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[1] We compare Jupiter’s northern auroral emissions in infrared (IR) and ultraviolet
(UV) using ground-based IR observations from the NASA Infrared Telescope Facility
and UV observations from Hubble Space Telescope on 16 December 2000, the only date
for which simultaneous observations in the two wavelength regions exist. We use polar
projections and longitudinal brightness cuts to compare the IR (H+

3 ions) and UV (H2, H,
and Lyman-alpha) aurorae, consisting of the main auroral emission, emission regions
both poleward and equatorward of the main emission, and those associated with the Io
footprint and its extended tail. We demonstrate that (1) the IR main emission and the
equatorward diffuse emissions are generally good proxies for the UV and vice versa,
(2) the spatial distribution and temporal behavior of UV and IR emissions within the
main emission, at high magnetic latitudes, differ substantially, (3) UV and IR emissions
associated with the Io interaction appear at the Io footprint and along an extended
(downstream) tail but differ in relative brightness. While the UV aurora is excited
directly, the IR aurora is a thermal emission, its intensity depends on both the number
density of the H+

3 ions and the temperature. Three main factors may contribute to the
observed morphological differences of the simultaneous emissions in the two
wavelengths, namely ion transport, local heating, and the energy of the precipitating
electrons. We estimate the H+

3 ion transport distances, based on the ion lifetime and
suggest that ion transport cannot account for large-scale morphological differences
between the UV and IR emissions. We propose that neutral gas heating by particle
precipitation and Joule heating locally enhances the H+

3 emission with no UV counterpart.
Additionally, we estimate that local temperature variations are reflected in the IR
emission with a time lag of several hours with respect to the UV. Finally, high
precipitating electron energies exceeding a certain value might lead to chemical loss of
the low altitude H+

3 ions, suppress the lower IR emitting layers, and contribute to the
observed differences of the emissions between the two wavelength regimes.
Citation: Radioti, A., M. Lystrup, B. Bonfond, D. Grodent, and J.-C. Gérard (2013), Jupiter’s aurora in ultraviolet and infrared:
Simultaneous observations with the Hubble Space Telescope and the NASA Infrared Telescope Facility, J. Geophys. Res. Space
Physics, 118, doi:10.1002/jgra.50245.

1. Introduction
[2] Auroral emissions at Jupiter have been observed at

wavelengths in the radio, ultraviolet (UV), visible, infrared
(IR), and X-ray wavelengths. Studies in the UV and IR have
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been particularly fruitful, the former in revealing the com-
plex morphology and variability of the aurora and the latter
in showing the upper atmosphere’s response to magneto-
spheric processes. Jupiter’s UV aurora, in the 80–165 nm
wavelength region, results from inelastic collisions of ener-
getic electrons of magnetospheric origin with atmospheric
molecular hydrogen (H2, H, and Lyman-alpha). Jupiter’s IR
aurora is due primarily to thermal emissions from the H+

3
molecular ion at altitudes above the Jovian homopause. At
these high altitudes in the auroral/polar latitudes, H2 is ion-
ized by energetic electrons (e*) that are precipitated into
the upper atmosphere as a result of magnetospheric pro-
cesses H2 + e* ! H+

2 + e + e. H+
3 ions are subsequently

produced copiously and rapidly via H2 + H+
2 ! H+

3 + H.
Observation of H+

3 IR emissions is a good probe of the upper

1



RADIOTI ET AL.: UV-IR COMPARISON OF JOVIAN AURORA

atmosphere, as H+
3 is efficiently destroyed by hydrocarbons

(H+
3 + X ! H2 + HX+), thus eliminating H+

3 below the
homopause [Connerney and Satoh, 2000].

[3] Whereas the UV auroral emissions, which originate
from lower altitudes (250 km) [Vasavada et al., 1999] than
the IR (1000 km) [Lystrup et al., 2008], are a good tracer
of instantaneous energy inputs, the IR aurora reflects how
the atmosphere responds to those inputs. However, the only
comparative study at Jupiter to date is a brief discussion by
Clarke et al. [2004]. In the present work, we take advan-
tage of simultaneous observations of Jupiter’s aurora made
in the UV by the Hubble Space Telescope (HST) and the
near-IR by the NASA Infrared Telescope Facility (IRTF) on
16 December 2000. In this study, we are concerned with
the comparative morphology of Jupiter’s aurora in these
two wavelength regimes. The general morphology of the
Jovian aurora can be described in terms of four compo-
nents, namely the emissions belonging to the main auroral
emission, those poleward and equatorward of the main emis-
sion, and those related to the satellite interactions with the
Jovian magnetosphere.

