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The Ice Giants
• Far away from the Sun, cold 

temperatures  
Uranus ~19 AU 
Neptune ~30 AU 

• Dominated by hydrogen and helium


• Both Neptune and Uranus about 4 times 
the size of the Earth


• Highly offset magnetic fields, with 
quadruple and octopod components 
(i.e. not just a dipole)


• This size and type of planet is common 
throughout the universe

Jupiter

Earth

Saturn

Uranus

Neptune



Discovery of 
Uranus

• First planet to be discovered since 
the antiquities


• Worked with his sister Caroline to 
make a number of discoveries 


• Chance observation by William 
Hershel in 1781, which made him 
a superstar


• Build the 40-foot telescope in 
Slough, paid for by King George III



Discovery of 
Neptune

1821 - Alexis Bouvard

• Alexis Bouvard used Newton’s Laws 
of Motion to predict the positions of 
Jupiter, Saturn and Uranus - those 
of Uranus were wildly off


• Adams & Le Verrier both made 
predictions of where to find the 
“New Planet”


• Neptune first observed on 24 Sept 
1846 by Johann Gottfried Galle at 
the Berlin Observatory


• "The planet whose place you have 
[computed] really exists”  
(Galle to Le Verrier)

1846 - Johann Gottfried Galle



Upper atmosphere - definition
• Situated above the homopause - above which molecular 

diffusion dominates over eddy diffusion (turbulent mixing)


• Each species is distributed according to its own scale height, 
dependent on mass. Dominated by light species.


• Low density


• Two basic components: neutral thermosphere and charged 
particle ionosphere


• The molecular ion H3+ is a dominant ion in the ionosphere 
and is observable using near-infrared telescopes



Why do we care?
The upper atmosphere connects the planet to the surrounding space environment

NASA

The ionosphere feels the magnetic field and the processes within it



Voyager 2 
Uranus - 1986 
Neptune - 1989



Atmospheric structure
Uranus

Neptune

Broadfoot et al. (1989)Broadfoot et al. (1986)

Derived from ultraviolet solar occultations of the upper atmosphere 
using the Voyager 2 Ultraviolet Spectrometer (UVS)
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TABLE III
Comparison of predicted and measured exospheric temperatures.

Jupiter Saturn Uranus Neptune

Heliocentric distance (AU) 5.20 9.57 19.19 30.07
Absorbed solar flux (W m−2) 3.7× 10−5 1.1× 10−5 2.7× 10−6 1.1× 10−6

Texo (observed) [K] 940 420 800 600
Texo (calculated) [K] 203 177 138 132
!Texo (obs-calc) [K] 737 243 662 468

the solar wind to sweep open field lines down the magnetotail, and prevent them
rotating with the planet. At the edge of the polar cap, which extends to a colatitude
of ≈ 15◦, the ion wind is ≈ 1.7 km s−1. With Saturn’s auroral magnetic field being
≈ 6.5 × 10−5 Tesla (Cowley et al., 2004), Equation (3) gives the field strength
≈ 0.1 V m−1. Cowley et al. (2004) also relate the measured ion angular velocity to
the solar wind velocity and the effective Pedersen conductivity:

!ion = !Sµ0"
∗
PVSW/

[

1+ µ0"
∗
PVSW

]

(6)

where µ0 is the permeability of free space, and VSW is the solar wind velocity. This
important relationship, first derived by Isbell et al. (1984), holds out the prospect
of correlating the measured ion velocities with Cassini measurements of the solar
wind velocity, and thereby measuring conductivities, which can be modelled to
derive particle precipitation fluxes. Alternatively, in the absence of available space-
craft data, the measured values of !ion may be used, with modelled conductivities,
to obtain values of VSW.

6. Energy Considerations

Yelle and Miller (2004) have recently compared the measured exospheric tem-
peratures of the giant planets with those calculated from solar EUV inputs alone.
Globally, the solar EUV absorbed at Jupiter is ≈ 2.4 TW, while at Saturn it is
≈ 0.5 TW. Table III shows that considerable additional energy sources are required
to produce the observed temperatures.
Particle precipitation in Jupiter’s auroral/polar regions is estimated to provide

an additional 10 to 100 TW (Clarke et al., 1987), a considerable increase on the
solar EUV input, although a large fraction of that may be deposited below the
homopause, from where much of the UV auroral radiation emanates; below the ho-
mopause – as already noted – hydrocarbons radiate away the energy very efficiently
(Drossart et al., 1993). That means that the actual direct energy input into the upper
atmosphere (above the homopause) is probably less than 10 TW globally. Grodent

Yelle & Miller (2004)

Energy Crisis!
The predicted temperature based on solar input alone 
is several hundreds of Kelvins less than is observed! 

