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Abstract
Of all the myriad environments in our Solar System, the least explored are the distant
Ice Giants Uranus and Neptune, and their diverse satellite and ring systems. These
‘intermediate-sized’ worlds are the last remaining class of Solar System planet to be
characterised by a dedicated robotic mission, and may shape the paradigm for the
most common outcome of planetary formation throughout our galaxy. In response to
the 2019 European Space Agency call for scientific themes in the 2030s and 2040s
(known as Voyage 2050), we advocated that an international partnership mission to
explore an Ice Giant should be a cornerstone of ESA’s science planning in the coming
decade, targeting launch opportunities in the early 2030s. This article summarises the
inter-disciplinary science opportunities presented in that White Paper [1], and briefly
describes developments since 2019.
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1 Introduction

The frozen realm of the Ice Giants, from Uranus (20 AU) to Neptune (30 AU),
remains largely unexplored when compared to our comprehensive characterisation
of Jupiter (by Galileo, Juno, and the forthcoming Jupiter Icy Moons Explorer and
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Europa Clipper) and Saturn (Cassini). Voyager’s ‘Grand Tour’ of the Solar System
remains the only mission to provide close-up views of the Uranus and Neptune sys-
tems via flybys more than three decades ago. Voyager 2 encountered both worlds
within a three-year ‘golden era’ for Ice Giant science between 1986 and 1989, sum-
marised at the time by Stone & Miner [2, 3] in special issues of Science, which also
featured the first close-up images of both worlds by Smith et al. [4, 5]. In the decades
since Voyager’s encounters, ground- and space-based astronomy have continued to
push the limits of our knowledge of the atmospheres of these intermediate-sized
worlds, but there have been no new in situ measurements of their unique magneto-
spheres and plasma environments; no new measurement constraints on their interior
density distributions and thermal evolution; and no new close-up remote sensing of
their icy satellites and rings. Indeed, given the illumination conditions in the late
1980s (southern summer on Uranus, southern spring on Neptune), the great distance
separating Voyager 2 from its targets, and the brevity inherent in flyby missions, there
are vast and mysterious terrains that have never been observed by robotic eyes. And
we have never directly sampled the atmospheric composition of an Ice Giant, a key
missing piece of the planet-formation puzzle. A mission to an Ice Giant would allow
humanity to complete its first detailed reconnaissance of the eight primary planets in
our Solar System.

Given the enormous potential for scientific discovery, the past decade has seen
a number of mission concepts and scientific reviews, of which the Voyage 2050
White Paper on the Scientific Potential of Orbital Missions to Uranus and Neptune
by Fletcher et al. [1] is the most recent. We will not replicate that paper in full, but
Section 2 reviews the recent history of Ice Giant mission concepts, Section 3 reiter-
ates the key scientific questions that an Ice Giant System mission could address, and
Section 4 summarises the challenges and opportunities presented by a ‘cornerstone’
mission within ESA’s Voyage 2050 programme.

2 Ice giants in ESA’s cosmic vision

The challenge of combining a multi-year cruise phase with an ambitious Ice Giant
orbital tour; a sophisticated interplanetary spacecraft with a broad suite of capable
instruments; all operating at enormous distances from the Sun and relying on power
generation via radioisotope decay, implies that any future Ice Giant mission must be a
broad international partnership. Strategic partnerships were reflected in the proposed
medium-class (∼e0.5bn) Uranus Pathfinder mission concepts submitted to ESA by
Arridge et al. in the M3 (2010) and M4 (2014) opportunities [6], and in the large-
class mission themes (∼e1bn) submitted to ESA in 2013 to explore Uranus [7],
Neptune [8], or both worlds [9]. Although these efforts failed to proceed to a formal
study phase, ESA’s Senior Survey Committee1 noted that “...the exploration of the
icy giants appears to be a timely milestone, fully appropriate for an L class mission.
The whole planetology community would be involved in the various aspects of this

1http://sci.esa.int/cosmic-vision/53261-report-on-science-themes-for-the-l2-and-l3-missions/
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mission... the SSC recommends that every effort is made to pursue this theme through
other means, such as cooperation on missions led by partner agencies.”