[4] The main emission is generally associated with
upward field-aligned currents driven by the breakdown of
corotation between the planet and the vast corotating plasma
sheet, which is initially supplied as neutral gas by volcanic
activity of Jupiter’s moon Io. Theoretical work suggests
that corotation breakdown occurring at equatorial magne-
tospheric distances �15–40 RJ generates a global current
system whose upward branch is associated with auroral pre-
cipitation [Cowley and Bunce, 2001; Hill, 2001]. Jupiter’s
main auroral emission in the UV forms a relative stable
strip of emission around the magnetic pole with variabil-
ity on time scales of minutes to hours [Gérard et al., 1994;
Ballester, 1996; Grodent et al., 2003a]. This is estimated
to contribute 75% of the Jovian auroral brightness inte-
grated over high latitudes [Nichols et al., 2009b], and its
brightness has been shown to vary between 50 and 500 kR
[Grodent et al., 2003a]. HST observations of the dayside
aurora have shown that there is a persistent asymmetry
between the dawnside main emission, which is most of
the time narrow and continuous, and the duskside main
emission, which is usually broader and sometimes appears
to separate into several arcs. Additionally, its shape may
be influenced by a localized magnetic anomaly, a feature
fixed in the SIII polar coordinate system [Grodent et al.,
2008]. In UV images, discontinuities along the main emis-
sion where emissions fall to very low levels have been
interpreted as locations of possible downward field-aligned
currents [Radioti et al., 2008a]. Satoh and Connerney [1999]
demonstrated that the most intense IR emissions are found
in the auroral zone which magnetically maps to 12–30 RJ,
thus corresponding approximately to the main UV emis-
sion. IR spectroscopic observations showed that the main
auroral oval is dominated by electrojet (ionospheric plasma
flow), flowing with velocities in the line of sight between
0.5 km s–1 and 1.5 km s–1 in the frame of reference corotating
with the planet [Rego, 1999; Stallard et al., 2001]. This flows
in a clockwise direction, viewed from the northern rotational
pole, in a counter-rotational sense. The mechanism for accel-
erating these ions directly stems from corotation breakdown
of magnetospheric plasma [Cowley and Bunce, 2001]. Such
studies have also revealed that the H+

3 temperature in the

region of the main emission is in the range 1000–1200 K
[Lystrup et al., 2008; Stallard et al., 2002; Raynaud et al.,
2004], with column densities in the range 3–4�1012 cm–2

[Lystrup et al., 2008].
[5] Poleward of the main emission, the Jovian aurora is

highly spatially and temporally variable. It has been sug-
gested that the polar emissions are magnetically connected
to the outer magnetosphere and possibly related to a sector
of the Dungey and Vasyliûnas cycle flows [Cowley et al.,
2003; Grodent et al., 2003b]. UV auroral observations have
shown the occasional appearance of parallel arc structures
and nightside spots located poleward of the main emission in
the dawn and nightside sector, which have been suggested to
be associated with magnetotail reconnection [Grodent et al.,
2003a, 2004; Radioti et al., 2008b]. Additionally, quasi sun-
aligned polar auroral filaments have been detected spanning
the highly variable region poleward of the main oval, imply-
ing a relation to tail dynamics [Nichols et al., 2009a]. Finally,
UV data revealed the presence of bright isolated transient
features located poleward of the main oval such as transient
flares, which are possibly related to pulsed reconnection at
the dayside magnetopause [Waite et al., 2001; Bunce et al.,
2004; Bonfond et al., 2011]. Polar emissions have also been
observed at IR wavelengths, and it has been shown that
�45% of the IR power emitted from the entire auroral region
originates from the polar zone [Satoh and Connerney, 1999].
Recently, IR nightside spots have been associated with mag-
netotail reconnection [Radioti et al., 2011]. Three main
regions poleward of the main emission are noted [Stallard
et al., 2001, 2003]: the first two are the rotating and fixed
dark polar region which appear to be strongly red shifted
relative to the planet, with velocity profiles in the line of
sight up to –2.5 km s–1 in the frame of reference corotat-
ing with the planet, flowing in a clockwise direction, viewed
from the north, in a counter-rotational sense. The third one
is the bright polar region, which is observed to have weakly
blue-shifted emission relative to the planet. The dark polar
region is defined as the area between the main emission and
patchy polar aurora of consistently very low emission in the
UV but relatively brighter in the IR. The ion flow velocities
observed for the fixed dark polar region indicate a near-
stagnant plasma in the frame of reference fixed with respect
to magnetic pole and therefore suggested to be connected to
open magnetotail field lines [Stallard et al., 2003].

[6] Equatorward of the main emission but poleward of
the Io footprint, diffuse emissions have been observed in
both the UV and the IR. The UV equatorward diffuse emis-
sions extend from the main emission toward lower latitudes,
occasionally forming a discrete belt of emissions paral-
lel to the main emission and/or patchy irregular emissions
[Grodent et al., 2003a]. Radioti et al. [2009] suggested
that part of the equatorward UV diffuse emission is associ-
ated with electron scattering into the loss cone by whistler
mode waves at the pitch angle distribution boundary, lead-
ing to electron precipitation in the ionosphere. The pitch
angle distribution boundary is defined as a transition region
of the electron pitch angle distribution from pancake to bidi-
rectional, a region regularly observed between 10 and 17
RJ [Tomás et al., 2004]. In the auroral region between the
main emission and Io footprint, UV and IR transient auro-
ral patches are occasionally observed and have been related
to magnetospheric injections [Mauk et al., 2002; Bonfond
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et al., 2012]. IR emissions observed in a zone corresponding
to 8–12 RJ (a region which approximately co-locates with
the equatorward diffuse emission region) have been shown
to contribute �20% of the total IR power emitted from the
entire region [Satoh and Connerney, 1999].

