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Abstract: The upper atmospheres of the Giant Planets, Jupiter, Saturn, Uranus and Neptune are
transition regions between meteorological layers and outer space. As a result of their exceptionally
rarefied nature, they are highly sensitive and therefore revealing probes of the forcing exerted both
from above and below. This review provides an overview of these upper atmospheres and the major
processes that take place within them, including their powerful auroras, the giant planet ‘energy
crisis’ and the decay of Saturn’s rings into the planet. We discuss the many remote-sensing tools that
have been used to understand them, for example, large ground-based observatories such as the Keck
telescope, space-based observatories such as the Hubble Space Telescope and orbiters such as the
Cassini spacecraft. Looking into the future, we discuss the possibilities afforded by the latest and
next generation of observatories and space missions, such as the James Webb Space Telescope.
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1. Background and Motivation

The habitability of planets, as far as we know, depends chiefly on the conditions of
their atmospheres. Atmospheric escape rates, which positively correlate with temperature,
determine the stability of atmospheres in the past, present and future. As this escape
happens in the upper atmosphere, an understanding of the thermal conditions and major
processes in the region is crucial for understanding the long-term evolution of atmospheres
in general, both in the solar system and beyond.

The solar system is host to the four giant planets Jupiter, Saturn, Uranus and Neptune.
Jupiter and Saturn are commonly referred to as gas giants while Uranus and Neptune are
known as ice giants; this terminology is understandably biased towards the chemical and
thermal conditions found of the visible atmosphere, though these worlds in their bulk
composition are composed of fluids in a supercritical state. The upper atmospheres of
giant planets typically begin hundreds of kilometers above the ‘visible surface’ seen in
most images and end near the vacuum of space. More specifically, upper atmospheres
begin where turbulent mixing no longer dominates and each atom and molecule is able
to separate according to its weight under gravity, leading to lighter constituents such
as molecular and atomic hydrogen dominating the composition of upper atmospheres.
Therefore, despite each giant planet having its own unique bulk composition, all of their
upper atmospheres share a broadly similar chemical make-up.

Signs of activity in giant planet upper atmospheres were found as early as the 1950s,
with the discovery of radio emissions emanating from Jupiter [1]. These radio emissions
are cyclotron emissions, generated by electrons, which are deflected by magnetic fields,
thus they were a clear sign of magnetospheric activity. They have been studied in increas-
ing detail ever since by examining emissions across the electromagnetic spectrum from
radio waves to X-rays using ground-based telescopes, sounding rocket experiments, Earth-
orbiting telescopes and by spacecraft either flying-by each planet or orbiting them [2–4].
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Methods for remotely sensing the upper atmosphere are not limited to examining emissions;
however, their properties can be ascertained by observing how they attenuate electromag-
netic waves from natural (the sun and stars) or artificial sources (spacecraft radio emissions)
as they pass behind the planetary atmosphere from an observer’s perspective. This review
focuses mainly on observations made in the infrared and ultraviolet, as emissions at those
wavelengths constitute over 95% of emitted power from upper atmospheres [5].

Figure 1 shows Jupiter, Saturn and Uranus from a variety of remote-sensing tools based
on/near Earth or near each planet at infrared and ultraviolet wavelengths. The aurorae
of Jupiter and Saturn at the poles are over 10 times more emissive than the background
non-auroral atmosphere in IR and UV, so most of what we have learned about upper
atmospheres has been obtained through studies of these highly active regions [2,6,7]. The
aurorae of Uranus are approximately 10 times brighter than the disk emissions of the planet
in UV, but only amount to 25% of the emission from the planet’s upper atmosphere in
infrared [8–10]. Notably absent from Figure 1 is Neptune. Weak upper-atmospheric UV
emissions were recorded by the Voyager 2 spacecraft during a flyby of the planet in 1989 [9],
but no images comparable to that of Uranus were reconstructed from this data, likely due
to a combination of weak emissions and low spatial resolution.

The intensity of light received at Earth from each giant planet falls as 1/r2, as does the
solid angle presented in our sky. By taking account of the different physical sizes of each
planet but assuming equal emissions from each, the amount of light observed from Saturn,
Uranus and Neptune is 18%, 0.7% and 0.3% as intense relative to Jupiter. However, as
mentioned above, the aurorae of Jupiter-to-Neptune diminish by three orders of magnitude,
so our knowledge of each planet’s upper atmosphere is similarly scaled. The Voyager 1 and
2 spacecraft brought an identical laboratory to each giant planet, somewhat leveling the
playing field in the 1980s, but as no subsequent missions have visited the ice giants, we are
limited to Earth-based observations and the diminishing returns from the inverse-square
law. These facts underscore the need for new planetary space probes, larger telescopes and
more sensitive instrumentation if we are to understand the ice giants to the same degree as
the inner giants.

Most of this review focuses on what we have learned at Jupiter and Saturn; the
closest, brightest and largest of the four giant planets, which have been visited by multiple
spacecraft. Owing to their proximity and physical size, we have been able to observe them
in great detail, allowing us to study global phenomena such as Jupiter and Saturn’s aurora-
transmitting global-scale waves of heat toward the equator, or unique interactions such an
in-fall of material from the rings of Saturn known as ‘ring rain’. In our review of Uranus
and Neptune, and using our knowledge of the physical processes at Jupiter and Saturn
as a reference, we discuss what we might learn with new and future observatories and
space probes. Beyond the solar system, over 5000 exoplanets have been confirmed orbiting
other stars, with thousands more candidates awaiting confirmation (at the time of writing),
so we will also discuss the possibility of observing exoplanetary upper atmospheres and
highlight what such observations could reveal.
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Figure 1. Upper-atmospheric emissions of Giant Planets. Earth-based telescope observations are
shown in (a–c) while spacecraft observations taken near each planet are shown in (d–f). (a) IR
view of Jupiter at 3.4 µm, capturing emissions from the major upper-atmospheric ion H+

3 . This
image was taken by NSFCam on the NASA Infrared Telescope Facility (IRTF) [11]. (b) Saturn in UV,
capturing emissions from upper-atmospheric hydrogen, taken by the Hubble Space Telescope (HST)
in 2018; additional credits NASA/ESA, NASA and L. Lamy (Observatoire de Paris). (c) Uranus by
NSFCam/IRTF in 1998 capturing H+

3 emissions at 3.5 µm [12]. (d) The first detailed view of Jupiter’s
southern H+

3 aurorae at 3.45 µm in 2016, taken by the Juno spacecraft’s JIRAM imager as reported
by [13]. (e) A detailed view of Saturn in UV recorded by the Cassini spacecraft in 2008, showing the
northern auroral oval. A boxed region denotes emissions at the magnetic footprint of Enceladus [14].
(f) A close-up view of Uranus in UV taken by the Voyager 2 spacecraft flyby in 1986 [9,15].

2. Introduction to Giant Planet Upper Atmospheres

Upper atmospheres are often broken down into two components: a thermosphere
of neutral atoms and molecules and a co-located ionosphere composed of ions and elec-
trons [16]. Figure 2 shows the major neutral and ion species, which make up the upper
atmospheres of Jupiter, Saturn, Uranus and Neptune as functions of altitude above the
1-bar ’surface’ of each planet. Molecular hydrogen (H2) is the major neutral species at most
altitudes. Atomic hydrogen (H) forms a shelf of high density peaking at around 500 km
and becomes the dominant neutral above 3000 km at Jupiter and Saturn, while this occurs
above 5000 km for Uranus and Neptune (not shown here) [17,18]. H2, H atoms, helium
(He) and methane (CH4) separate according to their molecular and atomic masses, with
heavier elements resting at the bottom of the upper atmosphere. Indeed, the differences
in gravitational acceleration at each planet largely explains the altitudinal differences in
density for each species in Figure 2. On Saturn, water becomes a significant neutral species
between 0–500 km planet-wide owing to influx from outside the planet from the rings and
Enceladus [19,20]. Hydrocarbons, hydrocarbon ions and water ions are present between
0–1000 km at all four planets but are not shown here for simplicity.
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Figure 2. Number densities of major neutral and ion species are shown as a function of altitude above
the 1-bar pressure surfaces of the four giant planets. The plots show modeled densities for Jupiter
and Saturn [21], Uranus [17] and Neptune [18]. The solar zenith angle (where 90° corresponds to
the Sun being directly overhead) varies in these models: 75° for Jupiter and Saturn, 15° for Uranus
and 45° for Neptune, so care must be taken when comparing ion densities between the planets. In
addition, Jupiter and Saturn ion densities are enhanced by charged particle precipitation associate
with auroral mechanisms.

It is advantageous to the study of upper atmospheres that they are tenuous envi-
ronments: with number densities ∼millions of times less than those of sea level air on
Earth [21], they are uniquely sensitive to (and therefore easily reveal) physical and chemical
processes the planet is subjected to. These outermost layers of planets are the first to
experience influences from space such as electromagnetic radiation and the precipitation
of matter from interplanetary space. Solar extreme ultraviolet radiation is absorbed in
the thermospheres of giant planets, enough to raise upper atmospheric temperatures to
between 130 and 200 K planet-wide [3], though temperatures are observed to be far hotter
for reasons described in the next section. By far the most energetic upper-atmospheric
process occurs in the magnetic polar regions. Here, aurorae emit powers ranging from tens
of gigawatts (GW) at Neptune, hundreds of GW at Saturn and Uranus to tens of terawatts
(TW) at Jupiter [5]. Heating associated with auroral activity, driven by ion-neutral collisions
in the upper atmosphere, raises magnetic polar altitude-integrated temperatures to over
1000 K at Jupiter [22,23] and over 500 K at Saturn [24,25].

Modeled thermospheric temperatures as a function of altitude are shown in Figure 3.
These temperatures rapidly increase with altitude in the thermosphere before becoming
largely isothermal in the high altitude exospheres of each planet. The exosphere is the
uppermost region of a planetary atmosphere and the region from which atmospheric
escape occurs since the mean free path of the constituents here is greater than the scale
height [26]. Thus, when provided with enough kinetic energy through collisions, exospheric
neutrals and plasma can freely escape planetary gravity wells and enter space, which leads
to a gradual transition from atmosphere to space. The thermal escape rate is directly
proportional to mass, so lighter species such as atomic hydrogen escape more easily. If
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the escaping species are also electrically charged, they instead become bound to magnetic
field lines owing to Lorentz forces, causing them to oscillate along magnetic field lines
between the magnetic poles or lost to the solar wind by magnetic reconnection in the tail of
a planetary magnetosphere.
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Figure 3. Models of neutral upper atmosphere temperatures for the giant planets Jupiter, Saturn [21],
Uranus [17] and Neptune [18] as a function of altitude above the 1-bar pressure surfaces. The
simulations of the upper atmospheres of Jupiter and Saturn include auroral heating. Temperatures in
planetary upper atmospheres are highly variable temporally and spatially, so as with Figure 2, care
must be taken when comparing temperatures between the planets, as we shall see in the proceeding
sections. In other words, these values may be taken as broad averages.

3. Observing Giant Glanet Upper Atmospheres

H+
3 is one of the main ions used to add to our understanding of upper atmospheres [27,28].

It is mainly produced in molecular hydrogen-rich environments by the reaction H2 + H+
2

→ H+
3 + H [29], therefore upper atmospheric H+

2 production controls the amount of H+
3 .

There are two main pathways by which H+
2 , and therefore H+

3 , is produced: ionization
by solar extreme ultraviolet or by incident-charged particle precipitation. The former
acts planet-wide, maximizing at the equator and diminishing at the poles owing to the
angle of the Sun, whereas the latter dominates at the magnetic poles as a result of auroral
mechanisms. H+

3 ions are lost through recombination with electrons and charge exchange
with neutrals [30], with the latter leading to the characteristic ‘shelf’ of ion density seen in
Figure 2.

The H+
3 ion has millions of rotational-vibrational (ro-vibrational) transition lines, the

strongest of which are in the near-infrared between 2 to 4 µm. Spectroscopic analysis of
H+

3 emission lines can be used to determine the ion’s temperature, density, total emission
rate (also known as cooling rate) and line of sight velocity [31,32]. The measured intensity
of H+

3 correlates linearly with the ion’s density and to the fourth power with the ion’s
temperature [2]. As H+

3 is considered to be quasi-thermalized with its surroundings, its
temperature is used to represent that of the entire upper atmosphere [21,25,33,34]. Strong
methane absorption near 3.5 µm removes data-contaminating reflected sunlight at giant
planets, allowing more H+

3 emission lines to be detected across the planetary disk, including
in the highly-reflective low latitude regions. The H+

3 ion is therefore a key probe, which can
be used to evaluate global thermal and chemical changes, as well as atmospheric circulation
patterns in the upper atmospheres of giant planets.