Observed temperature minus  
predicted temperature



Wave Heating

fluxes due to their large change in ΩM across these regions; in our
study, we obtain negligible changes in Ef due to our smaller
change in imposed ΩM across this boundary.

5.2. Thermospheric dynamics

The altitude–latitude variation of azimuthal and meridional
thermospheric velocities and temperature are shown in Fig. 7. The
first column in Fig. 7 shows thermospheric outputs for case ES;

cases EH and EF are represented in columns two and three,
respectively.

For case ES, the zonal (Fig. 7(a)) and meridional (Fig. 7(d)) flows
are very similar to those discussed in Yates et al. (2012) as the only
difference between both steady-state compressed cases is that
here we assume a constant height-integrated Pedersen conductiv-
ity whilst in Yates et al. (2012) the conductivity is enhanced
by FAC. Zonal flows show a low-altitude super-corotational jet
in region III and two sub-corotational jets across regions II and I.

Latitude / °

Al
tit

ud
e 

ab
ov

e 
1B

 (k
m

)

Azimuthal Flow for ES

65 70 75 80 85 90
300

400

500

600

700

800

900

1000

1100

1200

1300

1400
    ms−1

−2500

−2000

−1500

−1000

−500

0

Latitude / °

Al
tit

ud
e 

ab
ov

e 
1B

 (k
m

)

Azimuthal Flow for EH

65 70 75 80 85 90
300

400

500

600

700

800

900

1000

1100

1200

1300

1400
    ms−1

−2500

−2000

−1500

−1000

−500

0

Latitude / °

Al
tit

ud
e 

ab
ov

e 
1B

 (k
m

)

Azimuthal Flow for EF

65 70 75 80 85 90
300

400

500

600

700

800

900

1000

1100

1200

1300

1400
    ms−1

−2500

−2000

−1500

−1000

−500

0

Latitude / °

Al
tit

ud
e 

ab
ov

e 
1B

 (k
m

)

Meridional Flow for ES

65 70 75 80 85 90
300

400

500

600

700

800

900

1000

1100

1200

1300

1400
    ms−1

20

40

60

80

100

120

140

160

180

Latitude / °

Al
tit

ud
e 

ab
ov

e 
1B

 (k
m

)

Meridional Flow for EH

65 70 75 80 85 90
300

400

500

600

700

800

900

1000

1100

1200

1300

1400
    ms−1

20

40

60

80

100

120

140

160

180

Latitude / °

Al
tit

ud
e 

ab
ov

e 
1B

 (k
m

)

Meridional Flow for EF

65 70 75 80 85 90
300

400

500

600

700

800

900

1000

1100

1200

1300

1400
    ms−1

20

40

60

80

100

120

140

160

180

Latitude / °

Al
tit

ud
e 

ab
ov

e 
1B

 (k
m

)

Temperature for ES

65 70 75 80 85 90
300

400

500

600

700

800

900

1000

1100

1200

1300

1400
    Temp. (K)

200

250

300

350

400

450

500

550

600

650

Latitude / °

Al
tit

ud
e 

ab
ov

e 
1B

 (k
m

)

Temperature difference: EH − ES
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Fig. 7. (a)–(c) The variation of thermospheric azimuthal velocity (colour scale) in the corotating reference frame for cases ES–EF, respectively (left to right). Positive values
(dark red) indicate super-corotation, whilst negative values (light red to blue) indicate sub-corotation. The arrows show the direction of meridional flow and the white line
indicates the locus of rigid corotation. The solid black encloses regions of super-corotation (425 m s!1) and the dashed white line encloses regions that are sub-corotating
at a rate o!1750 m s!1. The magnetospheric regions (region III is shaded) are separated by dotted black lines and labelled. (d)–(f) The meridional velocity in the
thermosphere for cases ES–EF. The colour scale indicates the speed of flows. All other labels and are as for (a)–(c). (g) The thermospheric temperature distributions for case
ES whilst (h)–(i) show the temperature difference between cases EH and EF and case ES. All labels are as in (a)–(c).