[7] Finally, electromagnetic interactions among Jupiter
and its moons result in auroral signatures equatorward of the
main emission, most prominently the Jupiter-Io interaction,
at magnetospheric distances �5.9 RJ. Evidence of this inter-
action has been observed in the form of the Io footprint in
the IR [Connerney et al., 1993] and UV [Clarke et al., 1996].
Observations of the Io footprint have revealed a complex
morphological structure comprising at least three individ-
ual spots and an extended tail [Bonfond, 2012; Connerney
and Satoh, 2000]. While the brightest spot is associated
with the direct propagation of Alfvén waves out of the Io
plasma torus, the two other spots are associated with elec-
trons being accelerated in one hemisphere and precipitating
in the opposite one and to reflection of the Alfvén waves
on the plasma torus density gradient [Neubauer et al., 1980;
Gurnett and Goertz et al., 1981]. The extended tail could
be related either to the acceleration of stagnant plasma at
Io [e.g., Hill and Vasyliûnas, 2002] or to subsequent reflec-
tions of Alfvén waves. Footprint emissions from Europa and
Ganymede have also been observed in the UV [Clarke et al.,
2002; Grodent et al., 2006, 2009], but so far not in the IR.

2. IR and UV Data
[8] Between 21 July 1995 and 19 December 2000,

Connerney and Satoh conducted a campaign of imaging
observations of Jupiter’s IR aurora using the NASA IR Tele-
scope Facility on Mauna Kea in Hawaii. This long-term
monitoring program used the now-defunct NSFCAM imager
[Shure et al., 1994], a 1–5 �m imager with a 256�256 pixel
array and pixel scale of 0.14800, with a 0.04 �m wide fil-
ter centered at 3.43 �m. Observations at 3.4 �m have been
selected because (i) this region is within the Earth’s atmo-
spheric L-window, (ii) they collect several intense H+

3 lines
[Kao et al., 1991], and (iii) strong methane absorption at
this wavelength effectively masks all thermal emissions and
reflected sunlight from deeper levels in the atmosphere. As a
result, the H+

3 aurora at 3.4 � m stands up with high contrast
against the dark planetary disk. Over the total of 51 nights
of observations, 8808 images were recorded and were sub-
sequently reduced and processed as described in Satoh and
Connerney [1999]. Maps and polar projections were created
using methods previously employed for UV images from the
Hubble Space Telescope by the Liège group. The auroral IR
emission brightness reflects both the column density of H+

3
ions and the H+

3 rotational temperature. The intensity of a
given rotational line is thus proportional to the H+

3 density
integrated along the line of sight and depends on temperature
through the Boltzmann population on each excited rotational
level. In this study, the measured IR intensity refers to the
set of lines within the 0.04 �m filter passband belonging to
the fundamental transition. The IR image analyzed in this
work was taken at 12:20 UT on 16 December 2000 and is
compared with the simultaneous UV observations.

[9] The UV image used in this study was obtained from
the Hubble Space Telescope’s photon-counting detector
Multi-Anode Micro Channels Array (MAMA) of the Space

Telescope Imaging Spectrograph (STIS). The MAMA array
consists of 1024 � 1024 pixels providing a field of view
(FOV) of 24.700 � 24.700 with an �0.0800 full width at half
maximum point spread function. The instrument was used
in clear mode covering a spatial band of 115–170 nm. The
emission includes the H Lyman-alpha line and H2 bands
from the Lyman and Werner systems. The observed counts
in the filter bandwidth have been converted into kR for the
full H2 UV bandwidth (700–1800 A) with conversion factors
determined by Gustin et al. [2012] assuming a color ratio
of 2.5, a typical value representing the hydrocarbon absorp-
tion. This conversion assumes that Lyman alpha contributes
9.1% of the total unabsorbed auroral signal. The starting
time of the image was at 12:19 UT on 16 December with an
exposure time of 110 s.

3. Comparison of the IR and UV Aurora
[10] Simultaneous IR and UV observations are rare. There

are other dates for which IR and UV observations were
recorded close in time, for example, as presented in Radioti
et al. [2011] for observations on 26 July 1998, but only on
16 December 2000 were simultaneous observations
recorded. Therefore, in this study we concentrate on images
on this latter date.

3.1. Polar Projections
[11] We have produced polar projections of the UV and IR

images, assuming emission altitudes of 250 km [Vasavada
et al., 1999] and 1000 km [Lystrup et al., 2008], respec-
tively, above the 1 bar reference altitude. Grodent et al.
[2003b] computed the mapping error of HST observations
of the Jovian aurora, assuming a pointing uncertainty of
4 pixels. Even though this error significantly increases close
to the limb, it leads to an uncertainty of only �1° in longi-
tude/latitude for the regions of interest in the present study.
The pixel size of IRTF images is 6 times larger than for
the STIS images, and we estimate the pointing accuracy
to be around 2 pixels, similar to that reported by Satoh
and Connerney [1999]. As a consequence, the uncertainty
reaches 3° in the regions of interest. A realistic uncer-
tainty of 200 km in the emission altitude would correspond
roughly to 2 pixels and third of a pixel for UV and IR
images, respectively, which is thus small compared to the
pointing uncertainty.