Table 1 shows when the H+
3 ion was discovered (or attempts were made) and inves-

tigated in terms of parameters in the upper atmospheres of giant planets. Aurorae are
several times brighter than non-auroral regions, so H+

3 was detected there first. Emissions
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of H+
3 were detected at Saturn and Uranus prior to deriving parameters (such as temper-

ature), as the calculation of parameters requires the use of two or more strong emission
lines. Ground-based observatories can conveniently observe the strongest H+

3 emissions in
atmospheric windows between 2–2.3 and 3.4–4 µm using high-altitude observatories, such
as Maunakea in Hawaii, which stands at over 4000 m above sea level. Thermal emissions
from Earth’s atmosphere must be removed from ground-based data, requiring a telescope
to nod between and record a given target and the nearby sky throughout an observing
night. To determine the effect of Earth’s atmosphere on infrared radiation as a function
of wavelength, we must first measure the spectrum of a standard star. This allows us to
identify the wavelengths of infrared light that are absorbed by the atmosphere, and to
apply corrections to account for it. Space-based platforms, such as the James Webb Space
Telescope, are capable of observing H+

3 without a nodding pattern.

Table 1. Dates H+
3 was first investigated in the upper atmospheres of giant planets.

Auroral H+
3 Non-Auroral H+

3

Planet Emissions Parameters Emissions Parameters

Jupiter September 1988
[35]

September 1988
[35]

April 1992
[36]

April 1992
[36]

Saturn July 1992
[37]

July 1992
[37]

Oct. 1998
[7]

April 2011
[38]

Uranus * April 1992
[39]

April 1992
[39]

April 1993
[8]

June 1995
[8]

Neptune Non-detection
[40–42]

Non-detection
[40–42]

Non-detection
[40–42]

Non-detection
[40–42]

* Uranus is poorly resolved spatially from Earth, so auroral and non-auroral H+
3 emissions are necessarily

combined in H+
3 observations so far. Here, we have simply taken the first detection of spatial H+

3 variability as
the first non-auroral detection.

Jupiter’s neutral hydrogen ultraviolet emissions were first detected by a sounding
rocket experiment over 50 years ago [43]. It is essential to go beyond Earth’s UV-absorbing
ozone layer (15–30 km altitude) in order to observe UV targets, so space-based platforms
such as the HST and UV instruments aboard space probes (e.g., Juno at Jupiter, Cassini at
Saturn) are some of the major tools used. UV emissions mainly emanate from the aurorae
of Jupiter and Saturn following electron impact excitation in the form of H Lyman-alpha
at 121.6 nm and H2 Lyman and Werner band emissions between 90–170 nm [2]. The
penetration depth of electrons into an atmosphere, which determines the altitude of UV
emission, is governed by the kinetic energy of the precipitating electrons. On Jupiter,
electrons with kinetic energies of 0.1 keV to 100 keV (corresponding to velocities of 0.02
to 0.55 c) can reach altitudes of 1800 km to 400 km, respectively [21]. Due to shorter
wavelengths of UV light being absorbed by hydrocarbons more strongly than longer
wavelengths, the ratio of UV emissions at long and short wavelengths can be used to infer
the altitude where UV emissions are coming from, hence the penetration depth [44]. Larger
‘color ratios’ correspond to deeper penetration since shorter wavelength UV emissions were
preferentially removed by a longer altitudinal column of hydrocarbons before arriving at
the detector.

Ultraviolet emissions occur when electrons in hydrogen relax to lower electronic states,
so when particle precipitation ceases, the emissions end within a fraction of a second [2].
Conversely, H+

3 emits thermally, with energy stored in ro-vibrational states emitted over
the lifetime of H+

3 , which lasts on the order of minutes to hours [11,45]. Observations of H+
3

are thus natural long-exposures of events, whereas UV emissions are considered ‘prompt’,
yielding an instantaneous view of events. Infrared quadrupole transitions of molecular
hydrogen have also been detected in auroral regions of Jupiter, near 2 µm [46]. Infrared H2
emissions are over an order of magnitude weaker than the strongest, Q- and R-branch H+

3
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emissions between 3–4 microns [47], so observations of the latter are more common in the
literature. Auroral X-ray emissions have been detected at Jupiter and Uranus, resulting
from the precipitation of MeV-energy high-charge state oxygen, sulfur or carbon ions,
but to-date no X-rays associated with Saturn’s aurora have been detected [48–50]. X-ray
photons are absorbed by Earth’s atmosphere and so must be observed by space-based
telescopes, such as Chandra X-ray observatory and X-ray Multi-Mirror Mission (XMM
Newton).

Solar and stellar UV emissions are diminished at specific wavelengths as they pass
through planetary atmospheres, which causes H2 and H to become ionized in the process.
These attenuated emissions can then be intercepted and studied by UV-capable spacecraft,
allowing for the retrieval of upper-atmospheric H2 and H densities [51]. Partial pressures for
each molecule and atom can be deduced from these densities, allowing neutral temperatures
to be found using the ideal gas law. Radio occultations operate under a similar principle, but
instead quantify the attenuation of a spacecraft’s own radio emissions at radio telescopes
back on Earth, which allows for electron densities to be determined as a function of
altitude [52]. Radio waves generated by fast electrons traveling along magnetic field
lines above the upper atmosphere have been observed at Saturn by the Cassini spacecraft
(mission ended in 2017) and at Jupiter by the Juno spacecraft (still operational), offering
insights into the energies of charged particles being accelerated into the planet [53,54].
Radio data are regularly used in conjunction with data taken simultaneously from other
instruments, such as ultraviolet, particle and field detectors, as spacecraft closely pass over
auroral regions [55,56].

4. Giant Planet Aurorae

Aurorae were the first feature observed in giant planet upper atmospheres owing
to their bright emissions. They are produced by momentum and energy exchange be-
tween planetary ionospheres and plasma that is trapped in the magnetosphere outside
of the planet in the equatorial plane. The entrained plasma at Jupiter is sourced of erup-
tions from the volcanic moon Io, whereas the dominant sources of plasma internal to the
magnetospheres of Saturn, Uranus and Neptune are their icy moons and rings [18,57,58].
Large-scale current systems are set-up along the magnetic field lines that connect the two
regions, leading the acceleration of charged particles into and across the polar region [59,60].
The resulting electron precipitation occurs near the boundary between open magnetic fields,
which connect to the solar wind, and closed field lines, which connect to the planet at both
ends. At Jupiter, the main auroral emissions form a kidney bean shape in the northern
hemisphere, which is off-center to the Jovigraphic north pole, while the southern emissions
form a circular shape, which is centered on the southern pole, and can be seen in Figure 1a,d.
These and the aurorae of other planets are generally referred to as ‘main auroral ovals’,
distinguishing them from auroral activity inside and around the main emissions, which
have a myriad of driving mechanisms.

H+
3 was discovered for the first time astronomically in 1989 during a search for

Jovian polar H2 quadrupole emissions [35]. Owing to larger telescopes, more advanced
instrumentation, increases in computing power and improved models of the H+

3 ion,
we have now moved to single-point measurements to making maps of Jupiter’s auroral
parameters with unprecedented clarity. Figure 4 demonstrates this progress with 8.2 m
Very Large Telescope (VLT) observations taken in 2012, which showed Jupiter’s northern
auroral parameters measured using H+

3 as a ‘probe’ [23]. Jupiter’s main auroral oval is seen
clearly in terms of emission and column density as this is the site of particle precipitation,
hence H+

3 production and emissions. Temperatures are instead raised by complex electric
currents, which heat the atmosphere by flowing along the main oval and in between, while
line of sight velocities reveal ionospheric winds and circulation. In the study, temperature
maps of the northern aurora recorded at different times of night showed that regions of
aurora change temperature by several tens of Kelvin within hours, indicating that the
Jovian auroral heating is highly variable and has complex small-scale driving mechanisms.
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Figure 4. Polar projection of Jupiter’s northern hemisphere showing H+
3 parameters on 31 December

2012. Longitudes are magnetic System III, and the latitudes are planetocentric. The white line denotes
the position of the main auroral oval [61]. The dashed white line indicates the magnetic footprint
of Io [62]. Panels highlight the key H+

3 parameters (a) temperature, (b) average column density,
(c) average total emission, and (d) the line-of-sight velocity. Figure taken from [23].

Since the 1990s, observational studies of Jovian ultraviolet auroral have mainly been
performed by the Hubble Space Telescope (HST) with either stand-alone studies or in
support of other missions, such as the Juno spacecraft at Jupiter [2,63,64]. As Jupiter’s
axial tilt is only 3°, it is only possible for Earth-based platforms to see the edges of the
southern aurora, but the northern aurora’s kidney bean-shaped main oval, being off-center
from the pole, can be viewed more clearly, when it rotates into view. Recently, and for
the first time, Juno observed a type of auroral storm at Jupiter in which UV emissions
become extremely powerful. For decades, these storms appeared to enter the field of view
in HST observations on the dawn side of the planet, leading to them being called ‘dawn
storms’. However, Juno is in a polar orbit and was able to witness the development of
a storm near the night-side, shortly before being captured by HST as a dawn storm [65].
These observations showed that dawn storms might be morphologically similar to ‘sub
storms’ observed at Earth, which are caused by explosive reconfiguration of the tails of
the magnetic field. Despite the fundamental differences between the magnetospheres of
Jupiter and Earth, both experience forcing that leads to similar auroral activities, which are
shown in Figure 5.

Long-term observations have demonstrated that Jovian UV auroral emissions, despite
being driven chiefly by internal processes, change in response to the solar wind [66].
Long-term observations performed by the Japanese Aeronautics and Space Administration
(JAXA) Hisaki space telescope, which has been in orbit around Earth since 2013 and
continues to operate, despite having a planned mission lifetime of 1 year [67]. The Hisaki
telescope features a unique dumbbell-shaped instrument, which allows it to simultaneously
observe and compare the emissions from the torus of plasma surrounding Jupiter (on both
sides of the dumbbell) with the Jovian UV aurora (on the ‘handle’ of the dumbbell). Hisaki
observations have revealed that intense auroral bursts of emissions, which last under 10 h,
coincide with variations in the parameters of the solar wind, such as its dynamic pressure,
which compresses the Jovian magnetosphere. Furthermore, these bursts were found to
be more common during times when volcanism on Io was more active, as the additional
output from the moon increased the density of plasma torus [68]. However, some auroral
brightening events occur independently of either Io or solar wind changes [69].
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Figure 5. Polar projection of Jupiter’s southern and Earth’s northern hemisphere showing UV auroral
emissions, placed over simulated visible light images of each planet (not to scale). The left image
shows imagery from the Juno spacecraft’s UVS (Ultraviolet Spectrograph) instrument. The image on
the right corresponds to Earth’s aurora as seen from the Wide-field Imaging Camera (WIC) on board
NASA’s Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) spacecraft. The yellow
arrows indicate auroral ‘dawn storms’ on both planets. Figure from the associated press release
of [65].

Saturn’s auroral main ovals are almost circular in both hemispheres and centered
essentially perfectly over the poles. Statistical studies using Cassini spacecraft observations
show that the main oval is slightly equatorward of the open-closed magnetic field line
boundary near 76.5° (planetocentric) co-latitude in the north and 75° co-latitude in the
south, as seen in Figure 6 [70,71]. This remarkable symmetry is due to Saturn’s (dipole)
magnetic field being almost completely aligned with the rotational axis of the planet to
within less than 0.1° [72]. Despite these apparent similarities, the study shown in Figure 6
found that the southern main oval was a factor of 1.3 more intense than the northern main
oval, while northern polar emissions (between 0–10°) were over twice as intense as those
seen in the south.

