de-
scribed by Grodent et al. [2003a] (the error caused by the
inaccuracy of the limb fitting procedure will be discussed in
the next section). (2) A cut perpendicular to the limb,
passing through the maximum of the spot is extracted from
the image. The emission distribution along this profile is
fitted with a Gaussian distribution plus a constant term
which represents the background baseline emission. The
distance from the limb is assumed to be the distance
between the limb and the peak of the Gaussian fit. The
Gaussian is then deconvolved by the instrumental PSF
using 8 iterations of the maximum likelihood method,
where the PSF is defined by a Gaussian distribution with
a FWHM of 200 km (2.8 pixels). (3) The distance from the
limb and the PSF corrected width are injected in a grid-
search code which uses equation (1) to estimate the width
and the center position of the emission region on the planet
surface (i.e., the 1-bar pressure level) which, after integra-
tion along the line of sight, gives rise to the spot observed
under grazing incidence. In this last step the emission region
is assumed to be isotropically emitting. Figure 3 compares
the resulting calculated emission profile, accumulated along
the line of sight and back convolved by the PSF, with the
observed spot 1 appearing in Figure 2f.

[16] Table 2 lists the center position and size of the
emission regions in Jovicentric coordinates. Five spots were

Table 2. Position and Size of the Spots®
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considered on 14 December 2000, four spots on 16 Decem-
ber 2000, and seven on 18 December 2000. The latter spots
correspond to spot 1 in Figures 2a—2g. As expected from
the accumulation of emission along the line of sight, the
brightening factor given in the last column is proportional to
the spatial extent of the emission region. It is also inversely
proportional to the distance from the limb and varies from
~5 to 10. The Jovicentric latitudes are noticeably concen-
trated in a small range centered on 72.4°, while the
longitudes, around 161°, increase with the CML. It is
instructive to note that in the 18 December 2000 sequence,
where the same spot could be followed for up to 30 min, the
longitude variation of the emission spot is about 70% of the
CML variation, meaning that the emitting region is not
corotating with the magnetic field but is not fixed in local
time either. As a result of the asymmetry of the Jovian
magnetic field, if a plasma parcel in the magnetic equator
were fixed relative to the direction of the Sun, then its
magnetic footprint in the ionosphere would be said to be
fixed in MLT and move in latitude and longitude at a rate
different from the corotating auroral features. We have
applied the magnetic model described by Khurana [1997]
to a plasma parcel associated with the region where the
spots appear when the CML is close to 220° (the notion of
magnetic mapping will be discussed in section 3.4). It
appears that the longitudinal velocity of a MLT fixed auroral
footprint in this region is about 40% of the velocity of a
point fixed on the planet surface. Therefore the longitude
increase of the emission spot observed in the 18 December
2000 sequence (70%) is just between the case of an auroral
feature fixed in MLT (40%) and the case of a corotating
feature (100%).

3.2. Sensitivity Study

[17] Grodent et al. [2003a] have shown that the inaccu-
racy of the limb fitting procedure leads to an imprecision in
the location of large scale emission regions which, near the

CML Apparent Apparent Longitude Jovicentric ALT, Surface Brightening
Date Spot (S3°) Distance,” km Width,” km (S3°) Latitude, deg hours Width,® deg Factor
14 Dec. 2000 br 209.4 761 331 145 72.6 20.3 43 6.8
fa 210.6 710 266 146 727 20.4 35 6.7
br 210.6 1117 63 154 73.6 20.4 0.7 4.5
br 214.1 924 91 156 73.9 20.7 1.0 5.0
fa 214.1 515 265 146 72.6 20.6 3.9 7.7
16 Dec. 2000 br 220.1 1112 97 161 71.4 19.6 1.0 4.7
br 221.3 1072 99 162 71.5 19.7 1.1 4.8
br 243.0 211 232 173 73.1 21.1 3.9 9.7
br 244.2 205 233 175 73.0 20.8 3.9 9.7
18 Dec. 2000 al 223.6 875 155 162 71.8 19.9 1.8 5.6
bl 224.8 837 121 162 71.9 20.1 1.4 5.5
cl 227.8 780 134 165 71.9 20.0 1.7 5.7
dl 229.0 768 130 166 72.0 20.1 1.6 5.7
el 232.0 681 116 168 72.0 20.1 1.5 5.9
f1 233.2 632 123 169 72.0 20.0 1.6 6.1
gl 236.2 539 121 171 72.1 20.0 1.7 6.5

“In the case of multiple spots, the two-letter code “br” (second column) refers to a bright spot, and “fa” refers to a faint spot for the 18 December 2000
data set; the letter refers to the panel of Figure 2, and the digit refers to the spot number in this panel. The ALT is the auroral local time, in hours, defined in

Appendix A.