J.N. Yates et al. / Planetary and Space Science 91 (2014) 27–44 37

Yates et al. (2014) 

Change in Temperature (K) 

Hubble Space Telescope 1. Auroral heating
• The auroral process can 

inject TW of energy about 
the magnetic poles


• The giant planets are fast 
rotators, creating 
immense Coriolis forces


• How can heat be 
transported?


• O’Donoghue et al., (2021) 
suggests it’s possible



O’Donoghue et al., (Nature, 2016)

2. Wave heating

• Turbulent lower atmosphere 
generates gravity waves that 
release their energy in the upper 
atmosphere


• Models unclear on how efficient 
this process is


• O’Donoghue et al., (2016) 
observed heating above the 
Great Red Spot of Jupiter


• Understanding of low-latitude 
ionosphere remains vague - 
especially at Uranus and Neptune



Ice giant auroral emissions

Brightness of H2 emission 
observed in the far-ultraviolet 

Broadfoot et al. (1989)

NeptuneUranus

Voyager 2 - Herbert (2009)

Hubble Space Telescope 
Lamy et al. (2012, 2017, 2018) 

Auroral H2 emission mapped 
to equinoctial geometry



Energy

H & H2
Io

ni
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Excitation

H2+

Ultraviolet 
Visible

H3+

Infrared

H2

Some Very Simple Chemistry 
(in the Upper Atmosphere)

Infrared

Solar photons 
Energetic particles



H
+
2 + H2 �! H

+
3 + H

The molecular ion H3+

altitudes some of this emission, mainly below 135 nm, is attenu-
ated by the hydrocarbon layer situated at or above the aurora.
The amount of H2 absorption by these hydrocarbons, measured
by the colour ratio CR = I(155–162 nm)/I(123–130 nm), where I is
the brightness in a certain spectral range, is correlated to the pen-
etration depth via atmospheric modelling, and hence the primary
energy, of the precipitating electrons. When no absorption is
observed, the CR of the emergent emission is 1.1 (Gustin et al.,
2013, and references therein). H Lyman-a is produced by
de-excitation from the n ¼ 2 to the fundamental n ¼ 1 electronic
level of H atoms, whilst the visible Balmer series is due to the
de-excitation from n > 2 to the n ¼ 2 level of H (Aguilar et al., 2008).

When molecular hydrogen is ionised, it is rapidly converted to
Hþ

3 by the exothermic reaction

Hþ
2 þH2#!Hþ

3 þH; ð1Þ

where the energy required to produce H2
+ is delivered either via

energetic particles or solar extreme ultraviolet (EUV) photons. The
intensity of the infrared Hþ

3 emission is both an exponential func-
tion of ionospheric temperature (Neale et al., 1996; Miller et al.,
2013) and a linear function of the ionisation rate of H2. The emission
rate of a particular Hþ

3 emission line is given by

I ¼ N
Ki

QðTÞ
exp #hcxi

u

kT

! "
; ð2Þ

where N is the number of Hþ
3 ions that are emitting thermal emis-

sion at temperature T; k is Boltzmann’s constant, xi
u is the

wavenumber of the upper energy level of the transition i;QðTÞ is
the temperature dependent partition function given by Miller
et al. (2013), h is Planck’s constant, c is the speed of light, and Ki

is a composite constant determined by the properties of the transi-
tion i we are considering. For more information see e.g. McCall
(2001).

The analysis of auroral emissions in each wavelength band tells
us about different aspects of the precipitation process and how this
injection of energy affects the makeup of the upper atmosphere.
The auroral morphology tells us where in the magnetosphere the
precipitation originates from, and via analysis of infrared and
ultraviolet spectra one can monitor physical parameters like ion
density, thermospheric temperature, precipitation flux, and precip-
itation energy of the auroral primaries.

The time between electron impact and emission in the UV and
in the visible of H and H2 is very short, about 10#2 s (Menager et al.,
2010; Badman et al., 2014), giving an instantaneous view of the
precipitation process. In contrast, Hþ

3 radiates thermally and can
have lifetimes of around 500 s (Melin et al., 2011a), producing a
temporally averaged view of the auroral radiation during the life-
time of the ion. Therefore, both the integration times of the instru-
mentation and the chemical lifetimes of the species concerned
become important factors when comparing simultaneous infrared
and ultraviolet/visible auroral emissions.