Figure 6. Polar projections of Saturn’s infrared aurora by the Cassini spacecraft’s Visual In-
frared Mapping instrument. Two infrared channels were averaged together to produce the data:
3.532 ± 0.0161 µm and 3.667 ± 0.0184 µm, such that the majority of emissions are from H+

3 . Modified
figure from [71].
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Auroral temperature studies at Saturn were initially confined to time-averaged values
over a night of observations due to colder temperatures relative to Jupiter, for example,
values of 450 K were recorded by the 3.8 m UK InfraRed Telescope (UKIRT) in 1999 and
2004 [73]. Ground-based studies could only sample one hemisphere at a time owing to
Saturn’s 26.7° axial tilt, which puts the aurorae out of view of Earth-based platforms,
while the Cassini spacecraft was well placed to view a single hemisphere during the
closest approach in its orbits. Studies with the Cassini spacecraft found temperatures of
560–620 ± 30 K in 2007 and 440 ± 50 K in 2008 [41,74]. Using the large, ground-based 10 m
Keck telescope in 2011, temperatures were reported in both hemispheres simultaneously
for the first time, which allowed comparisons to be drawn between the two auroral regions
under similar conditions; an important consideration given the several tens of Kelvin
variability seen within hours at Jupiter [23].

The signal to noise ratio of Keck observations was sufficiently high that 10 measure-
ments of temperatures could be taken within a single night, yielding one measurement
every 15-min [24]. In the new Keck study, northern auroral temperatures were 527 ± 18 K,
while southern values were 583 ± 13 K. This asymmetry is likely due to an inversely
proportional relationship between the total heating rate and magnetic field strength, which
is stronger in the north. As a consequence, the size of the auroral oval is larger in the south
and therefore the total heating delivered is greater [75]. Saturn’s equinox in 2009 also gave
a rare chance for HST to view UV emissions from both hemispheres simultaneously, as
seen in Figure 7 [76]. The authors found that the UV power emitted is proportional to the
magnetic field strength, as the northern total UV power was 17% larger than the south.
This result is opposite to the total heating case, as UV emissions were thought to be driven
by magnetic field-aligned currents in this case [76].

Figure 7. Saturn at equinox, taken by the Hubble Space Telescope in 2009. Saturn’s rings are seen
edge-on and both poles are in view, offering a simultaneous view of both aurorae. Figure from the
associated press release of [76]. Credit: NASA, ESA and Jonathan Nichols (University of Leicester).



Remote Sens. 2022, 14, 6326 11 of 24

Ion wind velocities within the polar region of Saturn’s aurorae show a significant
sub-corotation, with the magnetospheric breakdown in corotation mapping into the iono-
sphere [77]. There is some evidence of localized ion wind flows across the auroral re-
gion [78,79], but these do not appear to align directly with the main auroral emissions,
suggesting that we still do not have a clear picture of the closing currents that are associated
with this main auroral oval. However, it has long been known that, despite the direct
alignment between the magnetic and rotational pole, there remains a notable offset in the
auroral emission [80], which ultimately results in an apparently variable rotation rate for
each hemisphere. More recent measurements above the auroral region of Saturn have
revealed that the main auroral emission consists of two separate components—the first, an
axi-symmetric main emission perhaps associated with the outer magnetosphere, but also
a second similarly powered emission that is directly associated with a twin-cell current
system that rotates with the planet [81]. The origin for this rotating current system has
been the source of significant speculation within the research community [82]. Utilizing a
sequence of Keck observations, [83] measured the ion wind flows in phase with the variable
rotation rate of the radio aurora, and were able to detect the clear signature of a twin-cell
vortex across the northern auroral region. The direction of these winds showed that the ions,
and so the entire auroral current system, is being driven by the neutral atmosphere, rather
than the magnetosphere, providing the first evidence of an atmospherically generated
aurora in the solar system. This theory, first discussed by [84], highlights the importance of
complexity with the neutral upper atmospheres of giant planets to the dynamics seen in
both their auroral systems and magnetospheric environments.

5. Global Upper Atmospheric Weather and Circulation

Earth’s upper atmospheric temperatures are over 800 K during quiet auroral condi-
tions [85], and these temperatures are sufficiently explained by solar heating alone. Sunlight
at the orbit of Jupiter (for example) is just 4% as intense, but surprisingly, equatorial temper-
atures are similar to those seen at Earth (700 K). In fact, the upper atmospheres of all giant
planets are hundreds of degrees hotter than models predict outside of their auroral regions,
with sunlight only providing enough energy to raise temperatures to about 200 K [3,86].
This large discrepancy, or ’energy crisis’, has existed for nearly 50 years [87], demonstrating
that basic physical processes have not yet been understood. The two main candidates for
heating are the redistribution of auroral energy from the poles and acoustic or gravity wave
heating from the lower atmosphere. Models of global circulation demonstrate that auroral
heat cannot be effectively distributed at Saturn or Jupiter [88,89], prompting a search for
alternative sources of heating, such as gravity of acoustic (sound) waves from below. Both
types of wave would essentially dissipate their momentum as they ‘break’ in the thermo-
sphere, heating the region much like ocean waves crashing on a beach. Gravity waves have
been found to heat the upper atmosphere by several Kelvin, or even cool it [90,91]. Acoustic
wave heating on the other hand, has been shown to supply significant heating, with storms
being a prime candidate for their generation [92]. Indeed, observations found such heating
above Jupiter’s Great Red Spot (GRS), but more recent observations show no significant
heating above the GRS, potentially indicating such a mechanism is time-variable [93,94].

The first maps of Jovian upper-atmospheric temperatures, which can be used to
discern between the missing heat sources, were produced using data from UKIRT [47],
but spatial resolutions were so low that only about two pixels covered the 45–90° latitude
region in each hemisphere. Heat redistribution from the polar-auroral region to the equator
may have been present, though equatorial temperatures were also found to be similar
to auroral values. These findings would indicate that auroral heat re-distribution was
possible and also that a heat source is active at low latitudes. A later study tracked short-
term H+

3 temperature changes in Jupiter’s auroral region, finding that local cooling by
radiation to space by H+

3 was too inefficient to explain atmospheric cooling: this was
compelling evidence that heat is transported from the auroral/polar regions by winds [22].
Later, however, global circulation modeling could not demonstrate the distribution of
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heat globally from the aurorae. The high-temperature upper atmosphere was found to be
confined to the auroral/polar regions at Jupiter by strong zonal winds [89], while attempts
to circulate Saturn’s auroral energy globally actually led to a net cooling effect at lower
latitudes [88].

Observational breakthroughs on this problem have occurred recently. At Saturn, UV
stellar and solar occultation measurements taken by the Cassini spacecraft between 2005
and 2015 (combined with older Voyager 2 occultation measurements) show a temperature
decrease from the poles to near the equator [86,95]. These measurements were made at
a variety of local times over a third of a Saturnian year, such that they include a range
of different solar illumination angles, but they provided early evidence of a temperature
gradient between the aurorae and the equator at Saturn. With the end of the Cassini mission
in 2017, 33 more stellar and solar occultations were added to the over 50 accrued values
recorded in the previous decades. From these, pole-to-pole latitude–altitude temperature
and density profiles were produced, which again, found a negative temperature gradient
between the auroral region and low latitudes [96]. Westward zonal winds, which normally
act to confine the relatively hot polar upper atmosphere, were also derived from these
measurements. These were found to be 500–800 ms−1 and exist over 30 degrees of latitude
instead of the 1100–1400 ms−1 over 10 degrees of latitude predicted by the global circulation
model used in the study. These slower and broader flows are thought to allow equatorward
winds to ferry hot atmosphere to lower latitudes in both hemispheres.

Soon after, at Jupiter, two H+
3 temperature maps in terms of longitude and latitude

were produced using ground-based Keck telescope data from two single nights in 2016
and 2017, comprising several thousands of data points each. These were produced solely
from data at local noon, so each longitude and latitude on the map was under the same
solar conditions. Both maps revealed negative temperature gradients between the auroral
region and equator, with temperature monotonically falling from the poles to the equator
and adjacent latitudes [94]. Coriolis forces and related effects were observably overcome
at Jupiter, such that the aurorae are permitted to circulate their heat planet-wide. At
Jupiter and Saturn, we thus have multiple complementary views demonstrating negative
temperature gradients from the auroral regions to the equator in terms of longitude, latitude
and altitude; these 3-dimensional views are shown together in Figure 8. Combined with
earlier evidence that the aurorae are cooling so fast that their heat must be being transported
away at Jupiter [22], there is now much evidence that the aurorae are the main source of
the high temperatures observed globally at Jupiter and Saturn.

If heat is mechanically transferred from the aurorae by winds, how are the confining,
fast zonal winds presented in global circulation models observably overcome? New evi-
dence suggests that zonal winds are slowed by vertically-propagating atmospheric waves,
which provide a friction, or dampening, to these flows. The final orbits of Cassini took the
spacecraft through the planetary upper atmosphere, allowing for in situ measurements of
neutral densities [97]. Atmospheric waves were discovered for the first time in these close
passes, with vertical wavelengths on the order of 100–200 km and density variations of
approximately 10%. The inferred wave-damping was expected to enhance eddy friction
within the thermosphere, providing the necessary ‘obstacle’ to dissipate the momentum
in the zonal winds. The authors concluded that under this scenario, equatorward winds
are efficient to transport energy, leading to wind-driven global redistribution of energy at
Saturn. Assuming such waves are common to all giant planets, the friction they provide
may be the reason auroral energy is able to escape from the magnetic polar regions of
Jupiter, Uranus and Neptune.



Remote Sens. 2022, 14, 6326 13 of 24

Figure 8. Observed upper-atmospheric temperatures at Jupiter and Saturn. (Top): equirectangular
projection of Jupiter’s altitudinally column-integrated H+

3 temperature as a function of central
meridian longitude (Jovian system III) and planetocentric latitude, adapted from [94]. Long black-and-
white dashed lines show Jupiter’s main auroral oval, short black-and-white dashed lines correspond
to the magnetic footprint of Io, and the single thick black line corresponds to the magnetic footprint
of Amalthea. Temperatures have uncertainties below 5%. (Bottom): Saturn’s meridional temperature
profile as a function of altitude and pressure (altitude) adapted from [96].

H+
3 temperatures on Uranus were derived to be 740 ± 25 K when the ion was discov-

ered in the planet’s upper atmosphere in 1993 [39]. Following this, decades of ground-based
measurements were recorded, allowing us to see a long-term temperature decrease unlike
anything seen at Jupiter or Saturn [10,15,42,98]. From 1992 to 2018, the temperature of
Uranus’ upper atmosphere has linearly decreased by 8 K/year, from over 700 K to below
500 K. A year on Uranus lasts 84 Earth-years, so 1 season lasts 21 Earth-years. The long-term
trend in temperature on Uranus is similar in scale to the length of its season, and given
that the planet’s axial tilt is 98°, some form of seasonally-driven change is thought to be a
likely cause. During solstice at Uranus, one hemisphere is perpetually lit by the Sun while
the other is in constant darkness (for 17 h and 12 min per Uranus day). During equinox,
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conditions are the same as that experienced on Earth during the same conditions, with the
entire planet receiving the same amount of sunlight hours per day. Two hot solstices and
two cold equinoxes would be expected if solar heating was the major cause of heating in
Uranus’ upper atmosphere (known a ‘geometric season’), but the temperature decline has
continued for significantly longer than a Uranian season. Figure 9 shows that temperatures
have continued to cool for 11 years beyond equinox, as the planet moves into southern
summer. Even with an arbitrary shift in the seasonal cycle to account for thermal inertia, it is
not possible to argue that the temperature decrease is caused by changing solar irradiance.

Time (Year)

Figure 9. The long-term H+
3 temperature trend measured at Uranus. Geometric and magnetic

seasons are over-plotted and described in the main text. Inside the figure, a simple schematic view
is provided to illustrate the changing configuration of Uranus over time, with a red cap added to a
single hemisphere to guide the eye. Figure adapted from [99].

An alternative explanation relates to Uranus’ magnetic field configuration. As well
as Uranus being on its side, revolving around the solar system like a wheel, it has a
highly inclined magnetic field tilted 60° with respect to its rotational axis. Furthermore,
the dipole center of the magnetic field is 0.3 RU from the center of the planet (where 1
RU = 25,362 km). It is possible that one magnetic pole allows for more intense reconnection
with the interplanetary magnetic fields embedded in the solar wind, thus enhancing auroral
activity and upper-atmospheric heating [99]. Indeed, during conditions of equinox in 2007,
the configuration of the magnetosphere was expected to inhibit reconnection [100]. The
‘magnetic season’ of Uranus, plotted on Figure 8, also illustrates that long-term observations
of the planet are important for establishing which hypothesis is correct, or if some other
mechanism is responsible.