PApparent distance measured from the limb in the direction perpendicular to the limb.
“Apparent Gaussian width of a spot after deconvolution by the PSF, measured in the direction perpendicular to the limb.
dCalculated surface width of the emitting region (different from the apparent width), 1° corresponds to ~1200 km on the surface.
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Table 3. Sensitivity Tests Performed With a Simplified Emission
Profile Consisting of a Single Chapman Profile®

Distance, Width, Latitude,
zo, km H, km km deg deg
240 100 600 1.8 72.0
200 100 600 1.8 71.8
280 100 600 1.7 72.2
240 50 600 2.0 71.9
240 150 600 0.7 72.0
240 100 400 2.0 70.9
240 100 800 1.6 75.0

“The emission peak altitude and scale height are given in the first
two columns. The table lists the effects of varying the emission peak
altitude z,, the scale height H, and the distance from the limb on the
calculated surface width (column 4) and latitude of the center of the
emitting surface (column 5). The numbers in bold are the parameters that
have been varied. The first row corresponds to the reference case.

limb, may be more than 5° in longitude and/or latitude.
However, this estimate was based on an image projection
procedure which assumed that all the emission is concen-
trated in an infinitely thin layer 240 km above the 1 bar
pressure level, in other words neglecting the full vertical
extent of the auroral emission. The estimate of the position
inaccuracy for the vertical emission of a spatially limited
feature just below the limb, seen under grazing incidence,
requires a more specific treatment. Accordingly, the method
described in the above section was used to estimate the
effects of varying different parameters on a typical test case.
For simplicity, the emission profile given by equation (1)
was replaced by a single Chapman profile. Table 3 lists the
sensitivity of the surface width and latitude of the emission
region to the altitude of the emission peak, to the emission
scale height, and to the measured distance from the limb.
The emission peak altitude was varied by +40 km
(Vasavada et al. [1999] derived an emission peak of 245 +
30 km). It results in a small change in latitude of +0.2°.
Varying the emission scale height from 50 to 150 km (a
drastic change) influences the surface width of the emission
region by up to a factor of 3. Finally, an error made on the
distance from the limb of =+ the size of the PSF (200 km)
has a major effect on the latitude which varies from +3 to
—1° from its nominal value. In order to estimate the effect
of varying the distance from the limb on the longitude, we
have considered the penultimate case listed in Table 2. A
+200 km variation of the distance from the limb gives rise
to a +3° variation of the longitude and F0.4° of the latitude.
In summary, this sensitivity analysis shows that a rather
large uncertainty on the measured distance from the limb on
the order of + the size of the PSF gives rise to error bars of
+3/—1° in latitude and +3° in longitude. The width of the
emission region is mainly influenced by the emission scale
height, i.e., the vertical extent of the emission profile, and
can more than double in extreme cases.

3.3. Brightness

[18] Once the position of the spot is known, the level of
limb brightening (last column of Table 2) and the geomet-
rically corrected brightness may be evaluated to determine
the vertical brightness. Figure 4 shows the variation of the
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maximum brightness in kR above the background, corrected
for the view angle, as a function of time for the series of
images taken on 18 December 2000. The letters a to g refer
to spot 1 in the corresponding panels in Figure 2. The
maximum brightness of spot 1 was sampled for 21 min in
seven ~100 s bins. During the first 850 s, the brightness
continuously increased from 280 kR to 485 kR. It then
abruptly decreased during the next 450 s dropping to a value
of 150 kR above the background emission. The dashed lines
in Figure 4 are best fit functions passing through the data
points. During the brightness rising phase, the data points
are well adjusted on a (1 — exp(—/T,)) function, where t is
the time and T, is the characteristic rise time equal to 370 s.
The decreasing phase is fit with a (exp(—#/1,)) function,
where 7, is the characteristic decrease time equal to 213 s. It
is interesting to note that this behavior is analogous to that
of the current flowing through a RL electric circuit during
the charge and discharge phases of the inductor, as magnetic
energy is stored then suddenly released. The difference in
characteristic time would then be attributed to a modifica-
tion of the resistance and/or the inductance of the circuit.
Without going too far in this simple analogy, it should be at
least mentioned that the relationship between brightness and
such current I is not straightforward. The brightness is likely
a complex function of I and/or I%. In the linear case, the
characteristic times of brightness and current are the same,
while in the quadratic case the exponential trend is pre-
served, and the rise and decrease times of [ are twice larger
than those of the brightness.