[12] Figure 1 shows the UV and IR polar projections as
well as the different morphological regions under study (Io
footprint, equatorward diffuse emission, main emission, and
polar emission). In a first view, the simultaneous UV and
IR emissions appear to have several features in common,
such as the existence of the Io footprint, a quite well defined
main emission, a broad equatorward diffuse emission region
in the dusk sector, and randomly distributed polar emis-
sion. However, comparing the emissions in greater detail,
one can identify several morphological differences at the
two wavelengths: (i) the relative intensity of the main emis-
sion as a function of local time does not seem to vary in
the same way in the UV and IR, (ii) the polar emissions are
not always co-located and their sizes differ dramatically at
the two wavelengths, and (iii) the Io footprint in this pair of
images is less evident in the IR than it is in the UV.
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Figure 1. Polar projections of the auroral images in the UV from the Hubble Space Telescope (left) and
the IR from the IRTF (right) showing the aurora on the two different wavelengths observed simultaneously
on 16 December 2000 at 12:20 UT. The dashed lines show the cuts that were used to create relative
brightness profiles shown in Figure2. The yellow solid lines in the UV projection show the sector of
the main emission analyzed separately in Figure4. The main features under study are indicated on the
UV projection: main emission (ME), polar emission (PE), equatorward diffuse emission (EDE), and Io
footprint (IFP). Both images are at CML 159ı and are presented in System III longitude with 180ı
downward.

3.2. Latitudinal Cuts
[13] In order to study the morphological similarities and

differences of the auroral emissions in the two simultaneous
data sets, we present a detailed comparison of the differ-
ent auroral features along latitudinal cuts with respect to
the morphological center of the main UV emission (latitude
+74ıN, SIII longitude 185ı, as estimated by Grodent et al.
[2004]). We create brightness versus pixel profiles for six
locations of interest away from the limb in order to minimize
residual limb brightening effects in the IR image. One pixel
corresponds approximately to one fourth of a degree in lon-
gitude and latitude. The latitudinal cuts from a to f, indicated
on the UV and IR projections in Figure 1 are chosen to cross
the different aspects of the various morphological features
mentioned above. In order to take into account the differ-
ence in spatial resolution between the IR and UV images due
to the inherent differences in the instruments and in observ-
ing conditions, we have smoothed the UV image so that the
pixel size in the UV image corresponds to the pixel size of
the IR image (pixel size of IR IRTF is 6 times larger than UV
STIS). Figure 2 displays the normalized to the peak in the
main emission brightness profile of the aurora, as a function
of angular distance measured from the morphological cen-
ter of the main emission for profile a. Figure 2a shows the
IR (red) and raw UV (blue) profiles, while Figure 2b shows
the IR (red) and smoothed UV (blue) profiles along the same
cut. In the following, we use the smoothed UV profiles for
the direct comparison with IR. Figure 3 displays the normal-
ized to the peak in the main emission brightness profiles, as a
function of angular distance measured from the morpholog-
ical center of the main emission for the UV (blue left axis)
and IR (red right axis). The main emission, which is rela-
tively stable in time and easy to identify is chosen to be the
reference emission for the normalized profiles.

[14] Profile a is a cut extending from the center of the
aurora through a patch of relatively weak polar auroral emis-
sions at about pixel 20, then passes through the duskside
main emission with a peak brightness near pixel 70, through

the equatorward diffuse emission that extends from pixels
�80 to 130, and finally through the tail of the UV Io foot-
print at about pixel 175. The brightness of the polar emission
patch is about 45% that of the peak emission in the main
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Figure 2. Brightness profiles of the UV (blue) and IR (red)
auroral emissions (above the background emission) as a
function of angular distance measured from the morphologi-
cal center of the main emission (latitude +74ı, SIII longitude
185ı) for profile a (position shown in Figure 1). The y axes
are brightness values in terms of percentage of the main
emission brightness in UV (left axis) and IR (right axis).
The UV profile is shown (a) unsmoothed and (b) smoothed
for direct comparison with the IR. The main emission (ME),
polar emission (PE), equatorward diffuse emission (EDE),
Io footprint (IFP), and dark polar region (DPR) auroral
features are shaded in gray.
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Figure 3. Brightness profiles of the smoothed UV and IR auroral emissions (above the background
emission) as a function of angular distance measured from the morphological center of the main emission
(latitude +74ı, SIII longitude 185ı). Profile labels correspond to positions shown in Figure 1. The same
format as Figure 2.

emission for the IR and about 30% for the UV. The bright-
ness of the Io tail in the UV reaches nearly 35% that of the
main emission, but in the IR, a peak associated with the fea-
ture is more difficult to identify, though it is evident in the
image (Figure 1). The equatorward diffuse emission along
this profile consists of two separate peaks in the UV, while
such a morphology is not present in the IR. In general, this
profile shows the best correspondence between the UV and
the IR emissions.