Neptune’s upper atmosphere has not been observed since the Voyager 2 spacecraft
observed ultraviolet emissions in 1989 [101]. Upper limits have been established for H+

3
temperature and density however, indicating either that the upper atmosphere has cooled
by hundreds of Kelvin since Voyager 2 measurements (to 450 K or lower), or that H+

3
densities are much lower than expected [15,18,42]. If lower temperatures are the cause
of weak emissions, perhaps a magnetic season may be implicated at Neptune as well. If
densities are lower than expected, it is likely that the planet is subjected to an influx of
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neutral material, which is depleting H+
3 significantly through charge–exchange reactions.

There is a precedent for this, since a large abundance of CO [102] has previously been
detected in the stratosphere, which the authors argued was sourced from a comet impact in
the distance past. Ref. [18] produced a model Neptunian upper atmosphere simulating the
effects of a CO influx, determining that it could explain the absence of H+

3 emissions from a
low density perspective, highlighting that out-gassing moon Triton could be an additional
source of CO. However, the required influx of CO was larger than Triton can supply, so it is
thought that the icy moon is either more active than previously thought or Neptune’s rings
are also contributing. A combination of lower temperature and lower density together
could also result in the lack of H+

3 emission [18].

6. Saturn’s Ring Rain

Saturn’s ring system is comprised of pieces of almost pure water ice orbiting the planet
and ranging in size from below 0.01 cm to several metres, distributed in size following an
inverse cubic power law so that most of ring material is small [103,104]. Submicrometre-
sized icy grains pick up electrical charge by solar photoionization and, to a lesser extent,
exposure to micrometeorite impacts, which are intense enough to form plasma clouds upon
impact [105]. Following this, the main forces acting on the charged ring grains are gravity,
which pulls the grains toward the planet along magnetic field lines, and a combination of
centrifugal forces and magnetic mirror forces, which act to pull or confine the grains to
the ring plane. The closest position to Saturn within the ring plane where these forces are
able to balance for icy grains is determined to be 1.53 RS, where 1 RS is Saturn’s radius
60,268 km at the equator [106]. In this region and planetward of it, charged grains are
unstable and rain into the planet. The steep density gradient observed between the B
and C rings may indeed be the result of ‘ring rain’ electromagnetically eroding the rings
away [107]. The Pioneer 11, Voyager and Cassini spacecrafts have found through radio
occultation measurements that ionospheric electron densities were an order of magnitude
lower than expected at mid- to low-latitudes [108–110]. An external influx of material such
as water, perhaps from the rings, has long been thought to explain this, as H+ (which
recombines slowly with electrons) can be converted into water ions such as H3O+, which
efficiently recombine with electrons, reducing them locally [30].

Ring rain as we know it today is a major process responsible for modifying the
global chemistry in Saturn’s upper atmosphere. Charged icy grains, which perhaps con-
tain 1 charge per 1000 neutral molecules [105], fall in from the rings and sublimate in
the relatively warm atmosphere at mid-latitudes, delivering packets of mainly-neutral
molecules [111,112]. The first observations of this phenomenon came from Voyager 2 space-
craft green-filter images of Saturn, in which dark bands were found to encircle the planet
at mid-latitudes. These dark bands indicated a reduction in sunlight being reflected from
the planet to the spacecraft from high-altitude stratospheric hazes. The latitudes of these
bands map out into space along magnetic field lines to Saturn’s rings between the B and
C rings, and also to the orbit of icy moon Enceladus, which is known to be out-gassing
water inside the Saturnian magnetosphere [113]. Haze particles act as condensation nuclei
to downward-diffusing water, so the dark bands are explained as the local removal of
haze particles, as they attach to water, become heavy and sink to the atmosphere below.
Indeed, photochemical models later demonstrated that stratospheric water locally depletes
hydrocarbons [114]. HST observations were later performed in the UV, with hydrocarbon
abundance examined in low spatial resolution at four latitudes. These observations showed
depletions of hydrocarbons [115], which were consistent with an influx of neutrals (such as
water) flowing from the rings to the atmosphere along magnetic field lines.

The 10-metre Keck telescope was used to observe Saturn’s H+
3 emissions from pole-to-

pole in 2011 [19]. In those emissions, peaks in H+
3 emissions were recorded simultaneously

at 43° and 38° north and south, respectively. These regions share a common magnetic field
line, which intersects the ring plane at approximately 1.53 RS. The latitudinal offset of
this feature in each hemisphere is a result of Saturn’s (approximately dipolar) magnetic
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field being centered slightly north of the planet’s center. This asymmetry helped to reveal
that the features were magnetically conjugate and less likely to be some other weather-
related phenomenon unique to the mid-latitude upper atmosphere in both hemispheres.
Subsequent modeling demonstrated that the increase in H+

3 emissions was caused by an
increase in H+

3 density [30], indirectly driven by water ion destruction of electrons. It
was found that when a small amount of water (or other neutral) flows into the planet,
H+

3 densities increase as electrons (which are a loss pathway for H+
3 ) are locally removed.

A large influx of water, on the other hand, can cause the loss rate of H+
3 to increase as

charge-exchange with water products starts to overtake the enhancement in H+
3 by the

reduction in electron density.
The signature of ring rain in H+

3 emissions were re-detected in Keck telescope ob-
servations taken in 2013, but the emissions were a factor of four lower than in 2011 [116],
likely because the upper atmosphere cooled by approximately 100 K and the emissions are
directly proportional to temperature [86]. Despite the lower signal to noise ratio, however,
the relative brightness between bright and dim features in the H+

3 emissions was greater
in 2013, potentially indicating that the influx of ring material had increased. Indeed, as
the rings faced the Sun more directly in 2013, the production of charged icy grains ought
to be larger, and hence, the precipitation to the planet greater [116]. In 2017, the Cassini
spacecraft flew between the planet and rings and detected the presence of grains tens of
nanometers in size near the ring plane and at mid-latitudes in both hemispheres; the latter a
spectacular confirmation of the ring rain process [117]. The grains associated with the ring
plane are associated with a newly-discovered equatorial influx of material in which grains
of the innermost rings of Saturn are de-orbited upon colliding with the upper atmosphere
(known as collisional drag) [118].

Estimating the mass loss of the rings is important for determining the age, total lifetime
and evolution of the rings, which may have existed between 4.4 million and 4.5 billion
years [105,107,119], an enormous uncertainty. Ring rain alone, it was determined, deposits
between 432 and 2870 kg s−1 of material into Saturn which, if constant, yields a future
ring system lifetime of 168–1110 million years (ranges due to uncertainties) [30,38]. In
approximate agreement, an estimated 100–370 kg s−1 was found to be deposited at mid-
latitudes by the Cassini spacecraft; the difference is possibly a result of the instrumentation
being sensitive to only a subset of all ring grain sizes [117]. The equatorial influx driven by
collision drag was determined to be much higher at 4800–45,000 kg s−1, with the range of
values encompassing variations in the amount of influx as a function of longitude. When
combining both types of ring decay and assuming they are constant, the ring lifetime
reduces much below 100 million years. These estimates assume that the rings are able to
reorganize over time, with material slowly migrating from the outside in, and also that the
rings will not entirely be removed. Saturn’s rings are large compared to those of Jupiter,
Uranus and Neptune, but given the existence of such erosion mechanisms, which may be
universal for any planet with a magnetic field, this may not have always been the case.

7. Conclusions and Future

This review has discussed how we have obtained our knowledge of giant planet
upper atmospheres using remote sensing measurements on Earth and in space. Much of
what we have considered regards solar/stellar/radio occultation measurements, infrared
spectroscopy of H+

3 and ultraviolet emissions from H2 and H. These studies have allowed us
to begin to understand how energy balance and chemistry change in the upper atmosphere
as a function of longitude, latitude, altitude, local time, season and under varying solar
wind conditions. Despite significant progress in this field, many open questions remain
and we highlight some of the major ones below and offer potential solutions:

• Are the auroras the main cause of planet-wide heating? Additional global temperature
maps recorded over several years could confirm whether or not this is the case by
giving a definitive view of Jupiter’s upper-atmospheric climate and reveal the contri-
butions from other heat sources. While global maps of temperature have been used to
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infer transport through the study of temperature gradients, direct velocity measure-
ments of the equatorward winds could remove much of the remaining doubt about
this heat-circulation mechanism. Understanding of global energy balance will also
be improved by measuring the magnitude, location and time-variability of heating
delivered by other sources, such as from acoustic waves of storms below (e.g., the GRS
at Jupiter).

• Do auroras redistribute heat at Uranus, Neptune and exoplanets, as they appear
to do at Jupiter and Saturn? Observations of Uranus and Neptune at high spatial
resolution can answer these questions, although Neptune’s upper atmosphere is (so
far) impossible to observe from the vicinity of Earth. Measurements of exoplanetary
H+

3 could be used to determine if giant planet upper-atmospheric temperatures are
chiefly driven by mechanisms local to the planet, as opposed to stellar heating, if they
can be shown to have anomalously high temperatures despite being separated a great
distance from their parent star.

• Why do the temperatures of the upper atmospheres of Saturn and Uranus change
slowly over long time scales (several years to decades)? Yearly observations taken over
decades are important for understanding the apparent seasonal trends in temperature
seen at these worlds. Global circulation models can also be improved for all planets
by including new physics (such as wave-damping [97]), which can then be used to
make testable predictions about future temperatures.

• What is the seasonal variability of Saturn’s ring rain and the equatorial influx? Deter-
mining the likely large variation of influx is essential for understanding the evolution
and lifetime of the ring system. Ring grain charging by solar EUV increases when
the rings are fully exposed to the Sun during solstice and decreases during equinox.
Long-term observations can be used to derive the (likely) varying influx of material
as a function of latitude and season. The equatorial influx may also vary over the
long-term, but owing to the equatorial region being obscured by the rings this is only
possible near solstice (from Earth-based platforms).

New and future observation platforms will allow us to study the properties of giant
planet upper atmospheres in unprecedented spatial and spectral resolution with exquisite
sensitivity. The James Webb Space Telescope (JWST) began operation in mid-2022, offering
some of the most sensitive views of the universe yet with approximately 100 times more
sensitivity than Keck. Figure 10 shows a composite image by JWST and its near-infrared
camera (NIRCam; 0.6 to 5.0 µm) instrument [120], the clarity of which surprised the authors
of this review and scores of planetary astronomers world-wide. In the image, aurorae
can be seen above the planet itself, extended for thousands of kilometers. The Sun in this
image is slightly to the left, illuminating the western (left) limb fully while leaving a small,
slither of shadow on the eastern (right) limb. Above the shadow on the eastern limb, a
thin crescent-shaped region of brightness can be seen, which cannot be reflected sunlight.
While the cause is not yet published in detail, we speculate that these are the emissions or
’air glow’ from warm H2 and H+

3 in the upper atmosphere, which emit within the 2.12 µm
filter and sits at around several hundred kilometers above the planet.

Spectroscopic data from the near-infrared spectrograph (NIRSpec; 0.6 to 5.3 µm) [121]
have already been obtained for Jupiter, with early examinations showing that H+

3 parame-
ters can be successfully derived at low-latitudes on Jupiter at the highest spatial resolutions
ever achieved (private communication, Henrik Melin). JWST will thus allow for the explo-
ration of planets in a similar manner to the next-generation of ground-based telescopes,
but a key advantage of JWST is its ability to probe all wavelengths of light free from atmo-
spheric absorption. At Saturn, emissions from water-based ion H3O+ are important for
understanding upper-atmospheric chemistry and determining the rate of water influx into
the planet, but most of the brightest emission lines from this ion (at 10–20 µm) are blocked
from the ground [122]. JWST’s mid-infrared instrument (MIRI; 4.9 to 28.1 µm) [123] and as
such represents the current best chance of detecting the ion’s presence.
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Figure 10. JWST composite image of Jupiter using three NIRCam filters—F360M (3.6 µm; mapped to
red), F212N (2.12 µm; mapped to yellow-green), and F150W2 (1.5 µm; mapped to cyan). Each image
was de-rotated before combining in order to account for the planet’s rotation. Credit: NASA, ESA,
CSA, Jupiter ERS Team; image processing by Judy Schmidt.