For example, Melin et al. (2011a) analysed simultaneous infra-
red and ultraviolet observations of Saturn’s southern aurora at a
high spatial resolution and noted that, outside of the main oval
emission, the intensity of Hþ

3 did not necessarily map well to that
of either H or H2, with a diffuse equatorward oval being most
prominent in H Lyman-a. These differences are likely attributable
to both the fact that the intensity of emission of the Hþ

3 ion is
strongly dependent on temperature, and that it has a lifetime of
about 500 s. In contrast, multispectral analysis of Lamy et al.
(2013) observed a one-to-one correspondence between the emis-
sion seen in the infrared and ultraviolet.

One of the most intriguing features of the Saturn system is the
presence of rotating phenomena near the planetary rotation

period, but with two separate periods that slowly evolve with time,
one associated with the northern hemisphere and the other with
the southern (Galopeau and Lecacheux, 2000; Espinosa and
Dougherty, 2000; Gurnett et al., 2009; Provan et al., 2009, 2014;
Andrews et al., 2010; Southwood and Cowley, 2014). The signa-
tures of these periodic phenomena, known as the planetary period
oscillations (PPO), are present in many observations, e.g. Saturn
kilometric radiation (SKR, Gurnett et al., 2009; Lamy et al., 2011),
the infrared Hþ

3 aurora (Badman et al., 2012b; Lamy et al., 2013;
O’Donoghue et al., in press), the ultraviolet H2 aurora (Lamy
et al., 2009; Nichols et al., 2010a; Lamy et al., 2013; Bunce et al.,
2014), the magnetospheric energetic electrons (Carbary et al.,
2009), and the magnetopsheric magnetic field (Southwood and
Kivelson, 2007; Provan et al., 2009; Andrews et al., 2012).
Badman et al. (2012b) observed the intensity of the auroral Hþ

3
emission in each hemisphere to be dependent on both local-time
and the appropriate PPO phase. This is consistent with the super-
position of two current systems, one fixed in the Sun–Saturn frame,
the other rotating at the PPO period. The ultimate origin of the
rotating current systems has been proposed to be driven by either
the magnetosphere (Goldreich and Farmer, 2007) or the atmo-
sphere (Smith, 2006; Jia et al., 2012; Southwood and Cowley,
2014). In the latter case, it remains an open question as to what
mechanism could provide the required relatively stable and
sustained atmospheric vortices (Smith, 2014).

The main auroral oval of Saturn maps near to the boundary
between open and closed field-lines (Cowley et al., 2004; Bunce
et al., 2008; Carbary et al., 2008; Belenkaya et al., 2011). On or close
to this oval there are anumber of specific features that are attributed
to separate processes. These include dawn brightened signatures of
Dungey cycle plasma convection (Cowley et al., 2005), interactions
between Saturn’s magnetosphere and the solar wind at the magne-
topause (Gérard et al., 2005;Radioti et al., 2011;Badmanet al., 2013;
Meredith et al., 2014), and signatures of injections from the hot
plasma populations in the night-side magnetosphere (Mitchell
et al., 2009b; Grodent et al., 2010; Lamy et al., 2013).

Saturn’s ultraviolet emissions were first discovered by a rocket-
borne spectrograph in 1975 (Weiser et al., 1977), whereas Hþ

3 was
first detected by Geballe et al. (1993) using the United Kingdom
Infrared Telescope (UKIRT). It was not until the arrival of the Cas-
sini spacecraft that visible auroral emissions were discovered
(Kurth et al., 2009). The infrared, visible, and ultraviolet auroral
emissions have been used in multiple studies as a diagnostic for
the ionosphere–magnetosphere–thermosphere interaction but
also as an in-situ diagnostic of the physical conditions in the ther-
mosphere. See Bhardwaj and Gladstone (2000), Kurth et al. (2009),
and Badman et al. (2014) for excellent overviews.

Lamy et al. (2013) analysed a set of radio, infrared, ultraviolet,
and energetic neutral atom (ENA) Cassini observations over the
duration of a full Saturn rotation. This set of observations coincided
with an injection event in the magnetotail, producing dawn inten-
sifications of the auroral oval seen in both the infrared and ultravi-
olet remote sensing data. They also noted features in the auroral
emissions compatible with two superimposed current systems,
one fixed in local-time and one rotating at the PPO phase, as out-
lined above.