In the US, the National Academies decadal survey in planetary science 2013-
20222 listed a Uranus Orbiter and Probe as its third highest priority, after the Mars
Perseverance (2020) rover mission and Europa Clipper mission, both of which are
now underway. This enthusiasm for Ice Giants from both sides of the Atlantic led to
a joint study (2016-17), which looked closely at a number of potential mission archi-
tectures [10]. Since then, ESA has considered a palette of potential contributions to a
US-led mission3 (2018-19), including secondary orbiters and atmospheric probes, as
reviewed by Simon et al. [11] and advocated by Mousis et al. ([12], this issue). At the
time of our submission to Voyage 2050, it had been hoped that such a contribution, at
the ∼e0.5bn level, might be included in a proposed increase in ESA’s science bud-
get in 2019. However, the challenging timescales of the US mission planning process
proved problematic. Ice Giant missions are once again under active consideration in
the US as part of the 2023-2032 decadal survey, for which a flagship-class Neptune
mission (Odyssey4) has been studied, and other concepts are likely to be considered.
Furthermore, a Discovery-class Triton flyby mission (Trident, [13]) was proposed
and studied in 2019-20, but unfortunately was not selected. These missions would be
firmly within ESA’s Voyage 2050 timeline and, provided that inter-agency collabora-
tion supports close alignment of national and international mission opportunities, an
Ice Giant partnership mission remains viable for the coming decade.

3 Science goals of ice giant exploration

Fletcher et al. [1] reviewed the science themes for the exploration of Ice Giant
systems, which are briefly summarised here. For more thorough insights into each
theme, readers are referred to two new special collections of review papers: one on
Ice Giant in situ exploration in Space Science Reviews,5 and one on future explo-
ration of Ice Giant systems in Philosophical Transactions of the Royal Society A.6 Ice
Giant exploration addresses multi-disciplinary science questions, spanning compara-
tive planetology, (exo)planetary astronomy, and heliophysics, and can be summarised
via the following key themes:

1. Planetary Origins: What does the origin, interior, and divergent evolution
of Uranus and Neptune reveal about the process of planetary formation,
both in our Solar System and around other stars? The formation timescale of
Uranus and Neptune poses a critical test of our understanding of planet formation
[14], and of the architecture of our Solar System. Their bulk internal composition
(i.e., the fraction of rock, ices, and gases) and the differentiation with depth (i.e.,

2https://www.nap.edu/catalog/13117/vision-and-voyages-for-planetary-science-in-the-decade-2013-2022
3http://sci.esa.int/future-missions-department/61307-cdf-study-report-ice-giants/
4https://www.hou.usra.edu/meetings/exoplanets2020/presentations/Rymer.pdf
5https://link.springer.com/journal/11214/topicalCollection/AC 4a9035ab54970e9a8bd101f2782972b4
6http://rsta.royalsocietypublishing.org/content/378/2187
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molecular weight gradients, phase transitions to form global water oceans and
icy mantles) are poorly understood. Indeed, the properties of the hidden interiors
of Uranus and Neptune may hold the secrets to the origin and evolution of these
intermediate-sized worlds, as a common outcome [15] of the planet formation
process [12, 16, 17]. The Ice Giants may host exotic states of matter not found
elsewhere, such as partially dissociated deep-water oceans [18] and superionic
water ice mantles [19]. A detailed comparison of Uranus and Neptune may reveal
the role of giant impacts [20] in shaping planetary environments. New measure-
ments of the internal structure and rotation (via detailed mapping of gravity and
magnetic fields, and possibly via helio-seismological techniques), in addition to
determinations of the planetary temperatures and composition below the visible
atmospheric layers via in situ probes and remote sensing, will shed new light on
the origins of these two worlds.

2. Atmospheres: What processes shape the atmospheres of intermediate-sized
worlds, in comparison to Gas Giants like Jupiter, or terrestrial planets like
Earth? And why do atmospheric phenomena differ between Uranus and
Neptune? Uranus and Neptune provide two intriguing endmembers for the Ice
Giant class, with Neptune as the archetype for a seasonal Ice Giant, whereas
Uranus’ extreme tilt renders its seasons unique in our Solar System. Both worlds
exhibit planetary bands of temperatures, winds, clouds, and composition [21]
that are different from the larger Gas Giants due to the smaller planetary radii,
slower rotation, and differing balance of internal energy versus solar heating
[22]. The depth of the zonal flows may reveal how the atmosphere is coupled
to the water-rich interior [23]. Weather causes the appearance of these worlds
to change with time, and the bands are punctuated by small-scale storms and
larger dark vortices that evolve and migrate over short timescales [24]. Their
hydrogen-helium atmospheres are highly enriched in volatiles like methane and
hydrogen sulphide that show strong equator-to-pole gradients [25, 26]. Their
middle and upper atmospheres are both much hotter than can be explained by
weak solar heating alone, and their stratospheres comprise a rich mix of hydro-
carbons resulting from methane photochemistry [27]. Global multi-wavelength
remote sensing from an orbiter, coupled with in situ measurements from an entry
probe, would provide a transformative understanding of the meteorology, chem-
istry, and climate of atmospheres on intermediate-sized and volatile-enriched
worlds, as well as the unexplored regime of weak sunlight, frigid temperatures,
and extreme seasons.