The current largest telescope being routinely used for astronomy of giant planet upper
atmospheres, namely through the study of H+

3 in the near infrared, is the 10 m Keck II
telescope in Hawaii, with a collecting area of 76 m2. Three of the largest observatories
in history are currently under construction, which have effective apertures of 22 m (the
Giant Magellan Telescope), 30 m (the Thirty Meter Telescope) and 39 m (the European
Extremely Large Telescope), with planned completions aimed for the late 2020s. These
telescopes use segmented mirrors like Keck rather than one monolithic piece, and have
collecting areas of 368 m2 (4.5 × Keck), 655 m2 (8.6 × Keck) and 978 m2 (12.9 × Keck),
respectively. Lower diffraction limits will afford approximately an order of magnitude
smaller (i.e., ‘better’) spatial resolution using adaptive optics, though each instrument will
typically have smaller fields of view. These factors together mean that sub-planetary scale
regions of the upper atmosphere, such as the aurorae, can be probed in unprecedented
detail with low uncertainties.

Altitude profiles of H+
3 temperature, density and emission above the limb will also

be greatly improved, for example, at Jupiter, these parameters will be derived at ∼10 s
kilometres per pixel compared to the previous∼100 s kilometres per pixel. This information
can be used to find the altitude of auroral energy deposition and characterize the vertically-
propagating atmospheric waves, which are thought to play a pivotal role in allowing
auroral energy to circulate planet-wide. The auroral ovals of Uranus (see Figure 1) may be
resolved routinely, allowing researchers to determine if the source of heating planet-wide
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is the auroras. Finally, these new technologies renew hopes for finding H+
3 emissions at

Neptune, or at least help to determine new upper limits of astrophysical importance.
The Juno spacecraft is currently at Jupiter until at least 2025, NASA’s Europa Clipper

will be present in the system between 2030–2034 and the European Space Agency’s Jupiter
Icy Moon Explorer (JUICE) spacecraft will visit between 2031–2034, although only Juno
will specifically study Jupiter itself. A mission to Saturn’s moon Titan is slated to arrive in
2034, which would fly a robotic rotorcraft (essentially an automated drone probe) over the
surface. The next mission dedicated to the study of a giant planet is likely to be the Uranus
Orbiter and Probe, which could potentially arrive at the planet in 2044 for a 4.5-year-long
mission. Uranus and Neptune have never been orbited by a spacecraft, having had only a
single fly-by each, so much will be learned about ice giants from such a mission. Currently,
there are no missions planned for the exploration of Neptune. Ground-based and space-
based telescope platforms will monitor these worlds when they are without a companion
spacecraft from Earth. In addition, and crucially, Earth-based platforms will also support
these missions by providing additional context to their observations (and vice versa).

The study of giant planet upper atmospheres in the solar system has enabled us to
understand how planets interact with their environments; particularly in terms of energy
balance, chemistry and revealing of interesting phenomena. With the new astronomical
instrumentation outlined above, our knowledge can be expanded further and farther by
detecting exoplanetary upper atmospheres through their H+

3 emissions, and examining
planet–star interactions for the first time. Auroral H+

3 emissions at Jupiter and Saturn near
3–4 µm are the dominant emission in this wavelength, often orders of magnitude brighter
than other planetary features [124], so a positive detection of exo-H+

3 would thus strongly
imply ongoing auroral processes and indicate the presence of a planetary magnetic field. GJ
504b, a Jovian exoplanet resolved around a solar-type star, is an example candidate for such
a search. As it is separated from its host star by 2.5 arcseconds, a spectrum with minimal
stellar contamination may be obtained using either adaptive optics from the ground or
JWST. Such a spectrum can be used to derive column-integrated densities and temperatures
of H+

3 , parameters that have for decades given a fountain of insights about gas giant upper
atmospheres in our solar system.

Over the last few decades, our technological ability to remotely understand the prop-
erties of giant planet upper atmospheres has increased dramatically by every metric. This
upward trend is set to continue with new, ever more sensitive infrared-capable telescopes,
such as JWST and 20–40 m class ground-based telescopes. As a result, and in the future, we
may obtain a comprehensive understanding of weather and climate in giant planet upper
atmospheres in the solar system and beyond.

Author Contributions: J.O. designed and wrote the majority of this manuscript, including editing of
figures. T.S. added substantial contributions to the text and played a significant role in the design. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Japanese Aerospace Exploration Agency (JAXA) under
the International Top Young Fellowship program.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Henrik Melin of the University of Leicester for
helpful feedback on this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Burke, B.F.; Franklin, K.L. Observations of a Variable Radio Source Associated with the Planet Jupiter. J. Geophys. Res. 1955,

60, 213–217. [CrossRef]
2. Clarke, J.T.; Grodent, D.; Cowley, S.W.H.; Bunce, E.J.; Zarka, P.; Connerney, J.E.P.; Satoh, T. Jupiter’s aurora. Jupiter Planet Satell.

Magnetos. 2004, 1, 639–670.
3. Yelle, R.V.; Miller, S. Jupiter’s thermosphere and ionosphere. In Jupiter. The Planet, Satellites and Magnetosphere; Cambridge

University Press: Cambridge, UK, 2004; pp. 185–218.

http://doi.org/10.1029/JZ060i002p00213


Remote Sens. 2022, 14, 6326 20 of 24

4. Melin, H.; Badman, S.V.; Stallard, T.S.; Cowley, S.W.H.; Dyudina, U.; Nichols, J.D.; Provan, G.; O’Donoghue, J.; Pryor, W.R.;
Baines, K.H.; et al. Simultaneous multi-scale and multi-instrument observations of Saturn’s aurorae during the 2013 observing
campaign. Icarus 2016, 263, 56–74. [CrossRef]

5. Bhardwaj, A.; Gladstone, G.R. Auroral emissions of the giant planets. Rev. Geophys. 2000, 38, 295–354. [CrossRef]
6. Stallard, T.S.; Burrell, A.G.; Melin, H.; Fletcher, L.N.; Miller, S.; Moore, L.; O’Donoghue, J.; Connerney, J.E.P.; Satoh, T.; Johnson,

R.E. Identification of Jupiter’s magnetic equator through H+
3 ionospheric emission. Nat. Astron. 2018, 2, 773–777. [CrossRef]

7. Stallard, T.; Miller, S.; Ballester, G.E.; Rego, D.; Joseph, R.D.; Trafton, L.M. The H+
3 Latitudinal Profile of Saturn. Astrophys. J. 1999,

521, L149–L152. [CrossRef]
8. Lam, H.A.; Miller, S.; Joseph, R.D.; Geballe, T.R.; Trafton, L.M.; Tennyson, J.; Ballester, G.E. Variation in the H+

3 Emission of
Uranus. Astrophys. J. 1997, 474, L73–L76. [CrossRef]

9. Herbert, F. Aurora and magnetic field of Uranus. J. Geophys. Res. (Space Phys.) 2009, 114, A11206. [CrossRef]
10. Melin, H.; Stallard, T.S.; Miller, S.; Geballe, T.R.; Trafton, L.M.; O’Donoghue, J. Post-equinoctial observations of the ionosphere of

Uranus. Icarus 2013, 223, 741–748. [CrossRef]
11. Satoh, T.; Connerney, J.E.P. Jupiter’s H+

3 Emissions Viewed in Corrected Jovimagnetic Coordinates. Icarus 1999, 141, 236–252.
[CrossRef]

12. Melin, H. Comparative Aeronomy of the Upper Atmospheres of the Giant Planets; University College London: London, UK, 2006.
13. Mura, A.; Adriani, A.; Altieri, F.; Connerney, J.E.P.; Bolton, S.J.; Moriconi, M.L.; Gérard, J.C.; Kurth, W.S.; Dinelli, B.M.; Fabiano, F.;

et al. Infrared observations of Jovian aurora from Juno’s first orbits: Main oval and satellite footprints. Geophys. Res. Lett. 2017,
44, 5308–5316. [CrossRef]

14. Pryor, W.R.; Rymer, A.M.; Mitchell, D.G.; Hill, T.W.; Young, D.T.; Saur, J.; Jones, G.H.; Jacobsen, S.; Cowley, S.W.H.; Mauk, B.H.;
et al. The auroral footprint of Enceladus on Saturn. Nature 2011, 472, 331–333. [CrossRef] [PubMed]

15. Melin, H. The upper atmospheres of Uranus and Neptune. Phil. Trans. Roy. Soc. Lond. Ser. A 2020, 378, 20190478. [CrossRef]
[PubMed]

16. Moore, L.; Galand, M.; Kliore, A.J.; Nagy, A.F.; O’Donoghue, J. Saturn’s Ionosphere; Cambridge University Press: Cambridge, UK,
2018; pp. 196–223. [CrossRef]

17. Moore, L.; Melin, H.; O’Donoghue, J.; Stallard, T.S.; Moses, J.I.; Galand, M.; Miller, S.; Schmidt, C.A. Modelling H+
3 in planetary

atmospheres: Effects of vertical gradients on observed quantities. Philos. Trans. R. Soc. Lond. Ser. A 2019, 377, 20190067. [CrossRef]
18. Moore, L.; Moses, J.I.; Melin, H.; Stallard, T.S.; O’Donoghue, J. Atmospheric implications of the lack of H+

3 detection at Neptune.
Philos. Trans. R. Soc. Lond. Ser. A 2020, 378, 20200100. [CrossRef]

19. O’Donoghue, J.; Stallard, T.S.; Melin, H.; Jones, G.H.; Cowley, S.W.H.; Miller, S.; Baines, K.H.; Blake, J.S.D. The domination of
Saturn’s low-latitude ionosphere by ring ‘rain’. Nature 2013, 496, 193–195. [CrossRef]

20. Stallard, T.; Miller, S.; Melin, H.; Lystrup, M.; Cowley, S.W.H.; Bunce, E.J.; Achilleos, N.; Dougherty, M. Jovian-like aurorae on
Saturn. Nature 2008, 453, 1083–1085. [CrossRef]

21. Tao, C.; Badman, S.V.; Fujimoto, M. UV and IR auroral emission model for the outer planets: Jupiter and Saturn comparison.
Icarus 2011, 213, 581–592. [CrossRef]

22. Melin, H.; Miller, S.; Stallard, T.; Smith, C.; Grodent, D. Estimated energy balance in the jovian upper atmosphere during an
auroral heating event. Icarus 2006, 181, 256–265. [CrossRef]

23. Johnson, R.E.; Melin, H.; Stallard, T.S.; Tao, C.; Nichols, J.D.; Chowdhury, M.N. Mapping H+
3 Temperatures in Jupiter’s Northern

Auroral Ionosphere Using VLT-CRIRES. J. Geophys. Res. (Space Phys.) 2018, 123, 5990–6008. [CrossRef]
24. O’Donoghue, J.; Stallard, T.S.; Melin, H.; Cowley, S.W.H.; Badman, S.V.; Moore, L.; Miller, S.; Tao, C.; Baines, K.H.; Blake, J.S.D.