[19] The brightness uncertainty applicable to Figure 4 has
two distinct origins: the first one is instrumental and is
estimated from the square root of the count number (as-
suming Poisson statistics) which leads to a value ranging
from £10% for the faintest points (mostly g) to £4% for the
brightest ones (c, d, e). The second source is tied to the
modeling of the absolute brightness of the spots. It consists
of a £10% uncertainty related to the conversion from counts
to emitted H, kR, and of a £5% inaccuracy resulting from
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Figure 4. Evolution of the maximum brightness, corrected
for the viewing angle, of spot 1 appearing in Figures 2a—2g.
The dashed line was obtained by fitting a (I — exp(—#/1,))
function for the rising phase and a (exp(—#/7,)) function for
the decreasing phase. The characteristic times are 7, =370 s
and T, = 213 s, respectively. See text for a discussion on the
brightness uncertainty.
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Figure 5. Integrated power emitted by spot 1 (top line)
and spot 2 (bottom line) of Figure 2h as a function of time.
These light curves were derived from a time tagged image
with 5-s sampling bins, smoothed over 15 s with a boxcar
average. The dotted curves were obtained by fitting a
function of the form (4 sin 2w#/74 + ¢)) (see text). For spot
1 the characteristic time (or period) is 306 s, and it is 385 s
for spot 2.

the propagation of the 200 km positional uncertainty on the
brightening factor (last column of Table 2). However, the
latter error source is systematic and affects all the points by
the same amount, so that it has no effect on the trend
presented in Figure 4.

[20] If one assumes that a downward beam of electrons
carrying | mW m ™2 is necessary to produce 10 kR of H,
far-UV emission [Grodent et al., 2001], then an energy flux
of ~15 to 50 mW m™? is needed to produce the observed
emission. Unfortunately, no spectral information on the
observed spots is available so that it is impossible to infer
the mean energy of the primary electrons which may have
produced this emission [Gérard et al., 2003]. However, as
already noted, the image appearing in Figure 2h was taken
in time tag mode with an additional filter blocking the
strong Ly-o emission line. This emission line is sensitive to
the level of hydrocarbon absorption and, by comparing it
with unabsorbed emission lines, it can be used as a marker
for the penetration depth of the electron beam and therefore
of its mean energy. In our case, the brightness levels of
filtered and unfiltered images were comparable. This means
that the level of absorption was not uncommonly strong, at
most typical of electrons having a mean energy of a few tens
of keV. However, it should be noted that the filtered/
unfiltered images were not taken simultaneously, whereas
Figures 4 and 5 show strong temporal emission variations.
Figure 5 shows the temporal evolution of the power of
spots 1 and 2 in Figure 2h. The light-curves are given in
units of emitted power integrated over the spot area, after
background subtraction. The time tagged image was sam-
pled in 5-s bins and the solid curves were additionally
smoothed over 15 s with a boxcar average. The emitted
power varies from ~1.5 to 4 x 10° W. For a circular surface
emission region of 2.5 x 10° km?, assuming a conversion
efficiency of emitted/injected power of 10%, this integrated
power range corresponds to an injected energy flux of ~6 to
6 mW m 2, in agreement with the previous estimate. The
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most prominent fact of Figure 5 is the sinusoidal variation
of the light-curves. The dotted curves were obtained by
fitting a function of the form (4 sin (27#/7, + ®)), where A is
the amplitude, T, is the period and ¢ the phase angle. For
spot 1 (top curve) 4= 8.2 x 108 W, 1, =306 s and ¢ = 33°,
and for spot 2 (bottom curve) 4 = 5.6 x 10° W, 1, = 385 s
and ¢ = 45°. These numbers suggest that the total power
emitted by the two spots varied in parallel for at least one
full sinusoidal period of ~300 s. The amplitude of the
oscillation was about 20% of the average emitted power,
more than twice the o value associated with the Poisson
photon counting statistics.