[15] Profile b extends from the center of the aurora
through polar emissions and through the main emission with
peak brightness centered at pixel 90, through equatorward
diffuse emission between pixels 110 and 160 (its identifica-
tion is based also on the principal image in Figure 1), and
through the main spot of the Io footprint at about pixel 190.
The UV main emission region is relatively low in brightness,
while the IR main emission is the brightest feature along this
profile. In the UV, the brightness of the primary Io footprint
spot exceeds that of the brightest part of the main emis-
sion by more than 250%, whereas in the IR, the Io footprint
brightness is only about 40% the main emission brightness,
although there is not a large difference in the spatial extent
of the Io footprint. In the UV, one can hardly see a bright
polar emission, while in IR, the cut crosses an extended
bright region.

[16] Profile c extends from the center of the aurora
through a polar auroral patch, through the main emission at
pixels 140–160, and through equatorward diffuse emission.
The bright polar patch in the IR is the same one as in the cut
along profile b and is more confined in size in the UV com-
pared to IR. The UV brightness of the polar emission is half
of that of the main emission, while in the IR, the polar emis-
sion is about 51% brighter than the main emission. Whereas
the UV and IR equatorward diffuse emission are co-located

for profiles a and b, along profile c there appears to be no IR
counterpart of this auroral feature.

[17] Profile d extends from the center of the aurora
through a bright patch of polar emission, and the main emis-
sion at pixels roughly 140–160. As in the case of profile c,
the IR brightness of the bright polar emission is greater than
the main emission, about 160% that of the main emission,
whereas the UV polar emission is about 80% the bright-
ness of the main emission. It is also seen that at locations
between the main emission and the bright polar patch, the
UV brightness falls to its lowest values, while the IR emis-
sion remains about 50% of the brightness of the bright polar
spot (polar emission) and about 80% of the brightness of the
main emission. This location corresponds to part of the dark
polar region. Equatorward diffuse emission is not observed
either in the IR or in the UV in this sector.

[18] Profiles e and f extend from the center of the aurora,
through polar aurora, through the dark polar region cen-
tered at roughly pixel 120 (profile e) and 110 (profile f), and
through the main emission near pixel 140 (profile e) and 130
(profile f). Here again, the peaks in the UV and IR main
emissions are co-located, and the equatorward diffuse emis-
sion is not observed at all and the dark polar region intensity
drops to near zero in the UV, while it remains quite bright
(50–80% that of the main emission) in the IR.

[19] Figure 4 shows the brightness profile of the peak val-
ues of the main emission in kR (above the background emis-
sion), as a function of the meridional longitude (degrees)
with respect to the morphological center of the main emis-
sion and SIII longitude for the UV (blue) and IR (red). The
UV profile around 165ı SIII longitude exhibits a remark-
able peak, while is not the case for the IR profile. Between
170ı and 188ı (SIII), the UV brightness along the pro-
file reaches low values of �100 kR. This region, which
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Figure 4. Brightness profiles along the peak values of main
emission (in kR, above the background emission) in UV
(blue) and IR (red), as a function of the longitude (degree)
of meridians with respect to the morphological center of the
main emission and in SIII longitude. The profiles demon-
strate the brightness variations along the main emission for
the two wavelengths simultaneously for the sector between
the solid yellow lines in the UV projection in Figure 1.

corresponds to pre-noon local time sector, is defined in pre-
vious studies as the “discontinuity region” [Radioti et al.,
2008a], a region fixed in local time (statistically it maps to
9–13 LT), which corresponds to downward field-aligned cur-
rents and therefore to dim UV emission. The brightness of
IR main emission along the profile varies with local time.
Between 170ı and 188ı (SIII), the region where the UV dis-
continuity is observed, the IR brightness slightly decreases
but this drop is not as remarkable as the one in the UV.
Finally, between 185ı and 200ı (SIII), the IR brightness
increases with longitude while the UV after a well-defined
peak in the same region drops significantly. All these point to
the fact that the UV and IR profiles along the main emission
vary independently of each other.

4. Discussion
4.1. Auroral Electron Energy

[20] In order to discuss and explain the above observa-
tions, we need to briefly introduce the electron energies
associated with the respective auroral regions as well as their
observed altitudes. The altitude of the UV aurora decreases
monotonically with the mean energy of the auroral elec-
trons. The altitude of IR aurora also drops with increasing
energy. The peak of the IR emission is expected to be
located above that of the FUV aurora and near 10 keV [Tao
et al., 2011]. For a given precipitation electron flux, the IR
brightness decreases as the precipitation hardens and thus
penetrates into the hydrocarbon layer where the H+

3 ions are
quickly lost. Based on mean electron energy value deter-
minations from the FUV color ratio, the main emission
appears to be excited by precipitation in the range from 10
to several hundred keV [Gustin et al., 2004]. Its location
is similar to the visible H2 emission whose maximum was
found near 250 km [Vasavada et al., 1999]. The emissions
poleward of the main emission are excited by electron pop-
ulation in the energy range of 40–120 keV [Gérard et al.,
2003], but its altitude has not been directly determined.