Conjugate observations of Saturn’s northern and southern H+
3 aurorae. Icarus 2014, 229, 214–220. [CrossRef]

25. Melin, H.; Stallard, T.S.; O’Donoghue, J.; Badman, S.V.; Miller, S.; Blake, J.S.D. On the anticorrelation between H+
3 temperature

and density in giant planet ionospheres. Mon. Not. R. Astron. Soc. 2014, 438, 1611–1617. [CrossRef]
26. Gaidos, E.; Yung, Y. Evolution of earth’s atmosphere. In Encyclopedia of Atmospheric Sciences; Holton, J.R., Ed.; Academic Press:

Oxford, UK, 2003; pp. 762–767. [CrossRef]
27. Miller, S.; Stallard, T.; Smith, C.; Millward, G.; Melin, H.; Lystrup, H.; Aylward, A. H+

3 : The driver of giant planet atmospheres.
Phil. Trans. R. Soc. Lond. 2006, 364, 3121–3137. [CrossRef]

28. Miller, S.; Tennyson, J.; Geballe, T.R.; Stallard, T. Thirty years of H+
3 astronomy. Rev. Mod. Phys. 2020, 92, 035003. [CrossRef]

29. Oka, T. Interstellar Chemistry Special Feature: Interstellar H+
3 . Proc. Natl. Acad. Sci. USA 2006, 103, 12235–12242. [CrossRef]

30. Moore, L.; O’Donoghue, J.; Müller-Wodarg, I.; Galand, M.; Mendillo, M. Saturn ring rain: Model estimates of water influx into
Saturn’s atmosphere. Icarus 2015, 245, 355–366. [CrossRef]

31. Stallard, T.; Miller, S.; Millward, G.; Joseph, R.D. On the Dynamics of the Jovian Ionosphere and Thermosphere. I. The
Measurement of Ion Winds. Icarus 2001, 154, 475–491. [CrossRef]

32. Stallard, T.; Miller, S.; Millward, G.; Joseph, R.D. On the Dynamics of the Jovian Ionosphere and Thermosphere. II. The
Measurement of H+

3 Vibrational Temperature, Column Density, and Total Emission. Icarus 2002, 156, 498–514. [CrossRef]
33. Miller, S.; Joseph, R.D.; Tennyson, J. Infrared emissions of H+

3 in the atmosphere of Jupiter in the 2.1 and 4.0 micron region.
Astrophys. J. 1990, 360, L55–L58. [CrossRef]

34. Moore, L.; Galand, M.; Mueller-Wodarg, I.; Yelle, R.; Mendillo, M. Plasma temperatures in Saturn’s ionosphere. J. Geophys. Res.
(Space Phys.) 2008, 113, 10306. [CrossRef]

http://dx.doi.org/10.1016/j.icarus.2015.08.021
http://dx.doi.org/10.1029/1998RG000046
http://dx.doi.org/10.1038/s41550-018-0523-z
http://dx.doi.org/10.1086/312189
http://dx.doi.org/10.1086/310424
http://dx.doi.org/10.1029/2009JA014394
http://dx.doi.org/10.1016/j.icarus.2013.01.012
http://dx.doi.org/10.1006/icar.1999.6173
http://dx.doi.org/10.1002/2017GL072954
http://dx.doi.org/10.1038/nature09928
http://www.ncbi.nlm.nih.gov/pubmed/21512570
http://dx.doi.org/10.1098/rsta.2019.0478
http://www.ncbi.nlm.nih.gov/pubmed/33161864
http://dx.doi.org/10.1017/9781316227220.008
http://dx.doi.org/10.1098/rsta.2019.0067
http://dx.doi.org/10.1098/rsta.2020.0100
http://dx.doi.org/10.1038/nature12049
http://dx.doi.org/10.1038/nature07077
http://dx.doi.org/10.1016/j.icarus.2011.04.001
http://dx.doi.org/10.1016/j.icarus.2005.11.004
http://dx.doi.org/10.1029/2018JA025511
http://dx.doi.org/10.1016/j.icarus.2013.11.009
http://dx.doi.org/10.1093/mnras/stt2299
http://dx.doi.org/10.1016/B0-12-227090-8/00038-5
http://dx.doi.org/10.1098/rsta.2006.1877
http://dx.doi.org/10.1103/RevModPhys.92.035003
http://dx.doi.org/10.1073/pnas.0601242103
http://dx.doi.org/10.1016/j.icarus.2014.08.041
http://dx.doi.org/10.1006/icar.2001.6681
http://dx.doi.org/10.1006/icar.2001.6793
http://dx.doi.org/10.1086/185811
http://dx.doi.org/10.1029/2008JA013373


Remote Sens. 2022, 14, 6326 21 of 24

35. Drossart, P.; Maillard, J.P.; Caldwell, J.; Kim, S.J.; Watson, J.K.G.; Majewski, W.A.; Tennyson, J.; Miller, S.; Atreya, S.K.; Clarke, J.T.;
et al. Detection of H+

3 on Jupiter. Nature 1989, 340, 539–541. [CrossRef]
36. Ballester, G.E.; Miller, S.; Tennyson, J.; Trafton, L.M.; Geballe, T.R. Latitudinal Temperature Variations of Jovian H+

3 . Icarus 1994,
107, 189–194. [CrossRef]

37. Geballe, T.R.; Jagod, M.F.; Oka, T. Detection of H+
3 Infrared Emission Lines in Saturn. Astrophys. J. 1993, 408, L109. [CrossRef]

38. O’Donoghue, J.; Moore, L.; Connerney, J.; Melin, H.; Stallard, T.S.; Miller, S.; Baines, K.H. Observations of the chemical and
thermal response of ’ring rain’ on Saturn’s ionosphere. Icarus 2019, 322, 251–260. [CrossRef]

39. Trafton, L.M.; Geballe, T.R.; Miller, S.; Tennyson, J.; Ballester, G.E. The Detection of H+
3 in Uranus’ Atmosphere. AAS/Division

for Planetary Sciences Meeting Abstracts #24. Bull. Am. Astron. Soc. 1993, 24, 989.
40. Feuchtgruber, H.; Encrenaz, T. The infrared spectrum of Neptune at 3.5-4.1 microns: Search for H+

3 and evidence for recent
meteorological variations. Astron. Astrophys. 2003, 403, L7–L10. [CrossRef]

41. Melin, H.; Stallard, T.; Miller, S.; Lystrup, M.B.; Trafton, L.M.; Booth, T.C.; Rivers, C. New limits on H+
3 abundance on Neptune

using Keck NIRSPEC. Mon. Not. R. Ast. Soc. 2011, 410, 641–644. [CrossRef]
42. Melin, H.; Fletcher, L.N.; Stallard, T.S.; Johnson, R.E.; O’Donoghue, J.; Moore, L.; Donnelly, P.T. The quest for H+

3 at Neptune:
Deep burn observations with NASA IRTF iSHELL. Mon. Not. R. Ast. Soc. 2018, 474, 3714–3719. [CrossRef]

43. Moos, H.W.; Fastie, W.G.; Bottema, M. Rocket Measurement of Ultraviolet Spectra of Venus and Jupiter Between 1200 and 1800 Å.
Astrophys. J. 1969, 155, 887. [CrossRef]

44. Gérard, J.C.; Gkouvelis, L.; Bonfond, B.; Gladstone, G.R.; Mura, A.; Adriani, A.; Grodent, D.; Hue, V.; Greathouse, T.K. H+
3 cooling

in the Jovian aurora: Juno remote sensing observations and modeling. Icarus 2023, 389, 115261. [CrossRef]
45. Melin, H.; Stallard, T.S. Jupiter’s hydrogen bulge: A Cassini perspective. Icarus 2016, 278, 238–247. [CrossRef]
46. Uno, T.; Kasaba, Y.; Tao, C.; Sakanoi, T.; Kagitani, M.; Fujisawa, S.; Kita, H.; Badman, S.V. Vertical emissivity profiles of Jupiter’s

northern H+
3 and H2 infrared auroras observed by Subaru/IRCS. J. Geophys. Res. 2014, 119, 10219–10241. [CrossRef]

47. Lam, H.A.; Achilleos, N.; Miller, S.; Tennyson, J.; Trafton, L.M.; Geballe, T.R.; Ballester, G.E. A Baseline Spectroscopic Study of the
Infrared Auroras of Jupiter. Icarus 1997, 127, 379–393. [CrossRef]

48. Dunn, W.R.; Branduardi-Raymont, G.; Ray, L.C.; Jackman, C.M.; Kraft, R.P.; Elsner, R.F.; Rae, I.J.; Yao, Z.; Vogt, M.F.; Jones, G.H.;
et al. The independent pulsations of Jupiter’s northern and southern X-ray auroras. Nat. Astron. 2017, 1, 758–764. [CrossRef]

49. Dunn, W.R.; Ness, J.U.; Lamy, L.; Tremblay, G.R.; Branduardi-Raymont, G.; Snios, B.; Kraft, R.P.; Yao, Z.; Wibisono, A.D. A Low
Signal Detection of X Rays From Uranus. J. Geophys. Res. (Space Phys.) 2021, 126, e28739. [CrossRef]

50. Weigt, D.M.; Dunn, W.R.; Jackman, C.M.; Kraft, R.; Branduardi-Raymont, G.; Nichols, J.D.; Wibisono, A.D.; Vogt, M.F.; Gladstone,
G.R. Searching for Saturn’s X-rays during a rare Jupiter Magnetotail crossing using Chandra. Mon. Not. R. Astron. Soc. 2021,
506, 298–305. [CrossRef]

51. Strobel, D.F.; Koskinen, T.T.; Müller-Wodarg, I. Saturn’s Variable Thermosphere. In Saturn in the 21st Century; Baines, K.H., Flasar,
F.M., Krupp, N., Stallard, T., Eds.; Cambridge Planetary Science, Cambridge University Press: Cambridge, UK, 2018; pp. 224–250.
[CrossRef]

52. Kliore, A.J.; Nagy, A.F.; Marouf, E.A.; Anabtawi, A.; Barbinis, E.; Fleischman, D.U.; Kahan, D.S. Midlatitude and high-latitude
electron density profiles in the ionosphere of Saturn obtained by Cassini radio occultation observations. J. Geophys. Res. (Space
Phys.) 2009, 114, A04315. [CrossRef]

53. Kurth, W.S.; Imai, M.; Hospodarsky, G.B.; Gurnett, D.A.; Louarn, P.; Valek, P.; Allegrini, F.; Connerney, J.E.P.; Mauk, B.H.; Bolton,
S.J.; et al. A new view of Jupiter’s auroral radio spectrum. Geophys. Res. Lett. 2017, 44, 7114–7121. [CrossRef]

54. Lamy, L.; Zarka, P.; Cecconi, B.; Prangé, R.; Kurth, W.S.; Hospodarsky, G.; Persoon, A.; Morooka, M.; Wahlund, J.E.; Hunt, G.J.
The low-frequency source of Saturn’s kilometric radiation. Science 2018, 362, aat2027. [CrossRef]

55. Lamy, L.; Prangé, R.; Tao, C.; Kim, T.; Badman, S.V.; Zarka, P.; Cecconi, B.; Kurth, W.S.; Pryor, W.; Bunce, E.; et al. Saturn’s
Northern Aurorae at Solstice From HST Observations Coordinated With Cassini’s Grand Finale. Geophys. Res. Lett. 2018,
45, 9353–9362. [CrossRef]

56. Martos, Y.M.; Imai, M.; Connerney, J.E.P.; Kotsiaros, S.; Kurth, W.S. Juno Reveals New Insights Into Io-Related Decameter Radio
Emissions. J. Geophys. Res. (Planets) 2020, 125, e06415. [CrossRef]

57. Bunce, E.J.; Arridge, C.S.; Clarke, J.T.; Coates, A.J.; Cowley, S.W.H.; Dougherty, M.K.; Gérard, J.C.; Grodent, D.; Hansen, K.C.;
Nichols, J.D.; et al. Origin of Saturn’s aurora: Simultaneous observations by Cassini and the Hubble Space Telescope. J. Geophys.
Res. 2008, 113, 9209. [CrossRef]

58. Kollmann, P.; Cohen, I.; Allen, R.C.; Clark, G.; Roussos, E.; Vines, S.; Dietrich, W.; Wicht, J.; de Pater, I.; Runyon, K.D.; et al.
Magnetospheric Studies: A Requirement for Addressing Interdisciplinary Mysteries in the Ice Giant Systems. Space Sci. Rev. 2020,
216, 78. [CrossRef]

59. Cowley, S.W.H.; Alexeev, I.I.; Belenkaya, E.S.; Bunce, E.J.; Cottis, C.E.; Kalegaev, V.V.; Nichols, J.D.; Prangé, R.; Wilson, F.J. A
simple axisymmetric model of magnetosphere-ionosphere coupling currents in Jupiter’s polar ionosphere. J. Geophys. Res. 2005,
110, 11209. [CrossRef]

60. Cowley, S.W.H.; Arridge, C.S.; Bunce, E.J.; Clarke, J.T.; Coates, A.J.; Dougherty, M.K.; Gérard, J.C.; Grodent, D.; Nichols, J.D.;
Talboys, D.L. Auroral current systems in Saturn’s magnetosphere: Comparison of theoretical models with Cassini and HST
observations. Ann. Geophys. 2008, 26, 2613–2630. [CrossRef]

http://dx.doi.org/10.1038/340539a0
http://dx.doi.org/10.1006/icar.1994.1015
http://dx.doi.org/10.1086/186843
http://dx.doi.org/10.1016/j.icarus.2018.10.027
http://dx.doi.org/10.1051/0004-6361:20030414
http://dx.doi.org/10.1111/j.1365-2966.2010.17468.x
http://dx.doi.org/10.1093/mnras/stx3029
http://dx.doi.org/10.1086/149919
http://dx.doi.org/10.1016/j.icarus.2022.115261
http://dx.doi.org/10.1016/j.icarus.2016.06.023
http://dx.doi.org/10.1002/2014JA020454
http://dx.doi.org/10.1006/icar.1997.5698
http://dx.doi.org/10.1038/s41550-017-0262-6
http://dx.doi.org/10.1029/2020JA028739
http://dx.doi.org/10.1093/mnras/stab1680
http://dx.doi.org/10.1017/9781316227220.009
http://dx.doi.org/10.1029/2008JA013900
http://dx.doi.org/10.1002/2017GL072889
http://dx.doi.org/10.1126/science.aat2027
http://dx.doi.org/10.1029/2018GL078211
http://dx.doi.org/10.1029/2020JE006415
http://dx.doi.org/10.1029/2008JA013257
http://dx.doi.org/10.1007/s11214-020-00696-5
http://dx.doi.org/10.1029/2005JA011237
http://dx.doi.org/10.5194/angeo-26-2613-2008