3.4. Magnetic Mapping of the Spots

[21] In this final step of the image analysis, we address the
location of the magnetospheric region responsible for auroral
spots. Although their size and brightness are comparable to
that of the Io footprint, a search of the To, Ganymede and
Europa satellites’ orbital positions and projected magnetic
footprints (using the VIP4 magnetic model [Connerney et
al., 1998]) shows that none of them matches the position of
the spots given in Table 2. Actually, this is straightforward
for the Io footprint which appears in the three panels of
Figure 1. As already noted, the spots are located poleward of
the main auroral oval. This indicates that they actually
originate from a distant region of the magnetosphere, prob-
ably farther than 30 R;. A more precise mapping of the
auroral emission features requires a magnetic model able to
trace a magnetic field line from the Jovian ionosphere out to
the distant magnetosphere. Although the VIP4 magnetic
model has been widely used for this purpose, it was not
meant to be accurate beyond ~25-30 R ;. At these distances
other models which include the effect of the current sheet
may be used to estimate the local field. Therefore we have
used the magnetospheric model developed by Khurana
[1997]. It combines the internal magnetic field used in the
VIP4 model, i.e., the GSFC-Og model, and models of the
external field arising from the various current sources
present in the magnetosphere. This choice was mainly
dictated by the fact that Khurana’s 1997 model is applicable
to the middle and outer nightside magnetosphere.

[22] Table 2 shows that the latitude of the spots is almost
constant at ~72°, while their longitude varies with the
CML. According to Khurana’s 1997 model, and accounting
for the deviation of the main oval along the 150° meridian
(the kink sector of Grodent et al. [2003a]), the 150—160°
longitude range, seen at CML ~ 230° maps to a region of
the magnetosphere beyond 100 R; around 2100LT in the
night sector. It should be noted that at these distances,
Khurana’s 1997 model does not account for the magneto-
pause currents which produce local time asymmetries. More
specifically, the solar wind driven magnetopause-tail current
system will likely stretch the field lines further away from
noon [Bunce and Cowley, 2001]. This latter effect would
thus shift the magnetospheric end of the field lines toward
higher local times and larger distances. Accordingly, the
location of the source region beyond 100 R, around 2100LT
may be seen as a rough estimate.

[23] An alternative to the magnetic local time obtained
from the VIP4 model is described in Appendix A. We have
defined an ““auroral clock™ which gives the auroral local
time (ALT) of any feature in the northern auroral region.
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Flashing spot

CML=159.1°
16 Dec 2000

Figure 6. HST-STIS images of the northern auroral region
of Jupiter obtained on 16 December 2000 at two different
CMLs. The emission spots enclosed in the dotted contours
(“flashing spot™ for the top panel) are magnetically mapped
to the premidnight tail region, beyond 100 R, and may
therefore represent possible NPS signatures, similar to those
observed at CML close to 220° in Figure 1. See color
version of this figure at back of this issue.

The main advantage of this simplified local time system is
that it accounts for the variations of the complex auroral
morphology with the CML (actually with the subsolar
longitude), but is not contingent upon any magnetic field
model. The main limitation of the ALT is that it does not
provide the distance to which the auroral feature is map-
ping. Since the field line bending is no longer accounted for,
one might expect differences of +1 hour, depending on the
distance, with the MLT time derived with VIP4 in the same
CML range. The ALT of the nightside polar spots are given
in Table 2. It appears that each spot is characterized by a
time ranging from 1936ALT to 2106ALT.

[24] Keeping the limitations of the VIP4 mapping in
mind, one might estimate the size of the magnetospheric
source region by noting that, at 100 R; a 1° change in
longitude corresponds to a 5 to 10 R; change in location at
the magnetic equator. Therefore a spot characterized by a
surface width ranging from 1° to 4.3° (Table 2) would
magnetically map to a region having a characteristic size of
~5 to 50 R;. The important focussing of the magnetic field
lines, from the magnetosphere toward the ionosphere, may
therefore explain the very small appearance of the spots.

