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• Emissions from ro-
vibrational transitions of 
the H3+ ionized molecule.

• Atmospheric H2 is ionized 
by incident electrons or 
solar UV.

• Peak emission wavelengths 
are 3-4 µm.
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1.1 Saturn’s infrared aurora



1.2 Cassini Visual and Infrared Mapping 
Spectrometer

• Infrared spectral coverage: 0.85 – 5.1µm in 256 bands.
• Field of view: up to 32 x 32 mrad (64 x 64 pixels).
• Located on Cassini remote sensing palette with ISS, CIRS, UVIS.
• Full description: Brown et al. (2004).

• VIMS accumulates images by taking a 
full spectrum pixel-by-pixel.

• Typical image accumulation time is tens 
of mins.



1.3 VIMS infrared wavelengths
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raised temperature across the pole, which would only affect the infra-
red auroral brightness. Such an increase in temperature could be due
to increased heating, or may indicate lower-energy particles precip-
itating higher into the atmosphere.

That this bright polar aurora appears to be separated from the
main auroral oval by a region of low emission is of particular interest.
At Earth, bright aurorae do occur across the polar cap region, but
only in the form of ‘theta’ aurorae, namely arcs of auroral emission
that extend from a point close to noon to one near midnight (local
times) across the polar cap, not the high-latitude disks of emission
seen here. Theta aurorae at Earth are believed to be associated with
large-scale reconfigurations of magnetospheric open flux that occur
over several hours during specific orientations of the. However,
because the timescale for reconfigurations of Saturn’s open flux (a
few days) is generallymuch longer than the timescale for variations of
the interplanetary magnetic field (a few hours), this phenomenon is
unlikely to occur in Saturn’s magnetosphere21.

Thus, the bright polar aurora appears to be unique to Saturn and is
unexpected on the basis of existing discussions of solar-wind-driven
magnetosphere–auroral dynamics. However, it may be associated
with varying ion velocities recently measured across the polar region
using ground-based spectroscopy11. These observations show that
some regions poleward of themain auroral oval return to co-rotation
with the planet, a phenomena that is also currently unexplained by

models of ionospheric–magnetospheric interaction. This produces a
velocity shear within the polar region that might be related to the
formation of this bright polar emission.

Equatorward of the main auroral oval, emission generally falls off
relatively quickly, except for there being a consistent arc of emission
just equatorward of the main oval on the nightside (Fig. 2). This arc
can extend as far as the dayside, and sometimes appears to form an
outer oval extending over all local times. This correlates with brief,
limb-brightened nightside ultraviolet emission seen by HST5 and in
preliminary UVIS observations19.

Given its location equatorward of the main auroral oval, the arc is
likely to be caused by an internal magnetospheric process. It could be
indicative of energetic particle injections into the inner magneto-
sphere, which at Earth are often positioned at a local time near
midnight25. However, because these injections are relatively uncom-
mon and the equatorward arc is seen to re-occur across the ultraviolet
and infrared data sets, this explanation seems unlikely. Thus, the
equatorward arc at Saturn has no known analogy at another planet;
it has also never been predicted by theoretical modelling. Thus, the
presence of such an aurora reveals important internal magneto-
spheric dynamics driving a significant, yet previously undiscussed,
current system. The location of the aurora strongly suggests that this
current system is associated with dynamics within the magnetotail.