Remote Sens. 2022, 14, 6326 22 of 24

61. Johnson, R.E.; Stallard, T.S.; Melin, H.; Nichols, J.D.; Cowley, S.W.H. Jupiter’s polar ionospheric flows: High resolution mapping
of spectral intensity and line-of-sight velocity of H+

3 ions. J. Geophys. Res. (Space Phys.) 2017, 122, 7599–7618. [CrossRef]
62. Grodent, D.; Bonfond, B.; GéRard, J.C.; Radioti, A.; Gustin, J.; Clarke, J.T.; Nichols, J.; Connerney, J.E.P. Auroral evidence of a

localized magnetic anomaly in Jupiter’s northern hemisphere. J. Geophys. Res. 2008, 113, 9201. [CrossRef]
63. Nichols, J.D.; Bunce, E.J.; Clarke, J.T.; Cowley, S.W.H.; Gérard, J.C.; Grodent, D.; Pryor, W.R. Response of Jupiter’s UV auroras to

interplanetary conditions as observed by the Hubble Space Telescope during the Cassini flyby campaign. J. Geophys. Res. (Space
Phys.) 2007, 112, A02203. [CrossRef]

64. Grodent, D.; Bonfond, B.; Yao, Z.; Gérard, J.C.; Radioti, A.; Dumont, M.; Palmaerts, B.; Adriani, A.; Badman, S.V.; Bunce, E.J.; et al.
Jupiter’s Aurora Observed With HST During Juno Orbits 3 to 7. J. Geophys. Res. (Space Phys.) 2018, 123, 3299–3319. [CrossRef]

65. Bonfond, B.; Yao, Z.H.; Gladstone, G.R.; Grodent, D.; Gérard, J.C.; Matar, J.; Palmaerts, B.; Greathouse, T.K.; Hue, V.; Versteeg,
M.H.; et al. Are Dawn Storms Jupiter’s Auroral Substorms? AGU Adv. 2021, 2, e00275. [CrossRef]

66. Clarke, J.T.; Nichols, J.; Gérard, J.C.; Grodent, D.; Hansen, K.C.; Kurth, W.; Gladstone, G.R.; Duval, J.; Wannawichian, S.; Bunce,
E.; et al. Response of Jupiter’s and Saturn’s auroral activity to the solar wind. J. Geophys. Res. (Space Phys.) 2009, 114, 5210.
[CrossRef]

67. Kita, H.; Kimura, T.; Tao, C.; Tsuchiya, F.; Misawa, H.; Sakanoi, T.; Kasaba, Y.; Murakami, G.; Yoshioka, K.; Yamazaki, A.; et
al. Characteristics of solar wind control on Jovian UV auroral activity deciphered by long-term Hisaki EXCEED observations:
Evidence of preconditioning of the magnetosphere? Geophys. Res. Lett. 2016, 43, 6790–6798. [CrossRef]

68. Tao, C.; Kimura, T.; Kronberg, E.A.; Tsuchiya, F.; Murakami, G.; Yamazaki, A.; Vogt, M.F.; Bonfond, B.; Yoshioka, K.; Yoshikawa, I.;
et al. Variation of Jupiter’s Aurora Observed by Hisaki/EXCEED: 4. Quasi Periodic Variation. J. Geophys. Res. (Space Phys.) 2021,
126, e28575. [CrossRef]

69. Badman, S.V.; Bonfond, B.; Fujimoto, M.; Gray, R.L.; Kasaba, Y.; Kasahara, S.; Kimura, T.; Melin, H.; Nichols, J.D.; Steffl, A.J.; et al.
Weakening of Jupiter’s main auroral emission during January 2014. Geophys. Res. Lett. 2016, 43, 988–997. [CrossRef]

70. Badman, S.V.; Cowley, S.W.H.; Gérard, J.C.; Grodent, D. A statistical analysis of the location and width of Saturn’s southern
auroras. Ann. Geophys. 2006, 24, 3533–3545. [CrossRef]

71. Badman, S.V.; Tao, C.; Grocott, A.; Kasahara, S.; Melin, H.; Brown, R.H.; Baines, K.H.; Fujimoto, M.; Stallard, T. Cassini VIMS
observations of latitudinal and hemispheric variations in Saturn’s infrared auroral intensity. Icarus 2011, 216, 367–375. [CrossRef]

72. Burton, M.E.; Dougherty, M.K.; Russell, C.T. Saturn’s internal planetary magnetic field. J. Geophys. Res. 2010, 37, 24105. [CrossRef]
73. Melin, H.; Miller, S.; Stallard, T.; Trafton, L.M.; Geballe, T.R. Variability in the H+

3 emission of Saturn: Consequences for ionisation
rates and temperature. Icarus 2007, 186, 234–241. [CrossRef]

74. Stallard, T.S.; Melin, H.; Miller, S.; O’ Donoghue, J.; Cowley, S.W.H.; Badman, S.; Adriani, A.; Brown, R.H.; Baines, K.H.
Temperature changes and energy inputs in giant planet atmospheres: What we are learning from H+

3 . Phil. Trans. R. Soc. 2012,
370, 5213–5224. [CrossRef]

75. O’Donoghue, J.; Melin, H.; Stallard, T.S.; Provan, G.; Moore, L.; Badman, S.V.; Cowley, S.W.H.; Baines, K.H.; Miller, S.; Blake, J.S.D.
Ground-based observations of Saturn’s auroral ionosphere over three days: Trends in H+

3 temperature, density and emission
with Saturn local time and planetary period oscillation. Icarus 2016, 263, 44–55. [CrossRef]

76. Nichols, J.D.; Badman, S.V.; Bunce, E.J.; Clarke, J.T.; Cowley, S.W.H.; Crary, F.J.; Dougherty, M.K.; Gérard, J.C.; Grodent, D.;
Hansen, K.C.; et al. Saturn’s equinoctial auroras. Geophys. Res. Lett. 2009, 36, 24102. [CrossRef]

77. Stallard, T.S.; Miller, S.; Trafton, L.M.; Geballe, T.R.; Joseph, R.D. Ion winds in Saturn’s southern auroral/polar region. Icarus
2004, 167, 204–211. [CrossRef]

78. Chowdhury, M.N.; Stallard, T.S.; Melin, H.; Johnson, R.E. Exploring Key Characteristics in Saturn’s Infrared Auroral Emissions
Using VLT-CRIRES: H+

3 Intensities, Ion Line-of-Sight Velocities, and Rotational Temperatures. Geophys. Res. Lett. 2019,
46, 7137–7146. [CrossRef]

79. Stallard, T.S.; Baines, K.H.; Melin, H.; Bradley, T.J.; Moore, L.; O’Donoghue, J.; Miller, S.; Chowdhury, M.N.; Badman, S.V.; Allison,
H.J.; et al. Local-time averaged maps of H+

3 emission, temperature and ion winds. Phil. Trans. R. Soc. A 2019, 377, 20180405.
[CrossRef] [PubMed]

80. Gurnett, D.A.; Kurth, W.S.; Hospodarsky, G.B.; Persoon, A.M.; Averkamp, T.F.; Cecconi, B.; Lecacheux, A.; Zarka, P.; Canu, P.;
Cornilleau-Wehrlin, N.; et al. Radio and Plasma Wave Observations at Saturn from Cassini’s Approach and First Orbit. Science
2005, 307, 1255–1259. [CrossRef]

81. Hunt, G.J.; Cowley, S.W.H.; Provan, G.; Bunce, E.J.; Alexeev, I.I.; Belenkaya, E.S.; Kalegaev, V.V.; Dougherty, M.K.; Coates,
A.J. Field-aligned currents in Saturn’s southern nightside magnetosphere: Sub-corotation and planetary period oscillation
components. J. Geophys. Res. 2014, 119, 9847–9899. [CrossRef]

82. Carbary, J.F.; Hedman, M.M.; Hill, T.W.; Jia, X.; Kurth, W.; Lamy, L.; Provan, G. The Mysterious Periodicities of Saturn. In Saturn
in the 21st Century; Baines, K.H., Flasar, F.M., Krupp, N., Stallard, T., Eds.; Cambridge University Press: Cambridge, UK, 2018;
pp. 97–125. [CrossRef]

83. Chowdhury, M.N.; Stallard, T.S.; Baines, K.H.; Provan, G.; Melin, H.; Hunt, G.J.; Moore, L.; O’Donoghue, J.; Thomas, E.M.; Wang,
R.; et al. Saturn’s Weather-Driven Aurorae Modulate Oscillations in the Magnetic Field and Radio Emissions. Geophys. Res. Lett.
2022, 49, e96492. [CrossRef]

84. Smith, C.G.A. A Saturnian cam current system driven by asymmetric thermospheric heating. Mon. Not. R. Ast. Soc. 2011,
410, 2315–2328. [CrossRef]

http://dx.doi.org/10.1002/2017JA024176
http://dx.doi.org/10.1029/2008JA013185
http://dx.doi.org/10.1029/2006JA012005
http://dx.doi.org/10.1002/2017JA025046
http://dx.doi.org/10.1029/2020AV000275
http://dx.doi.org/10.1029/2008JA013694
http://dx.doi.org/10.1002/2016GL069481
http://dx.doi.org/10.1029/2020JA028575
http://dx.doi.org/10.1002/2015GL067366
http://dx.doi.org/10.5194/angeo-24-3533-2006
http://dx.doi.org/10.1016/j.icarus.2011.09.031
http://dx.doi.org/10.1029/2010GL045148
http://dx.doi.org/10.1016/j.icarus.2006.08.014
http://dx.doi.org/10.1098/rsta.2012.0028
http://dx.doi.org/10.1016/j.icarus.2015.04.018
http://dx.doi.org/10.1029/2009GL041491
http://dx.doi.org/10.1016/j.icarus.2003.09.006
http://dx.doi.org/10.1029/2019GL083250
http://dx.doi.org/10.1098/rsta.2018.0405
http://www.ncbi.nlm.nih.gov/pubmed/31378177
http://dx.doi.org/10.1126/science.1105356
http://dx.doi.org/10.1002/2014JA020506
http://dx.doi.org/10.1017/9781316227220.005
http://dx.doi.org/10.1029/2021GL096492
http://dx.doi.org/10.1111/j.1365-2966.2010.17602.x


Remote Sens. 2022, 14, 6326 23 of 24

85. Palmroth, M.; Grandin, M.; Sarris, T.; Doornbos, E.; Tourgaidis, S.; Aikio, A.; Buchert, S.; Clilverd, M.; Dandouras, I.; Heelis, R.;
et al. Lower thermosphere–ionosphere (LTI) quantities: Current status of measuring techniques and models. Ann. Geophys. 2021,
39, 189–237. [CrossRef]

86. Koskinen, T.T.; Sandel, B.R.; Yelle, R.V.; Strobel, D.F.; Müller-Wodarg, I.C.F.; Erwin, J.T. Saturn’s variable thermosphere from
Cassini/UVIS occultations. Icarus 2015, 260, 174–189. [CrossRef]

87. Strobel, D.F.; Smith, G.R. On the temperature of the Jovian thermosphere. J. Atmos. Sci. 1973, 30, 718–725. [CrossRef]
88. Smith, C.G.A.; Aylward, A.D.; Millward, G.H.; Miller, S.; Moore, L.E. An unexpected cooling effect in Saturn’s upper atmosphere.