[25] In the case of a magnetospheric source region fixed
in local time, the spots should appear at different locations
as the CML changes. According to Khurana’s 1997 model,
the nightside source region should give rise to emission
spots which, when seen at CML ~ 120°, would appear near
longitude 220°, that is just at the limb, at a latitude close to
75°. This location corresponds to midnight ALT, that is later
than 2100ALT deduced from the spots appearing when
CML ~ 220° This time lead stems from differences
between the MLT and ALT systems (see Appendix A) and/
or from a variation of the location of the magnetospheric
source region. The top panel of Figure 6 displays an image
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taken on 16 December 2000 at CML = 116.1°. Interestingly,
a series of spots appear between longitude 190°-210°, and
latitude 70°—80° (dashed contour). One of them (marked
with an arrow) appeared to flash once, as its brightness more
than doubled in 6 min. This image is the third in a 6-image
sequence spanning ~17 min. The spots were clearly visible
in the four first images, then faded away in the last two
images. At CML ~ 160°, Khurana’s model predicts that the
same source region, at 2100ALT in the magnetosphere,
maps to the 130°-150° longitude range, and 80°-90°
latitude range. The image displayed in the bottom panel of
Figure 6 was taken on 16 December 2000 at CML = 159.1°
and shows three distinct spots in the expected range (dashed
contour). It should be noted that the discontinuous temporal
distribution of the imaging sequences of the auroral emission
prevents us from asserting that the spots observed in
Figures 1b and 6 are related to the same process.

3.5. Other Occurrences of the Spots

[26] So far, we have discussed the case of images
clearly showing emission spots at the limb on 14, 16, and
18 December 2000. On the other days of the present
observation campaign (28 December 2000, 13, 20, and
21 January 2001) the identification of such auroral features
is more ambiguous. On 28 December 2000, no image of
the northern hemisphere was taken at a CML close to
220°. On 13 January 2001, two images were taken at a
CML = 218.7° and 242.4°. They show a localized bright-
ening of the emission appearing at the limb, close to
the expected location, but no distinct spots were detected
(a case similar to that illustrated in Figures 2i and 2j where
the emission spots had almost disappeared). The same
morphology prevails on 20 January 2001, when 10 images
were taken in the appropriate CML range. On 21 January
2001, one image was taken at CML = 207.1° which
shows a faint emission spot, slightly poleward of the main
oval.

[27] As far as the NPS is concerned, the images resulting
from a search through the STIS data set, back to 1997, are
similar to the 13 to 21 January 2001 images. On the
10 images taken at a CML in the range 200—250° only
two of them show faint, distinct emission spots poleward of
the main oval, near latitude 70-75°. The other eight
images just showed a brightening similar to that observed
in Figure 2j. Therefore it may be concluded that the
brightness and the poleward location of the isolated spots
that have been observed on 14, 16, and 18 December 2000
were relatively unusual.

4. Summary and Discussion

[28] Although there are many in situ clues suggesting
reconnection processes in the Jovian magnetotail, to date
only Woch et al. [2002] and Cowley et al. [2003] have
suggested that they should give rise to a specific auroral
signature. In this paper, we report the observation of a new
auroral feature, forming isolated spots near the northern
dusk-midnight limb, poleward of the main auroral oval,
which we consider to be a possible auroral signature of
magnetotail reconnection activity at Jupiter. This unusual
feature was clearly detected in three HST-STIS data sets
obtained on the 14, 16, and 18 of December 2000, but not
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Table 4. Comparison of the Characteristics of the in Situ
Reconnection Events With Those Derived From the Auroral
Emission Spots®

In Situ Auroral Spots
Distance  >50 R, (70—120 R)) >100 R,
Location postmidnight premidnight
Char. size 25 R, 5-50 R,
Duration minutes to few hours S minutes to 1 hour
Recurrence 4 hours to 1 day, 2—3 days most of the time to 1-2 days

“The in situ characteristics are discussed in section 1 and were obtained
from Russell et al. [1998, 2000] and Woch et al. [1999, 2002].

on the four other days of the present observing campaign. In
earlier STIS data sets, back to 1997, only two out of ten
images taken in the 200—250° CML range show similar but
much fainter distinct emission spots poleward of the main
oval. Most of the other images just show a localized
brightening or more diffuse features in the region of interest.