This arc could be the equatorward ‘jovian-like’ auroral emission
recently detected by ground-based infrared spectroscopy14,26. The
significant brightening on the nightside suggests a non-axisymmetric
breakdown in co-rotation in the plasma caused by sub-co-rotating
flux tubes expanding outwards on the nightside, owing to lack of
confinement by the solar wind. However, it is not clear whether these
two separately detected auroral features are co-located, and they may
constitute two separate current systems forming auroral emission at
Saturn. Along with the presence of large regions of auroral emission
across the polar cap, this suggests that although recent observations
have finally begun to explain the origin of the main auroral oval at
Saturn, our understanding of the currents flowing between the iono-
sphere and the magnetosphere has barely begun to explain the
auroral emission seen from Saturn.
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Figure 3 | Bright polar auroral emission. a, b, c, d, Images, made on 9 June
(a, b) and 24 May (c, d) 2007, viewing the northern dusk–noon sector at a
distance between 24.4RS and 26.4RS. Below each aurora plot is a three-colour
visible image overlaid with a grid as in Fig. 1b. The images are separated by
3 h, 18min (a, b) and 4 h, 6min (c, d). In all the images, themain auroral oval
can be seen to extend all the way around the planet, although the emission is
typically weaker in the dusk sector. However, it is the emission across the
polar cap that is particularly noteworthy. In a and c, there are large regions of
strong polar auroral activity inside themain auroral oval. These are brightest
at a latitude.82uN, and extend fromnoon tomidnight andwell inside both
the dawn and dusk sectors. There is a band of relatively low emission that
separates this emission from the main auroral oval. The brightness of the
main auroral oval appears to increase when this polar cap emission occurs.
The strength and location of this aurora is unlike any emission previously
seen in the ultraviolet, or within the aurorae of other planets. In b and
d, significant poleward emission in the dawn–noon sector can also be seen.
Given the viewing angle, it is difficult to determine if this emission is separate
from the main auroral oval or if it constitutes a poleward extension of the
main oval. This emission is more clearly observed than dawn brightening
events in the ultraviolet, but could be associated with features previously
seen in the ultraviolet emission9. There is also some evidence of emission
equatorward of the main auroral oval at and around midnight in all these
images.
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1.4 Ground-based and VIMS observations

• Some Saturnian IR auroral 
wavelengths can be observed 
using ground-based telescopes.

• VIMS has lower spectral 
resolution (~16 nm) than these, 
but its observations have 
higher spatial and temporal 
resolution and are not 
affected by Earth’s 
atmosphere.

6 T. Stallard et al. / Icarus 189 (2007) 1–13
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Fig. 4. Four sets of panels, each showing the effective UV auroral ovals as if it had been seen from Earth. Each set of panels shows the original UV image (upper left
panels), the UV image degraded by prevalent seeing conditions (lower left panels) and the UV (dashed line) and observed H+

3 (solid line) intensity profiles (right
panels). The first set of panels involves the theoretical Saturn UV auroral oval located at co-latitude 15◦ , the remaining three are different examples of observed UV
morphology (Clarke et al., 2005).

and IR data is worthwhile. Significant dawn–dusk asymmetries
are seen in a small minority of UV observations. A more de-
tailed analysis of our dataset also reveals this behaviour but, in
addition, the centre of the IR oval does not always align with
the planetary centre.

Fig. 4 shows a UV “reference oval” and a series of UV im-
ages taken from Clarke et al. (2005) (upper left panels). To com-

pare them with typical examples of our observed IR data, we
have then degraded the UV data by convolving them with the
prevalent seeing conditions and our pointing effects (lower left
panels). We derive a UV profile from this degraded image, by
placing a “slit” across it at the appropriate location (dashed line,
right panel). This is finally compared with the actual H+

3 inten-
sity profile obtained from our dataset (solid line, right panel). It
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2. Complex structure in Saturn’s IR aurora

raised temperature across the pole, which would only affect the infra-
red auroral brightness. Such an increase in temperature could be due
to increased heating, or may indicate lower-energy particles precip-
itating higher into the atmosphere.

That this bright polar aurora appears to be separated from the
main auroral oval by a region of low emission is of particular interest.
At Earth, bright aurorae do occur across the polar cap region, but
only in the form of ‘theta’ aurorae, namely arcs of auroral emission
that extend from a point close to noon to one near midnight (local
times) across the polar cap, not the high-latitude disks of emission
seen here. Theta aurorae at Earth are believed to be associated with
large-scale reconfigurations of magnetospheric open flux that occur
over several hours during specific orientations of the. However,
because the timescale for reconfigurations of Saturn’s open flux (a
few days) is generallymuch longer than the timescale for variations of
the interplanetary magnetic field (a few hours), this phenomenon is
unlikely to occur in Saturn’s magnetosphere21.

Thus, the bright polar aurora appears to be unique to Saturn and is
unexpected on the basis of existing discussions of solar-wind-driven
magnetosphere–auroral dynamics. However, it may be associated
with varying ion velocities recently measured across the polar region
using ground-based spectroscopy11. These observations show that
some regions poleward of themain auroral oval return to co-rotation
with the planet, a phenomena that is also currently unexplained by

models of ionospheric–magnetospheric interaction. This produces a
velocity shear within the polar region that might be related to the
formation of this bright polar emission.