Nature 2007, 445, 399–401. [CrossRef] [PubMed]
89. Yates, J.N.; Ray, L.C.; Achilleos, N.; Witasse, O.; Altobelli, N. Magnetosphere-Ionosphere-Thermosphere Coupling at Jupiter

Using a Three-Dimensional Atmospheric General Circulation Model. J. Geophys. Res. (Space Phys.) 2020, 125, e26792. [CrossRef]
90. Hickey, M.P.; Walterscheid, R.L.; Schubert, G. Gravity Wave Heating and Cooling in Jupiter’s Thermosphere. Icarus 2000,

148, 266–281. [CrossRef]
91. Matcheva, K.I.; Strobel, D.F. Heating of Jupiter’s Thermosphere by Dissipation of Gravity Waves Due to Molecular Viscosity and

Heat Conduction. Icarus 1999, 140, 328–340. [CrossRef]
92. Walterscheid, R.L.; Schubert, G.; Brinkman, D.G. Acoustic waves in the upper mesosphere and lower thermosphere generated by

deep tropical convection. J. Geophys. Res. 2003, 108, 1392. [CrossRef]
93. O’Donoghue, J.; Moore, L.; Stallard, T.S.; Melin, H. Heating of Jupiter’s upper atmosphere above the Great Red Spot. Nature 2016,

536, 190–192. [CrossRef] [PubMed]
94. O’Donoghue, J.; Moore, L.; Bhakyapaibul, T.; Melin, H.; Stallard, T.; Connerney, J.E.P.; Tao, C. Global upper-atmospheric heating

on Jupiter by the polar aurorae. Nature 2021, 596, 54–57. [CrossRef]
95. Koskinen, T.T.; Sandel, B.R.; Yelle, R.V.; Capalbo, F.J.; Holsclaw, G.M.; McClintock, W.E.; Edgington, S. The density and

temperature structure near the exobase of Saturn from Cassini UVIS solar occultations. Icarus 2013, 226, 1318–1330. [CrossRef]
96. Brown, Z.; Koskinen, T.; Müller-Wodarg, I.; West, R.; Jouchoux, A.; Esposito, L. A pole-to-pole pressure-temperature map of

Saturn’s thermosphere from Cassini Grand Finale data. Nat. Astron. 2020, 4, 872–879. [CrossRef]
97. Müller-Wodarg, I.C.F.; Koskinen, T.T.; Moore, L.; Serigano, J.; Yelle, R.V.; Hörst, S.; Waite, J.H.; Mendillo, M. Atmospheric Waves

and Their Possible Effect on the Thermal Structure of Saturn’s Thermosphere. Geophys. Res. Lett. 2019, 46, 2372–2380. [CrossRef]
98. Melin, H.; Stallard, T.; Miller, S.; Trafton, L.M.; Encrenaz, T.; Geballe, T.R. Seasonal Variability in the Ionosphere of Uranus.

Astrophys. J. 2011, 729, 134. [CrossRef]
99. Melin, H.; Fletcher, L.N.; Stallard, T.S.; Miller, S.; Trafton, L.M.; Moore, L.; O’Donoghue, J.; Vervack, R.J.; Dello Russo, N.; Lamy,

L.; et al. The H+
3 ionosphere of Uranus: Decades-long cooling and local-time morphology. Philos. Trans. R. Soc. Lond. Ser. A 2019,

377, 20180408. [CrossRef]
100. Cowley, S.W.H. Response of Uranus’ auroras to solar wind compressions at equinox. J. Geophys. Res. (Space Phys.) 2013,

118, 2897–2902. [CrossRef]
101. Lamy, L. Auroral emissions from Uranus and Neptune. Phil. Trans. R. Soc. Lond. Ser. A 2020, 378, 20190481. [CrossRef]
102. Lellouch, E.; Moreno, R.; Paubert, G. A dual origin for Neptune’s carbon monoxide? Astron. Astrophys. 2005, 430, L37–L40.

[CrossRef]
103. Zebker, H.A.; Marouf, E.A.; Tyler, G.L. Saturn’s rings—Particle size distributions for thin layer model. Icarus 1985, 64, 531–548.

[CrossRef]
104. Cuzzi, J.; Clark, R.; Filacchione, G.; French, R.; Johnson, R.; Marouf, E.; Spilker, L. Ring Particle Composition and Size Distribution.

In Saturn from Cassini-Huygens; Springer: Dordrecht, The Netherlands, 2009; p. 459. [CrossRef]
105. Connerney, J. Solar system: Saturn’s ring rain. Nature 2013, 496, 178–179. [CrossRef]
106. Northrop, T.G.; Hill, J.R. Stability of negatively charged dust grains in Saturn’s ring plane. J. Geophys. Res. 1982, 87, 6045–6051.

[CrossRef]
107. Northrop, T.G.; Connerney, J.E.P. A micrometeorite erosion model and the age of Saturn’s rings. Icarus 1987, 70, 124–137.

[CrossRef]
108. Kliore, A.J.; Patel, I.R.; Lindal, G.F.; Sweetnam, D.N.; Hotz, H.B.; Waite, J.H.; McDonough, T. Structure of the ionosphere and

atmosphere of Saturn from Pioneer 11 Saturn radio occultation. J. Geophys. Res. 1980, 85, 5857–5870. [CrossRef]
109. Atreya, S.K.; Donahue, T.M.; Nagy, A.F.; Waite, J.H., Jr.; McConnell, J.C. Theory, measurements, and models of the upper

atmosphere and ionosphere of Saturn. In Saturn; University of Arizona Press: Tucson, AZ, USA, 1984; pp. 239–277.
110. Kliore, A.J.; Nagy, A.; Asmar, S.; Anabtawi, A.; Barbinis, E.; Fleischman, D.; Kahan, D.; Klose, J. The ionosphere of Saturn as

observed by the Cassini Radio Science System. Geophys. Res. Lett. 2014, 41, 5778–5782. [CrossRef]
111. Northrop, T.G.; Hill, J.R. The inner edge of Saturn’s B ring. J. Geophys. Res. 1983, 88, 6102–6108. [CrossRef]
112. Connerney, J.E.P.; Waite, J.H. New model of Saturn’s ionosphere with an influx of water from the rings. Nature 1984, 312, 136–138.

[CrossRef]
113. Dougherty, M.K.; Khurana, K.K.; Neubauer, F.M.; Russell, C.T.; Saur, J.; Leisner, J.S.; Burton, M.E. Identification of a Dynamic

Atmosphere at Enceladus with the Cassini Magnetometer. Science 2006, 311, 1406–1409. [CrossRef]
114. Moses, J.I.; Bass, S.F. The effects of external material on the chemistry and structure of Saturn’s ionosphere. J. Geophys. Res. 2000,

105, 7013–7052. [CrossRef]

http://dx.doi.org/10.5194/angeo-39-189-2021
http://dx.doi.org/10.1016/j.icarus.2015.07.008
http://dx.doi.org/10.1175/1520-0469(1973)030<0718:OTTOTJ>2.0.CO;2
http://dx.doi.org/10.1038/nature05518
http://www.ncbi.nlm.nih.gov/pubmed/17251972
http://dx.doi.org/10.1029/2019JA026792
http://dx.doi.org/10.1006/icar.2000.6472
http://dx.doi.org/10.1006/icar.1999.6151
http://dx.doi.org/10.1029/2003JA010065
http://dx.doi.org/10.1038/nature18940
http://www.ncbi.nlm.nih.gov/pubmed/27462811
http://dx.doi.org/10.1038/s41586-021-03706-w
http://dx.doi.org/10.1016/j.icarus.2013.07.037
http://dx.doi.org/10.1038/s41550-020-1060-0
http://dx.doi.org/10.1029/2018GL081124
http://dx.doi.org/10.1088/0004-637X/729/2/134
http://dx.doi.org/10.1098/rsta.2018.0408
http://dx.doi.org/10.1002/jgra.50323
http://dx.doi.org/10.1098/rsta.2019.0481
http://dx.doi.org/10.1051/0004-6361:200400127
http://dx.doi.org/10.1016/0019-1035(85)90074-0
http://dx.doi.org/10.1007/978-1-4020-9217-6_15
http://dx.doi.org/10.1038/496178a
http://dx.doi.org/10.1029/JA087iA08p06045
http://dx.doi.org/10.1016/0019-1035(87)90079-0
http://dx.doi.org/10.1029/JA085iA11p05857
http://dx.doi.org/10.1002/2014GL060512
http://dx.doi.org/10.1029/JA088iA08p06102
http://dx.doi.org/10.1038/312136a0
http://dx.doi.org/10.1126/science.1120985
http://dx.doi.org/10.1029/1999JE001172


Remote Sens. 2022, 14, 6326 24 of 24

115. Prangé, R.; Fouchet, T.; Courtin, R.; Connerney, J.E.P.; McConnell, J.C. Latitudinal variation of Saturn photochemistry deduced
from spatially-resolved ultraviolet spectra. Icarus 2006, 180, 379–392. [CrossRef]

116. O’Donoghue, J.; Moore, L.; Connerney, J.E.P.; Melin, H.; Stallard, T.S.; Miller, S.; Baines, K.H. Redetection of the Ionospheric H+
3

Signature of Saturn’s “Ring Rain”. Geophys. Res. Lett. 2017, 44, 11. [CrossRef]
117. Hsu, H.W.; Schmidt, J.; Kempf, S.; Postberg, F.; Moragas-Klostermeyer, G.; Seiß, M.; Hoffmann, H.; Burton, M.; Ye, S.; Kurth, W.S.;

et al. In situ collection of dust grains falling from Saturn’s rings into its atmosphere. Science 2018, 362, eaat3185. [CrossRef]
118. Waite, J.H.; Perryman, R.S.; Perry, M.E.; Miller, K.E.; Bell, J.; Cravens, T.E.; Glein, C.R.; Grimes, J.; Hedman, M.; Cuzzi, J.; et al.

Chemical interactions between Saturn’s atmosphere and its rings. Science 2018, 362, eaat2382. [CrossRef]
119. Canup, R.M. Origin of Saturn’s rings and inner moons by mass removal from a lost Titan-sized satellite. Nature 2010, 468, 943–946.

[CrossRef] [PubMed]
120. Rieke, M.J.; Kelly, D.; Horner, S. Overview of James Webb Space Telescope and NIRCam’s Role. In Cryogenic Optical Systems and

Instruments XI; Heaney, J.B., Burriesci, L.G., Eds.; Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series;
SPIE: Bellingham, WA, USA, 2005; Volume 5904, pp. 1–8. [CrossRef]

121. Jakobsen, P.; Ferruit, P.; Alves de Oliveira, C.; Arribas, S.; Bagnasco, G.; Barho, R.; Beck, T.L.; Birkmann, S.; Böker, T.; Bunker, A.J.;
et al. The Near-Infrared Spectrograph (NIRSpec) on the James Webb Space Telescope. I. Overview of the instrument and its
capabilities. Astron. Astrophys. 2022, 661, A80. [CrossRef]

122. Yurchenko, S.N.; Tennyson, J.; Miller, S.; Melnikov, V.V.; O’Donoghue, J.; Moore, L. ExoMol line lists—XL. Rovibrational
molecular line list for the hydronium ion (H3O+). Mon. Not. R. Ast. Soc. 2020, 497, 2340–2351. [CrossRef]

123. Rieke, G.H.; Wright, G.S.; Böker, T.; Bouwman, J.; Colina, L.; Glasse, A.; Gordon, K.D.; Greene, T.P.; Güdel, M.; Henning, T.;
et al. The Mid-Infrared Instrument for the James Webb Space Telescope, I: Introduction. Publ. Astron. Soc. Pac. 2015, 127, 584.
[CrossRef]

124. Connerney, J.E.P.; Satoh, T. The H+
3 ion: A remote diagnostic of the jovian magnetosphere. Philos. Trans. R. Soc. Lond. 2000, 358,

2359–2559. [CrossRef]

http://dx.doi.org/10.1016/j.icarus.2005.11.005
http://dx.doi.org/10.1002/2017GL075932
http://dx.doi.org/10.1126/science.aat3185
http://dx.doi.org/10.1126/science.aat2382
http://dx.doi.org/10.1038/nature09661
http://www.ncbi.nlm.nih.gov/pubmed/21151108
http://dx.doi.org/10.1117/12.615554
http://dx.doi.org/10.1051/0004-6361/202142663
http://dx.doi.org/10.1093/mnras/staa2034
http://dx.doi.org/10.1086/682252
http://dx.doi.org/10.1098/rsta.2000.0661

	Background and Motivation
	Introduction to Giant Planet Upper Atmospheres
	Observing Giant Glanet Upper Atmospheres
	Giant Planet Aurorae
	Global Upper Atmospheric Weather and Circulation
	Saturn's Ring Rain
	Conclusions and Future
	References