[29] The principal characteristics derived from the auroral
spots are summarized in Table 4. They are compared with
those events in the night side magnetosphere that were
observed by in situ spacecraft (mainly Galileo) which were
associated with reconnection and substorm-like events. The
in situ events are generally found beyond 50 Rj more
precisely between 70 and 120 R in the postmidnight sector.
However, it should be emphasized that the premidnight
dusk sector was poorly covered by Galileo, and the con-
centration of the events in the postmidnight sector could, in
part, stem from a spacecraft orbital selection effect. The
mapped magnetospheric origin of the auroral spots appears
to be located beyond 100 R in the premidnight sector. This
mapping rests on Khurana’s [1997] magnetic model, which
does not account for magnetopause currents that would
likely stretch the field lines, and the origin of the auroral
spots, further away in the anti-sunward direction, i.e., closer
to midnight. The characteristic size of the reconnection site
has been estimated to be 25 R, consistent with the 5—-50 R
range deduced from the size of the auroral spots. The
duration of the reconnection events has been shown to
range from several minutes to a few hours. This is compat-
ible with the characteristic time of the auroral brightness
fluctuations of ~5 minutes, and the occurrence of the spots
in image sequences spanning about an hour. Small recon-
nection events are found to recur irregularly every ~4 hours
and large events once a day, while important particle bursts
appear every 2—3 days. In the present observation cam-
paign, the brightest auroral spots are observed over a 5-day
period with a 1-day gap, while faint localized brightenings
appeared on most of the images taken during the other days
of the campaign. In conclusion, the similarities between the
characteristics of the reconnection site and those inferred
from the auroral spots support the idea that the emission
spots are an auroral signature of reconnection events taking
place in the distant Jovian magnetotail.

[30] In addition to the characteristics listed in Table 4, it
may be stated that the measured spot brightnesses ranged
from 170 to 510 kR of H, emission (after correction for the
viewing geometry), corresponding to an input energy flux of
17-51 mW m ™2 and a total injected power of 15—40 GW.
On one day, the spots were shown to rotate at 70% of the
rigid corotation velocity. According to Khurana’s magnetic

GRODENT ET AL.: AURORAL SIGNATURES OF RECONNECTIONS ON JUPITER

A05201

model, this feature, when seen at a CML close to 220°, is
magnetically connected to a magnetospheric plasma parcel
moving at ~50% the corotation velocity. In many regards
the morphology and the dynamics of the NPS are similar to
that of the pseudo-dawn storm highlighted in Figure 1b.
Grodent et al. [2003a] named this latter feature Multiple
Dawn Arcs (MDA) because it appears different from the
dawn storms which have been described in the literature
[e.g., Gérard et al., 1994; Ballester et al., 1996]. It shares
some characteristics with the substorm spots: it is located
poleward of the main oval and maps to the nightside
magnetosphere, it consists of two to three small separate
structures in near-rigid corotation. On 16 December 2000,
the NPS and the MDA appeared on the same images,
meaning that they may have been triggered by similar
magnetospheric events which took place at different times
and/or locations.

[31] As pointed out by Grodent et al. [2003a] and Cowley
et al. [2003], the association of an auroral feature with
reconnection across the night side current sheet implies that
this auroral emission is located on closed, near-corotating
field lines downstream of the reconnection site. The near-
rigid corotation (~50%) of the closed field lines, after
reconnection, may thus stem from the loss of plasma mass
which was carried away by the released plasmoid. The
auroral emissions observed at the feet of the newly closed
field lines could then be related both to precipitation of
plasma heated in the reconnection process, and to the field-
aligned currents that couple the changing angular momen-
tum of the flux tubes between the magnetosphere and the
ionosphere. Yet another likely candidate is the Birkeland
current associated with interchange convection cells.

[32] The common factor between the auroral processes at
Earth and Jupiter is magnetotail reconnection and its auroral
counterpart in the planetary atmosphere. However, the cause
of this sporadic reconnection differs from object to object.
For example in the case of Earth, the cause is the over-
loading of magnetic energy in the tail due to day side
reconnection with the IMF (the ‘“‘substorm process™),
whereas in the solar corona, the cause is the overloading
of plasma thermal energy in coronal magnetic loops (the
“coronal mass ejection” or CME). In the case of Jupiter, it
is the overloading of plasma thermal and rotational energy
in the tail due to iogenic mass loading (the ‘“‘planetary
wind” process). The Jovian case is, if anything, more nearly
analogous to the solar case than to the terrestrial case. The
NPS which have been described in this work may therefore
be associated with the process of ‘“magnetotail reconnec-
tion” which is closely related to “Jovian mass ejection,”
analogous to the solar CME process.