Equatorward of the main auroral oval, emission generally falls off
relatively quickly, except for there being a consistent arc of emission
just equatorward of the main oval on the nightside (Fig. 2). This arc
can extend as far as the dayside, and sometimes appears to form an
outer oval extending over all local times. This correlates with brief,
limb-brightened nightside ultraviolet emission seen by HST5 and in
preliminary UVIS observations19.

Given its location equatorward of the main auroral oval, the arc is
likely to be caused by an internal magnetospheric process. It could be
indicative of energetic particle injections into the inner magneto-
sphere, which at Earth are often positioned at a local time near
midnight25. However, because these injections are relatively uncom-
mon and the equatorward arc is seen to re-occur across the ultraviolet
and infrared data sets, this explanation seems unlikely. Thus, the
equatorward arc at Saturn has no known analogy at another planet;
it has also never been predicted by theoretical modelling. Thus, the
presence of such an aurora reveals important internal magneto-
spheric dynamics driving a significant, yet previously undiscussed,
current system. The location of the aurora strongly suggests that this
current system is associated with dynamics within the magnetotail.

This arc could be the equatorward ‘jovian-like’ auroral emission
recently detected by ground-based infrared spectroscopy14,26. The
significant brightening on the nightside suggests a non-axisymmetric
breakdown in co-rotation in the plasma caused by sub-co-rotating
flux tubes expanding outwards on the nightside, owing to lack of
confinement by the solar wind. However, it is not clear whether these
two separately detected auroral features are co-located, and they may
constitute two separate current systems forming auroral emission at
Saturn. Along with the presence of large regions of auroral emission
across the polar cap, this suggests that although recent observations
have finally begun to explain the origin of the main auroral oval at
Saturn, our understanding of the currents flowing between the iono-
sphere and the magnetosphere has barely begun to explain the
auroral emission seen from Saturn.
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Figure 3 | Bright polar auroral emission. a, b, c, d, Images, made on 9 June
(a, b) and 24 May (c, d) 2007, viewing the northern dusk–noon sector at a
distance between 24.4RS and 26.4RS. Below each aurora plot is a three-colour
visible image overlaid with a grid as in Fig. 1b. The images are separated by
3 h, 18min (a, b) and 4 h, 6min (c, d). In all the images, themain auroral oval
can be seen to extend all the way around the planet, although the emission is
typically weaker in the dusk sector. However, it is the emission across the
polar cap that is particularly noteworthy. In a and c, there are large regions of
strong polar auroral activity inside themain auroral oval. These are brightest
at a latitude.82uN, and extend fromnoon tomidnight andwell inside both
the dawn and dusk sectors. There is a band of relatively low emission that
separates this emission from the main auroral oval. The brightness of the
main auroral oval appears to increase when this polar cap emission occurs.
The strength and location of this aurora is unlike any emission previously
seen in the ultraviolet, or within the aurorae of other planets. In b and
d, significant poleward emission in the dawn–noon sector can also be seen.
Given the viewing angle, it is difficult to determine if this emission is separate
from the main auroral oval or if it constitutes a poleward extension of the
main oval. This emission is more clearly observed than dawn brightening
events in the ultraviolet, but could be associated with features previously
seen in the ultraviolet emission9. There is also some evidence of emission
equatorward of the main auroral oval at and around midnight in all these
images.
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Stallard et al. (2008)

• Intense IR emission poleward of and separated from the main oval 
has been observed, unlike any polar features seen in the UV.

• A high-latitude spiral morphology was attributed to an interval of 
magnetospheric compression by comparison with past UV studies.

• The presence of a lower-latitude extended arc was also suggested 
and linked to inner magnetosphere dynamics.

observations have hinted at the presence of such emission11,15, and
preliminary results from the UVIS instrument also see some pole-
ward aurora19. However, the relative strength and dynamics of this
newly observed aurora is unprecedented.