3. Magnetospheres: What can we learn about astrophysical plasma processes
by studying the highly-asymmetric and fast-rotating Ice Giant magne-
tospheres? The magnetospheres of the Ice Giants display substantial mis-
alignments between the magnetic axes and planetary rotation axes, creating
unique time-variable interactions with the external solar wind. The geometry
is more complex at Uranus with the planet’s high obliquity, creating a unique
configuration with a strong helical structure near solstice, allowing us to test
our understanding of planetary magnetospheric dynamics and evolution to the
extremes [28]. The study of these unique plasma physics laboratories would
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allow us to test a variety of astrophysical plasma processes that cannot be
resolved under the conditions that prevail at the terrestrial planets or at the
Gas Giants, but which could be relevant to extrasolar systems [29]. A synergy
between close-proximity remote sensing (e.g., of auroras or ionospheric radio
emissions), and in situ magnetic field and plasma measurements at the Ice Giants
would redefine the state-of-the-art.

4. Ocean Worlds: What can Uranus’ natural satellite system and the captured
Kuiper Belt Object Triton reveal about the drivers of active geology, sub-
surface oceans, and habitability in the outer Solar System? Exploring the
geological and surface composition diversity [30, 31] of the five largest moons
of Uranus (Miranda, Ariel, Umbriel, Titania, Oberon) would reveal new insights
into the formation and continued evolution (e.g., tidal interactions, internal melt-
ing, and the potential for subsurface water oceans [32]) of primordial satellite
systems, in contrast with the Saturnian moons of similar size. Only the southern
hemispheres of these moons have ever been seen, due to the southern-summer
season on Uranus in 1986. Neptune’s large moon Triton is a captured KBO, with
its own seasonal atmosphere, active geology, and plumes of nitrogen gas and
dust [33], providing an intriguing connection between a future Neptune mission
and the recent New Horizons exploration of Pluto [34]. Exploring Uranus’ and
Neptune’s natural satellites, as well as the captured moon Triton, will reveal how
ocean worlds form and remain active, adding new insights into the extent of the
habitable zone in the Solar System.

5. Rings: What processes shape the narrow, dusty rings of Ice Giants, why
do they differ from the extensive rings of Saturn, and what can they teach
us about the gravitational interactions shaping planetary discs in all their
guises? Both Ice Giants possess ring systems with narrow and dense ringlets
accompanied by broader dusty components [35, 36]. The composition and gravi-
tational relationships between the rings and accompanying satellites will provide
an intriguing comparison to the more extensive, brighter, and more massive rings
of Saturn, and the satellites may also provide sources and sinks for some of the
ring material [37]. An Ice Giant mission must explore the origin, age, evolu-
tion, and gravitational relationships within the rings as the next-best example of
planetary rings after Saturn.

In addition to the Ice-Giant specific themes identified above, the White Paper [1]
identified two cross-cutting interdisciplinary themes that reach beyond traditional
planetary science:

– Heliophysics: How does the solar wind affect planetary environments in
the realm of the Ice Giants? Exploration of an oblique rotator, and its com-
plex interaction with the solar wind, can help inform a universal theoretical
model of magnetospheres. Furthermore, the long cruise of a spacecraft beyond
Saturn’s orbit (10 AU) will permit extensive studies of space weather and the
evolving solar structures travelling within the solar wind, in a realm that is
largely unexplored [38]. The potential discoveries of Ice Giant dynamo gener-
ation and their variability stand to open new chapters in comparative planetary
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magnetospheres. For all these reasons, an Ice Giant mission is highly desirable
for the Heliophysics community7.

– Exoplanets: What can the interiors, atmospheres, and magnetospheres of
Uranus and Neptune teach us about one of the most common classifica-
tions (by planetary size) of exoplanets? The Ice Giants are the ‘missing links’
in our understanding of the origins and environments in our Solar System, and
yet sub-Neptunes (1.9-3.1 RE), which are slightly smaller than Uranus (4.0 RE)
and Neptune (3.8 RE), appear to dominate the exoplanetary census [15, 39].
The unique Ice Giant regimes of finely-tuned planet formation [14], atmospheric
dynamics, bulk composition and chemistry, cloud and haze formation, and mag-
netospheric interactions with the stellar wind (and resulting radio emissions,
[29]), will all be of interest and importance to the rapidly-expanding field of exo-
planetary characterisation in the era of observatories such as JWST, TESS, the
Roman Space Telescope, and Ariel.