Appendix A

[33] The auroral local time (ALT) system provides a
convenient way to approach the magnetic local time
(MLT) in the northern hemisphere, without any reference
to a magnetic model. The ALT time is calculated from the o
and oy angles, and from the 3 and (g arc lengths displayed
in Figure Al. It gives local times in Jovian hours, where
24 Jovian hours represent ~9.9 Earth hours. In this auroral
coordinate system, o may be seen as an azimuth angle
around the auroral pole, measured clockwise from the spin
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/ ’," ﬁ;’ Towards sub-solar point
Figure Al. Illustration of the auroral local time (ALT)
system. The ALT of an auroral feature characterized by a
longitude X and a latitude ¢ is calculated from the “center”
of the main auroral oval, at a position X4, ¢4, and from the
position of the subsolar point given by A\g and ¢g. A 10°
spaced grid is overplotted, and the tilt of the planet is set to
30° for clarity. The subsolar point, near the equator, appears
out of the figure. The formulae calculating «, 3, ag, and 3y
are given in Appendix A.

pole, and 3 as an auroral co-latitude, measured from the
auroral pole. They are calculated with the following spher-
ical trigonometric relations:

B = arccos{sin ¢ sind, +cosd cosd, cos(hs —N)}, (Al)
B cosd cosdy sin(hg — N)
o= arctan{ Sind — sind, cos }7 (A2)

where N\ and ¢ are the longitude (S;;) and latitude
(Jovicentric), respectively, of the auroral feature for which
we calculate the ALT; N\, and ¢, are the longitude and
latitude of the auroral pole. The same expressions hold for
(s and ag when \g and ¢y (the longitude and latitude of the
subsolar point) are substituted for X\ and ¢. Finally, the ALT
is given by

Q — Qg

ALT =12 — .
15

(A3)

where o and oy are in degrees.

[34] In Table 2, we have assumed that the auroral pole
corresponds to the “center” position of the main oval which
we have set to Ay = 185° and ¢, = 74°. The estimation of
this position is somewhat arbitrary. For example, different
values are obtained if the center is deduced from an
orthographic polar projection of the main oval or from an
azimuthal equidistant polar projection. However, in this
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example the values are very close. In the case of the first
row of Table 2, varying ¢, by £2° leads to a variation of
ALT of F40 minutes, and a variation of X, of £10° gives
rise to a change of ALT on the order of F15 minutes.
Accordingly, the accuracy of the ALT “clock™ is on the
order of 1 hour, and it may be adjusted by shifting the
center position corresponding to the auroral pole. A com-
parison of the ALT and MLT times, using the VIP4 model,
shows that at 15 R, i.e., the orbit of Ganymede, the ALT
clock leads the MLT clock by a maximum value of ~2 hours
for an auroral feature located near A = 190°. It lags the MLT
clock by maximum ~50 minutes at A ~ 135° and \ ~ 245°.
At X\ ~ 0° the MLT and the ALT are almost the same.
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Figure 1. HST-STIS images of the northern polar region
of Jupiter showing the new auroral feature, which we refer
to as nightside polar spots (NPS) (indicated by an arrow).
The three far-UV images were taken on (a) 18 December
2000, (b) 16 December 2000, and (c) 14 December 2000.
They were accumulated for ~100 s with the FUV-MAMA
Clear aperture. The CML is about 220° for each image, so
that the auroral morphologies are very similar, apart from
the To footprint, which has a period of 42 hours. The main
oval, the secondary oval, and the polar emissions are located
with dashed lines and/or arrows. The plasma injection
signature and the multiple dawn arcs (MDA) are visible in
Figure 1b only. The north pole (NP) is marked with a
vertical tick, and the planetary limb is highlighted with a
thin dotted line.
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CML=159.1°
16 Dec 2000

Figure 6. HST-STIS images of the northern auroral region
of Jupiter obtained on 16 December 2000 at two different
CMLs. The emission spots enclosed in the dotted contours
(“flashing spot” for the top panel) are magnetically mapped
to the premidnight tail region, beyond 100 R, and may
therefore represent possible NPS signatures, similar to those
observed at CML close to 220° in Figure 1.
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