There are periods when the polar aurora is relatively quiet, with the
emission taking the form of localized bright spots, low levels of pat-
chy emission across the pole or extended arcs of emission. However,
beyond this general poleward activity, the aurora in this region some-
times become as bright, or brighter, than the main auroral oval
(Fig. 3), filling the region between ,82uN and the pole with emis-
sion, unlike anything that has been observed in previous observa-
tions. This emission is also highly variable with time, completely
disappearing on timescales as short as 45min. It occurs when the
morphology of the main auroral oval is relatively circular, although
the main oval appears to brighten at the same time as the polar
emission, with some poleward emission in the dawn sector also
occurring, within a time frame of a few hours. This, combined with
the lack of such bright polar emission when the main oval has a spiral
morphology (Fig. 2), suggests that although these features may be

associated with minor increases in the dynamic pressure of the solar
wind, they are not directly linked to strongmagnetospheric compres-
sions.

This polar cap emission ismuch stronger, relative to the brightness
of the respective main auroral ovals, than that usually seen at
Jupiter22,23. The differences in emission strength between the ultra-
violet and infrared observations are important and may point
towards an explanation of why this emission occurs; the less extreme
differences seen at Jupiter have previously been explained by the
infrared aurora being formed by comparatively low-energy particle
precipitation24. Unlike Jupiter, Saturn’s ultraviolet and infrared
emissions are predominantly produced by similar distributions of
particle energies1. However, the brightening may be a result of a

Nature nature07440.3d 30/9/08 11:21:13
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Figure 1 | Quiescent auroral conditions. a, H3
1 emission imaged by the

VIMS instrument on Cassini. b, Three-colour visible image of Saturn,
providing context for the image in a. A latitudinal grid in 5u steps and a
longitudinal grid in 30u steps has been overlaid on b, with noon highlighted
in bold. This image was made at 18:21 UT on 10 November 2006, at a time
when Cassini’s inclined orbit allowed the entire auroral oval to be viewed
from an effective planetary inclination of 52uN, providing a view of the
entire northern aurora at a distance of 17.6RS (RS5 60,268 km) from the
dusk–midnight sector. The main auroral oval is somewhat fragmented in
appearance, consisting of a weak oval located at a latitude of ,75uN,
interspersed with several brighter spots along its length, with the brightest of
these in the dawn sector approaching noon. The dusk sector emissions are
often relatively weak and irregular. This appears to be analogous to auroral
emission in the ultraviolet during periods of rarefaction of the solar wind.
Themain ultraviolet oval also consists of several arcs of different widths and
brightnesses, rotating at 65% of the full planetary rotation18; such features in
the infrared have also been inferred from ground-based spectroscopic
observations14. The oval is more fragmented in the midnight sector,
although this is partly due to poor instrument response in the lower-right
part of the array in this particular image. Inside the main oval, there is a
bright spot of polar emission in the dawn sector, as intense as some parts of
the main auroral oval. The rest of the polar cap appears to contain only low
levels of emission.

a

b

c

Figure 2 | Spiral auroral morphology. a, The southern auroral oval viewed
at 02:38 UT, 11October 2006, from the dawn–midnight sector at a distance of
11.14RS. Themain oval is shifted significantly poleward, lying at,80u S, and
has a spiral morphology similar to that observed in ultraviolet images, which
is characteristic of periods of moderate dynamic pressure in the solar wind6.
This image provides a clear view of the overlap of the spiral on the dawn side
of the planet, with the inner arm at,85u S and the outer arm at,81u S. The
dusk side of the oval is relatively bright, at least in part because of line-of-
sight brightening near the planetary limb. b, The same image as in
a, processed to show low-level emission by smoothing with a three-pixel
boxcar window to improve the signal-to-noise ratio and by magnifying the
colour scale to show the intensity range from 0–20% of the peak auroral
brightness. This reveals low-level emission both equatorward and poleward
of the main auroral oval that is significantly brighter than the body of the
planet. A second arc of emission,,25% as bright as the main auroral oval,
can be clearly seen,1u equatorward of the main auroral oval near midnight
(on the far left of the image), and extends around the oval as far as the
dayside. There are also moderate levels of emission poleward of the main
oval, except in a small region close to the pole, which are strongest near noon
on the dayside. No distinction can be made between day and night sides of
the planet, implying that any H3

1 created on the dayside by solar extreme
ultraviolet emission is not bright enough to be detected. This means that all
the emission seen in these observations is auroral in origin, making the
relative effect of extreme ultraviolet ionization, in comparison with auroral
ionisation, significantly weaker on Saturn than on either Jupiter or Uranus.
c, Three-colour visible image, overlaid with a grid as in Fig. 1b.
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3.1 Characterising the IR main oval location
• The equatorward boundary 

of the northern IR main oval 
was characterised using a 
best-fit circle method.