Most remote sensing studies of Saturn’s aurora have used
observations from a single vantage point, obtained from either
the surface of the Earth, low altitude Earth orbit, or from the
Cassini spacecraft in orbit at Saturn. By definition, such observa-
tions cannot get a complete view of the northern and southern
auroral ovals, since at least one portion of the system is hidden
from view. Ground-based observations are limited by always
observing the sunlit hemisphere, such that the effects of solar-
related emissions cannot easily be disentangled from those created
by auroral processes. A study of Cassini-UVIS, FUSE (Far Ultraviolet

2 H. Melin et al. / Icarus xxx (2015) xxx–xxx

Please cite this article in press as: Melin, H., et al. Simultaneous multi-scale and multi-instrument observations of Saturn’s aurorae during the 2013 observ-
ing campaign. Icarus (2015), http://dx.doi.org/10.1016/j.icarus.2015.08.021

Number density Temperature

Loss mechanisms

Intensity

H3+ cannot  
coexist with CH4



Modelling H3+ emissions
• h3ppy - Python 3 package to model and fit observed H3+ 

spectra


• Install: pip install h3ppy


• https://github.com/henrikmelin/h3ppy



H3+ as seen from the Earth

Jupiter Saturn Uranus Neptune

Johnson et al. (2018)
Stallard et al. (2019) Lamy et al. (2018)

?

Apparent relative sizes

Gemini NIRI
Keck NIRSPEC

VLT CRIRES



Detection of H3+ at Uranus
United Kingdom  

Infrared Telescope

Trafton et al. (1993) discovered H3+ at Uranus 
Disk averaged temperature of 740 K 

Intermittent observations between 1992 and 2009: 
e.g. Lam et al. (1997), Trafton et al. (1999), Encrenaz et al. (2003) 

Similar to the 750 K derived by Voyager 2



First long-term study
Re-analysed all available near-infrared observations of H3+ 

from Uranus, retrieving temperature 

Globally averaged temperature of the upper  
atmosphere as a function of time

Melin et al., (2011)



47 nights of 
observations 
between 2011 

and 2018

New observations of H3+ form Uranus



New observations

Lots of scatter 
2014 & 2015 stands out as hotter than the rest 

Calculate yearly averages



New observations

Lots of scatter 
2014 & 2015 stands out as hotter than the rest 

Calculate yearly averages

de Pater et al. (2015)



Long-term variability

Length of season

Melin et al., (2019, 2020)

Cooling means less intense H3+, 2018 intensity is ~5% of 1992 intensity
Continuous cooling for 27 years - longer than length of season!

One of a kind long-term dataset



Geometric Season Magnetic Season

Melin et al. (2019, 2020)



H3+ at Neptune

Lyons et al. (1995) Dobrijevica et al. (2020)

What do we expect to observe? 

Given a H3+ peak density of 100 ions per cubic centimetre 
and If the temperature structure is the same as in 1989 

then H3+ will be easily detectable from Neptune with  
existing ground-based telescopes



H3+ at Neptune
Neptune
Uranus

Keck NIRSPEC - Melin et al. (2011)

NASA IRTF iSHELL 
Melin et al. (2018)

See Moore et al. (2020)

Models underestimate density 

OR 

The upper atmosphere of Neptune 
has cooled since Voyager 2  

(like Uranus!?)



Pressing questions
• The Energy Crisis remains - what drives this heating? Is it unique to  the 

giant planets in our solar system? 


• Why are the upper atmospheres of Uranus and Neptune so very 
different? The upper atmosphere of the giant planets are all very 
different. 


• What is the nature of the interaction between the ionospheres of the ice 
giants and their magnetospheres? How important is auroral Joule 
heating? Heating by breaking of gravity waves? 


• What drives long-term changes in the temperature of the upper 
atmosphere of Uranus?


• We need to detect H3+ at Neptune!



James Webb Space Telescope
• Launch in Nov 2021?

• High sensitivity and spatial resolution, medium 
spectral resolution

• NIRSPEC instrument offers 3" x 3" FOV - perfect 
for Uranus - global mapping of H3+

• Uranus NIRSPEC and MIRI observations are in the 
Guaranteed Time Observing (GTO) programme

3" x 3"



30 m (100 ft) Telescopes
Thirty Metre Telescope

Giant Magellan Telescope

Extremely Large Telescope



Conclusions
• The ionosphere is the interface between the atmosphere 

and the magnetosphere, enabling energy transfer 
between the two systems 


• The upper atmosphere of Uranus has been cooling for 27 
years, longer than the nominal season of 21 years. One of 
kind dataset, detailing behaviour unique to Uranus. 


• H3+ remains undetected at Neptune :-( 


• To truly understand ice giants we need a dedicated 
mission of exploration!