The themes described above, and detailed in [1], demonstrate that an Ice Giant
System mission would engage a wide community, drawing expertise from a vast
range of disciplines within planetary science, from surface geology to planetary
interiors; from meteorology to ionospheric physics; from plasma scientists to helio-
physicists. But this challenge is also interdisciplinary in nature, engaging those
studying potentially similar objects beyond our Solar System, by revealing the prop-
erties of this underexplored class of planetary objects. An Ice Giant System mission
also draws in the small-bodies community investigating objects throughout the Outer
Solar System, from Centaurs (which could be visited en route), to TNOs, to Kuiper
Belt Objects, and contrasting these with the natural satellites of Uranus and Neptune.

4 Summary: Futuremissions

An ambitious, paradigm-shifting international mission to the Ice Giants has long been
recognised as the next natural step in our exploration of the Outer Solar System. Fol-
lowing the legacy of the Cassini-Huygens exploration of the Saturn system, such a
mission must combine orbital exploration of the planet, rings, satellites, and exten-
sive magnetosphere, alongside in situ atmospheric entry probe(s) and potentially
landed elements on the icy moons. A comprehensive and diverse instrument suite will
enable the tremendous interdisciplinary science opportunities described in the previ-
ous section. As described in the White Paper by Fletcher et al. [1], several challenges
must be overcome: the co-alignment of agency budgets and science planning to allow
for international partnership missions; the strategy for dealing with long-duration
missions (both technology and people) spanning multiple decades; the generation of
electrical power via radioisotope decay [40]; the capabilities to return telemetry over
vast distances via upgraded ground stations; and the challenge in delivering as much
payload to orbit in as short a time as possible.

7https://www.nap.edu/catalog/13060/solar-and-space-physics-a-science-for-a-technological-society
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The use of Jupiter gravity assists (JGA), though not essential (particularly with
new heavy-lift capabilities enabling direct trajectories), can shorten interplanetary
transfers and enhance deliverable payload mass. However, windows of JGA opportu-
nities only occur once every 12-13 years (the synodic periods of Uranus and Neptune
with Jupiter), and the recent NASA-ESA joint study described by Hofstadter et al.
[10] highlighted optimal launches to Neptune in 2029-30, and a wider window for
Uranus in the early 2030s. These would have missions arriving in the 2040s, as
Uranus approaches northern autumnal equinox (2050) and Neptune reaches northern
spring equinox (2046) [1]. An Ice Giant launch, cruise, and scientific phase could
all be encompassed within ESA’s Voyage 2050 programme as a cornerstone mission,
redefining planetary science for a generation. The potential for discovery is vast, and
we urge our national and international space agencies to take up this challenge.
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Dougherty, M., Cowley, S.W.H., Burch, J., Behar, E., Barabash, S., Andrews, D.J., Altobelli, N.: J.
Geophys. Res. (Space Phys.) 122(8), 7865–7890 (2017). https://doi.org/10.1002/2017JA023884

39. Wakeford, H.R., Dalba, P.A.: Philos. Trans. R. Soc. Lond. Ser. A 378(2187), 20200054 (2020).
https://doi.org/10.1098/rsta.2020.0054

40. Ambrosi, R.M., Williams, H., Watkinson, E.J., Barco, A., Mesalam, R., Crawford, T., Bicknell, C.,
Samara-Ratna, P., Vernon, D., Bannister, N., Ross, D., Sykes, J., Perkinson, M.-C., Burgess, C.,
Stroud, C., Gibson, S., Godfrey, A., Slater, R.G., Reece, M.J., Chen, K., Simpson, K., Tuley, R.,
Sarsfield, M., Tinsley, T.P., Stephenson, K., Freis, D., Vigier, J.-F., Konings, R.J.M., Fongarland, C.,
Libessart, M., Merrifield, J., Kramer, D.P., Byrne, J., Foxcroft, B.: Space Sci. Rev. 215(8), 55 (2019).
https://doi.org/10.1007/s11214-019-0623-9

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

https://doi.org/10.1016/j.icarus.2018.06.004
https://doi.org/10.1016/j.icarus.2006.06.005
https://doi.org/10.1016/j.icarus.2006.06.005
https://doi.org/10.1126/science.250.4979.410
https://doi.org/10.1126/science.250.4979.410
https://doi.org/10.1126/science.aad9189
https://doi.org/10.1126/science.1125110
https://doi.org/10.1002/2017JA023884
https://doi.org/10.1098/rsta.2020.0054
https://doi.org/10.1007/s11214-019-0623-9


Experimental Astronomy

Affiliations

Leigh N. Fletcher1 ·Ravit Helled2 ·Elias Roussos3 ·Geraint Jones4 ·
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25 Université de Nantes, Nantes, France
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