• This is the first time the IR 
auroral location could be 
accurately determined, 
facilitated by VIMS.

Badman et al. 
(2011)



3.2 Comparison with northern UV main oval
IR

VIMS: Badman et al. 
(2011)

UV
HST: Nichols et al. 

(2009)

radius 16.4 ± 0.2° 16.3 ± 0.6°

If the auroras occur on a common flux shell in the north and
south, as may be expected, they will therefore occur closer
to the pole in the north than in the south. The auroral data
examined here thus provide an opportunity to test this
prediction of the planetary magnetic field models based
on magnetometer data necessarily confined to spacecraft
trajectories at relatively low latitude and large radial
distance.
[5] The location of the equatorial boundary of the auroras

in the north and south was determined here using the
method used previously to discover the oscillation of the
southern auroral oval [Nichols et al., 2008], i.e., by using an
algorithm which fits circles to the equatorward boundary of
the emission. We used only those images where a sharp
equatorward boundary is apparent in both the north and
south at all visible longitudes and, owing to the variability
of the emission and since the view of each ionosphere is
very oblique, this means severely restricting the number of
images employed to four. These are shown in auxiliary
material, and one is displayed as the example in Figure 1, in
which the white circle with the cross at the centre shows the
fit. The mean circle radii are !16.3! ± 0.6! and !17.8! ±
0.4! for the north and south, respectively, the southern value
being consistent with previous observations [Badman et al.,
2006; Nichols et al., 2008]. The amount of magnetic flux
specified by the ‘Cassini SOI’ model threading the iono-
sphere poleward of these co-latitudes (a quantity related to
the flux function, given for Saturn’s internal field by, e.g.,
Cowley and Bunce [2003, equation 1 and Figure 2]) is
!54.3 ± 3.8 GWb and !53.1 ± 2.3 GWb for the north and
south, respectively, i.e., essentially the same value of flux
within the uncertainty. In addition, the northern radius of
16.3! ± 0.6!, for example, contains !45.0 ± 3.2 GWb of

flux in the south, i.e., significantly less than the flux
contained within the observed radius of the southern oval,
confirming the magnetic field model asymmetry.
[6] Bearing in mind these differences in polar magnetic

field strength and oval size, we now show in Figure 2 the
total observed UV power emitted from the north (Figure 2a)
and the south (Figure 2b), obtained by summing the emission
over each auroral region. We first note that both hemispheres
exhibit emission varying between !3 and !20 GW,
consistent with previous observations of the southern aurora
[Gérard et al., 2006; Clarke et al., 2009]. Second, as
discussed above, the north and south total emitted powers
vary in a broadly similar fashion, such that the linear
correlation coefficient between the two is !0.81. However,
Figure 2c shows the difference between the power emitted
from each hemisphere relative to the northern hemisphere.
There is a general trend toward greater power observed from
the northern hemisphere, with a mean difference of!17% of
the northern power, a standard deviation of !20% and
experimental uncertainties of !±7% (for details of the
experimental method employed to obtain these results, along
the uncertainties involved, see the auxiliary material). This
difference is particularly striking due to the slightly southern
sub-Earth latitude during the observing interval, which
results in a greater area of the southern auroral region being
visible and which for equal emission would result in the total
power observed from the north being reduced to !80–90%
of the south, i.e., the opposite effect to that observed.
Although it is known that the southern auroral oval is
generally offset toward midnight by a few degrees [Nichols
et al., 2008], simple simulations suggest that in order to
produce the observed difference the southern oval would
need to be displaced by !5! toward midnight while the

Figure 1. Example image of Saturn’s conjugate auroral emission. (left) The southern aurora and (right) the northern
aurora are displayed (note that these were originally in the same field of view and are thus simultaneous). (top) The view as
observed by HST and (bottom) the planetocentric latitude-longitude projections. The image is shown on a log scale
saturated at 50 kR. In each case a 10! " 10! latitude-longitude grid is overlaid. The projections also indicate local times,
have the prime meridian highlighted in red, and have the circle fits to the equatorward boundary shown in white. The white
crosses show the centre of the fitted circle, whilst the red crosses show the spin pole.
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• The best-fit circle radius, anti-sunward 
offset and dayside latitude all agree with 
measurements made of the UV aurora 
(Nichols et al., 2008, 2009; Badman et 
al., 2006).