The altitude of the FUV Io footprints is about 900 km
[Bonfond, 2010], indicating softer characteristic electron
energies than the other auroral components, which are
located in lower altitudes.

4.2. Transport of H+
3 Ions

[21] We now examine whether transport of ionospheric
ions and local heating may also play a role in interpreting the
observed differences between the localization of some UV
and IR features. H+

3 ions are lost through recombination with
ambient thermal electrons followed by dissociative recombi-
nation. The effective lifetime of a H+

3 ion is given by � = 1/(˛
Ne), where ˛ is the recombination coefficient approximately
equal to 2.3 � 10–7 cm3 s–1 at 300 K. In the auroral region,
the electron density Ne itself depends on the characteristics
(number flux, energy spectrum) of the incident auroral elec-
trons. H+

3 ion density profiles have been calculated with 1-D
[Tao et al., 2011] and 3-D models [Bougher et al., 2005] and
the peak electron densities range between 1�105 and 1�106

cm–3. The corresponding H+
3 chemical lifetime thus ranges

between 4 and 40 s. Combining a more likely lifetime of 4 s
with the velocities on the order of 10–50 m s–1 in the coro-
tation frame calculated by Achilleos et al. [2001], the ions
may be carried over a distance of only a few tens of meters
in the collisional region. Therefore, we conclude that hori-
zontal transport of H+

3 ions is expected to play a minor role
and cannot explain morphological differences between the
ultraviolet and the IR auroral emission. However, measure-
ments of the Doppler shift of H+

3 IR emission have revealed
that the main auroral emission region is dominated by elec-
trojet (ionospheric plasma flow), flowing at velocities in the
line of sight between 0.5 km s–1 and 1.5 km s–1 in the frame
of reference corotating with the planet [Rego et al., 1999;
Stallard et al., 2001], much larger than the modeled veloci-
ties estimated by Achilleos et al. [2001]. In the IR dark polar
region, ion velocities in the line of sight up to 2.5 km s–1 in
the frame of reference corotating with the planet. Repeating
our estimation of the transport distance, H+

3 ions can move
about 5 to 10 km along the main oval or across the polar
region. Depending on the ionization rate, the transport could
vary, since the electron density, and thus the effective H+

3
lifetime, varies approximately with the square root of the
ionization rate which is proportional to the electron energy
flux. Weaker auroral precipitation (for example, �100 times
weaker) would result in longer H+

3 chemical lifetime (�10
times longer) and thus larger transport distance (�100 km).
We note that these values are still small in comparison to the
size of the auroral features exhibiting differences between
the UV and the IR.

4.3. Local Heating
[22] A third, more likely, possible cause of morphologi-

cal differences is local heating affecting the gas temperature
and thus the brightness of the H+

3 IR emission. The inten-
sity of a transition is proportional to exp(–E/kT), where E is
the energy of the upper level (=2882 cm–1), k the Boltzmann
constant, and T the temperature. For example, a temperature
increase from 800 to 1200 K produces an intensity increase
by factor 5.3, a large value able to substantially affect the
brightness distribution. Accounting for nonlocal thermo-
dynamic equilibrium effects, Tao et al. [2011] obtained a
slightly less factor (about 4). We note that local heating may
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be caused by direct electron precipitation, Joule heating,
and compressional heating in regions of converging winds.
The importance of Joule heating in the energy balance
of the Jovian thermosphere was discussed in detail by
Bougher et al. [2005]. They showed that it is by far the main
source of heating in the upper atmosphere.

[23] Local temperature changes are controlled by balance
between heating and cooling terms, including the trans-
port contribution. A time lag exists between instantaneous
particle precipitation changes, directly reflected by the UV
H2 emission and the IR atmospheric thermal response. A
crude estimate is given by the characteristic time for H+

3
cooling, the dominant heat loss term near the H+

3 emis-
sion peak. Using a cooling rate of 2 � 105 eV cm–3 s–1

at 500 km and a corresponding H2 number density of
3 � 1011 cm–3 [Grodent et al., 2001], the time for a 10 K
temperature drop is on the order of 10 h. That means
that while temperature variations are directly reflected by
the UV emissions, they are consistently delayed in IR
thermal emissions.

4.4. Main Emission: UV-IR Morphological
Comparison

[24] The present observations indicate that the UV main
emission is generally a good proxy for the IR and vice
versa. This is not surprising since the main emission is not
a transient feature but rather a stable one. However, looking
closely in the brightness variations along the main emission
(Figure 4), one concludes that both brightness profiles in
UV and IR vary independently of each other. Increases and
decreases in brightness along the main emission are not at all
co-located in the emissions in the two different wavelengths.
According to the discussion above, the H+

3 lifetime (a few
seconds) combined with the estimated (10–50 m s–1) and
the observed (0.5–2.5 km s–1) velocities in the co-rotation
frame indicates that ions may be carried from a few tens
of meters to several tens of kilometers and thus too small
to be significant. For example, the increase in IR brightness
between 185ı and 200ı in SIII longitude (Figure 4) cannot
be explained by H+