• This indicates a common field-aligned 
current origin for the UV and IR main 
ovals, despite the different emission 
mechanisms.

• Also see Melin et al. (2011), this session.



4.1 Hemispheric and latitudinal variations
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• Main oval latitudinal location and width are variable.

• Define ‘main oval’ region by 10°<θ<25° colat and ‘polar’ region as 
θ<10°. Find average intensities in these regions (NB this 
underestimates the ‘real’ auroral intensity).
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4.1 Hemispheric and latitudinal variations



• North:

• Main oval < 2.4 I

• Polar < 3.8 I

• Polar > Main oval in 30/67 
images (45%)

• South:

• Main oval similar to north

• Polar lower than north

• Polar > Main oval in 2/25 
images (8%)

4.2 Hemispheric and latitudinal variations

Badman et al., submitted



• North: a main oval is clearly defined, particularly in the 
dawn-noon region (~2 I).  

• The polar region is bright compared to lower latitudes.  The 
intensity is comparable to much of the main oval emission (1 I).

• South: a main oval is clearly defined and brightest in the pre-noon 
and post-dusk regions (~2 I).

• Lower latitudes are dark, but so is the dayside polar region.

4.3 Average IR intensity maps

Badman et al., submitted



Difference between north and south (N-S):

N>S

S>N

• Northern hemisphere is 
more intense in the polar 
region.

• Southern main oval is 
more intense at most LT.

• Differences are ~20% 
of typical intensity.

• Maximum differences are +1.2 I (polar) and -3.2 I (main oval).

• These are comparable to the typical intensities observed in these 
regions and therefore highly significant.

4.4 Interhemispheric intensity difference

Badman et al., submitted



• Polar emissions can be as intense as the main oval.

• The images are not simultaneous therefore the differences can be 
temporal.

• A preferred orientation of the solar wind (toward the Sun) would 
favour ‘polar rain’ precipitation and H3+ production on high-latitude 
open field lines in the northern hemisphere (Yeager and Frank, 
1976) over the southern hemisphere.

• Increased conductivity in the sunlit southern hemisphere (pre-
equinox) would increase Joule heating in the main oval region and 
thus cause more intense IR (temperature-dependent) emissions. 

4.5 Interhemispheric & latitudinal variations
• Main oval: South is more intense than North.

• Polar: North is more intense than South.

• More intense polar emissions are observed when 
the main oval is also more intense.



• Extract maximum auroral intensity per hour of LT and compare 
to SKR phase.

5.1 Northern aurora at different SKR phase



• Intensity peaks in dawn to noon sector, like UV and SKR.

• Intensity peaks at φSKR~0° i.e. when SKR power is maximum.

• Evidence of a slope i.e. intensity maximum rotating through LT 
with φSKR?  (Lamy et al., 2009, 2011, Nichols et al., 2010)

φSKR intervals of 
72° including 
image integration 
time of ≤70 min or 
≤40° rotation.

5.2 Peak infrared intensity vs LT and SKR phase

Analysis of 
northern images 
only.
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• Determining interhemispheric and latitudinal variations in 
IR intensity - isolate seasonal effects with future 
northern summer image analysis.

• Modelling the effects of hemisphere (i.e. magnetic field 
strength) and season on auroral field-aligned currents 
(Tao et al., poster 130).

• Comparing UV, IR, ENA and radio emitted power (Lamy et 
al., poster 126).

• Comparing structure of near-simultaneous UVIS and 
VIMS images (Melin et al., talk 57 in this session).

• Analysing IR auroral morphology with in situ plasma and 
field measurements to understand the M-I dynamics 
(Badman et al., poster 131).

6. Ongoing and future studies

s.badman@stp.isas.jaxa.jp