3 ion transport from the region where a
localized peak of UV brightness is observed (188ı–193ı in
SIII), since 10ı difference in SIII longitude at that latitude
corresponds to approximately 8000 km, much longer than
the estimated transport distance above. As ion transport in
the main auroral region cannot account for the large-scale
discrepancies observed between the simultaneous UV and
IR profiles, local heating seems to be a better candidate by
affecting the gas temperature and thus the brightness of the
H+

3 emission. We propose that the difference in the bright-
ness variations along the main emission in UV and IR are
due to temporal temperature variations which might exist.
These short-time scale variations, directly reflected by the
UV emissions, are consistently delayed on the order of sev-
eral hours in the IR thermal emissions. Finally, the energy
of the electron population that excites the main emission (10
to hundreds keV [Gustin et al., 2004]) should also play a
role in the discrepancies along the profiles measured at dif-
ferent wavelengths. The UV brightness profile is expected to
increase near-linearly with energy, while the IR component
is expected to drop as the precipitation hardens above about
10 keV [Tao et al., 2011], leading to chemical loss of the low
altitude H+

3.

4.5. Polar Emission: UV-IR Morphological
Comparison

[25] The polar emissions in the UV do not always co-
locate with those in the IR. In particular, a bright polar patch
observed in IR in the dawnside aurora does not have a UV
counterpart. This patch is sampled in the latitudinal profile
f and is evident in the IR brightness profile in Figure 3.
The lack of agreement between the UV and IR polar emis-
sion is not surprising, given the fact that UV polar emissions
at Jupiter consist of transient features that are observed to
change rapidly within a few minutes (for example the swirl
region [Grodent et al., 2003b] and polar flares [Waite et al.
2001; Bonfond et al., 2011]). The UV emissions are excited
directly, the IR emissions are thermal emissions and last
longer. A transient polar emission that disappeared in UV
could be still present in IR. As it is estimated above, tem-
perature variations would be reflected in the IR emissions
with a time lag of several hours with respect to the UV and
thus explaining the lack of agreement between the UV and
IR polar emissions.

[26] Additionally, the brightness of the dark polar region
in the UV is near zero, while in IR, the dark polar region
emission is quite substantial. This points out to the much
higher levels of H+

3 emission in that region, compared to
the H and H2. This can be explained by the fact that the
precipitation is soft and thus favoring the IR/UV ratio. Fur-
thermore, Joule heating (and thus temperature) is enhanced
in this region. The corresponding magnetic field lines are
quasi open and distant, exposed to the flow of the solar wind
and thus will not rotate with the planet. The induced elec-
tric field mapped on the magnetic pole would drive currents
in the ionosphere and cause additional Joule heating and
increased temperature. The marginal energy flux deduced
from the faint UV emission in the dark polar region sug-
gests that auroral precipitation cannot explain the excess of
IR emission [Grodent et al., 2003b; Stallard et al., 2003].
Another possibility could have been that H+

3 is being trans-
ported from the auroral oval itself. However, as mentioned
above, ion transport cannot account for the morphological
differences over such large distances discussed here. Thus,
we suggest that the enhanced IR emissions in the dark polar
region are explained in terms of soft precipitation and most
probably Joule heating.

4.6. Equatorward Diffusion Emission: UV-IR
Morphological Comparison

[27] We find that the equatorward diffuse emission exists
in both the UV and the IR but that it is not present in IR at
all longitudes (e.g., it is absent along profile c). These emis-
sions have been observed consistently in the UV confined to
the region bounded by the main emission and the Io foot-
print, although the boundary between the main emission and
the equatorward diffuse emission is not always obvious. Iso-
lated UV auroral patches observed in that region have been
related to magnetospheric injections and have been shown
to have an IR counterpart [Bonfond et al., 2012]. Apart from
these spot-like features, Radioti et al. [2009] concluded that
part of the equatorward diffuse emission (arc-like structures)
is related to electron scattering into the loss cone by whistler
mode waves at the pitch angle distribution boundary, lead-
ing to electron precipitation in the ionosphere. The pitch
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Table 1. Relative Brightness Peak of Auroral Features (% Main Emission)

Profile UV-PE IR-PE UV-EDE IR-EDE UV-IFP IR-IFP UV-DPR IR-DPR

a 30 45 65 60 35 - - -
b 140 100 240 60 380 45 - -
c 55 170 70 - - - - -
d 80 160 - - - - 20 80
e 45 150 - - - - 10 90
f 40 70 - - - - 5 55

angle distribution boundary is regularly observed and it is
considered to be stable in time [Tomás et al., 2004], thus
explaining the simultaneity of the UV and IR components.
The observations here point to co-location of the UV and IR
equatorward diffuse emission, although we do not observe
IR equatorward diffuse emission in all the latitudinal cuts
in which they are observed in the UV. We suggest that the
lack of diffuse equatorward emissions near SIII longitude
140ı–160ı is related to the maximum surface magnetic field
in that region on the Northern Hemisphere [Connerney et al.,
1998] and thus weaker electron precipitation. Additionally,
there is a discrepancy with respect to the relative bright-
ness compared with the main emission (e.g., along profile b,
see Table 1). We propose that a possible explanation for
the occasional absence of low brightness of IR in the equa-
torward diffuse emission relative to the main emission is
related to the electron energy spectrum associated with this
emission. Radioti et al. [2009] suggested that an electron
population in the range of 15–300 keV under the assumption
of pitch angle diffusion could reproduce the observed UV
equatorward diffuse emission. The high energy part of the
electron distribution (100–300 keV) would precipitate below
the homopause, so that the fraction of the H+

3 column below
the homopause would be rapidly destroyed.

4.7. Io Footprint Emission: UV-IR
Morphological Comparison

[28] The comparison of the Io footprint in the UV and IR
is more challenging. Figure 1 clearly demonstrates that the
Io footprint and its tail have a UV and IR auroral counter-
part. However, the IR footprint seems to be more diffuse than
in the UV. The comparative profiles (Figure 2) show that
the relative brightness of the Io footprint in the two wave-
lengths differs significantly in this pair of images. Here the
brightness of the UV is up to 4 times larger than that of
the main emission, while in the IR, it is remarkably dim-
mer than the main emission. The fact that the IR footprint
looks more diffuse could be due to the point spread func-
tion at this particular time. If the observer’s point spread
function is large compared to the source spatial distribution,
one should expect variations in the appearance of a spatially
localized source. The differences in the relative to the main
emission brightness of the UV and IR Io footprint could be
also due to a fundamental discrepancies in the energy distri-
bution of the incoming particles in this region of the auroral
atmosphere as compared with the main emission. Studies
of the Io footprint in the UV have shown that the altitude
of the emission of the UV footprint is about 600–900 km
[Bonfond et al., 2009; Bonfond, 2010]. The altitude of the
IR Io footprint emissions has not been determined. Limb
observations by Lystrup et al. [2008] have shown that IR
auroral emissions in the southern main auroral oval extend to

thousands of kilometers, but the peak altitude was ambigu-
ous and limb observations of the Io footprint specifically
have so far not been performed. The temperature in the
region of the Io footprint is also unmeasured. However, at
an altitude of �1000 km, past observations suggest the H+

3
temperature may be as high as 1100 K [Lystrup et al., 2008].
Recent studies showed that the altitude of the UV tail emis-
sion is 900 km [Bonfond et al., 2009] and thus indicative of
soft characteristic electron energies, implying the preferen-
tial excitation of the H+

3 IR emission. The dimming of the
Io tail in IR compared with UV found here and in previous
studies (for example in Connerney and Satoh [2000]) could
be explained in terms of the electron distribution. The Io
footprint is caused by a very broad electron energy distribu-
tion extending from low energies of 0.5 keV (responsible for
weak emissions) and high energies beyond 20 keV (leading
to absorbed emissions). The strong and sudden energy input
under the Io footprint could cause some upwelling bringing
hydrocarbons to higher altitude (which would explain the
UV color ratios) and would thus dim the IR emissions.

5. Summary and Conclusions
[29] In this work, we have discussed the brightness vari-

ations of several auroral features in UV and IR emission on
the basis of simultaneous observations. Our analysis is based
on relative brightness profiles as a function of angular dis-
tance measured from the morphological center of the main
emission. Table 1 summarizes the relative brightness of the
peak of the auroral features and Table 2 their co-location in
UV and IR. This study demonstrates that (1) the UV and IR
main emission are co-located, while the brightness profile
along the main emission varies differently, and (2) the polar
emissions are not always co-located in UV and IR, they are
almost always dimmer than the main emission in UV and
much brighter than the main emission in the IR. While the
relative brightness of the dark polar region is near zero in
UV, it is significantly brighter in IR. (3) The UV and IR
equatorward diffuse emissions are co-located, and (4) the Io
footprint and its tail are co-located in UV and IR, but they
are significantly dimmer relative to the main emission in IR
compared to UV in this pair of images.

Table 2. Co-location of Auroral Features

Feature Co-location in UV and IR

Main emission Co-located
Main emission discontinuity Exists in UV but not clear if present in IR
Polar emission Not always co-located
Dark polar region Co-located
Equatorward emission Co-located
Io footprint Co-located
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[30] Three main factors may contribute to the observed
morphological differences at the two wavelengths, namely
the energy of the precipitating electrons, ion transport, and
local heating. We estimate the H+

3 ion transport distances
and conclude that ion transport cannot account for the mor-
phological differences between the UV and IR emissions.
We suggest that neutral gas heating locally enhances the H+

3
emission with no UV counterpart. We estimate that local
temperature variations are reflected in the IR emission with
a time lag of several hours with respect to the UV. This
time lag justifies the local time morphological discrepan-
cies along the main emission in the IR and UV and explains
the differences in the transient and short lived polar emis-
sions in the two bandwidths. Additionally, we conclude that
the enhanced IR emissions in the dark polar region could
be explained mainly in terms of Joule heating. Finally, elec-
tron precipitation with energies above 10 keV might lead
to chemical loss of the low altitude H+

3 ions, and thus con-
tribute to the observed differences between the IR and UV
emissions.
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