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Introduction:  Exploring the Outer Solar System 

(OSS) requires multi-decade advance planning.  It typ-
ically takes years to decades to get a mission approved, 
followed by 4-6 years to launch, with cruise times 
from 3-13 years. Long-term concepts, planning, and 
funding are essential.   

NASA Strategic Plan and Decadal Survey: OSS 
targets uniquely address NASA’s top-level strategic 
goal to ascertain the content, origin, and evolution of 
the Solar System and potential for life (2011 NASA 
Strategic Plan). For example, how did the outer planets 
mold the Solar System and create habitable worlds?  
The emerging priority for future exploration of the 
OSS is to understand ocean worlds and search for life.  

The Visions and Voyages Decadal Survey recog-
nized many priorities for the OSS: Exploration of Eu-
ropa and ice giants (Flagship missions), and New Fron-
tiers missions to Io and Saturn’s interior.  Recently, 
ocean worlds Enceladus and Titan were added to the 
list for New Frontiers.   

 
Workshop Themes  

Origins: The outer planets feature prominently in 
molding the Solar System in a complex endgame that 
appears to involve: (a) migration of the outer two giant 
planets, Uranus and Neptune, from somewhere closer 
to the Sun to their present locations; and (b) giant 
planets scattering planetesimals into the inner Solar 
System, delivering water and other life-critical materi-
als to the terrestrial planets. 

Workings: The unmatched diversity of bodies in 
the OSS provides the opportunity for a wide variety of 
scientific investigations. The giant planets provide 
insight into Solar System formation through studies of 
their composition and internal structure. The satellites 
of the giant planets – some comparable in size to ter-
restrial planets – offer the opportunity to study extreme 
environments on worlds that have experienced very 
different geologic histories. The rings and magneto-
spheres of the giant planets illustrate currently active 
processes (collisions and momentum transfer) that 
played important roles in early stages of Solar System 
formation. 

Life: One of the primary opportunities in the OSS 
is the chance to explore oceans. The OSS is replete 
with ocean worlds including Europa, Ganymede, Cal-

listo, Enceladus, Titan, Triton, and possibly others. 
Uranus and Neptune are giant ocean worlds, akin to 
water worlds found in extrasolar systems. In the inner 
Solar System only Earth has an ocean, key to the 
origin(s) and evolution of life.  The Roadmap to Ocean 
Worlds study [1] describes the initial steps to identify 
ocean worlds, understand the characteristics of the 
oceans, characterize their habitability, and search for 
life, and will describe future exploration priorities.  

Threats and Resources:  In terms of threats, com-
ets from the OSS have a low probability of impact to 
Earth. As for resources, by far most of the H2O in the 
Solar System resides at Jupiter or beyond. This water 
may not be exploited as a resource before 2050, but 
still motivates near-term scientific exploration.   

Other (Human Exploration): Titan is the only 
world besides Earth with an atmosphere that can ade-
quately protect humans from radiation while not in an 
unmanageable T, P range.  Again, this is a very long-
term interest (>2050), but motivates science.   

 
Special Places in the OSS 
      Ocean Worlds: The best potential abodes of extant 
life are ocean worlds [1]. There is strong evidence that 
Enceledus and Europa – along with other Galilean sat-
ellites – contain liquid water oceans below their icy 
shells. Titan’s surface lakes contain hydrocarbons ra-
ther than water, and the subsurface contains a water 
ocean. The abundance of past and present oceans in 
our Solar System, and proliferation of life in our own 
ocean, make ocean worlds compelling targets for fu-
ture missions.  They present serious technical chal-
lenges however, including exploration below ice 
shells, distance from Earth, power supplies, and for 
Europa, intense radiation.   
       Ice Giants: The ice giants Uranus and Neptune, 
and their rings, satellites, and magnetospheres, are dy-
namic systems that challenge our understanding of the 
origins and workings of planets.  This is particularly 
true in regards to our understanding of known ex-
oplanets, the majority of which are thought to be ice 
giants [2].  

Origins: Priorities are measurements to definitively 
determine if planetary migration has occurred and to 
understand ice-giant formation well enough to reliably 
infer exoplanet compositions and structures with lim-
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ited knowledge (mass, radius, and perhaps the abun-
dance of trace species in their upper atmospheres). 

Workings: Priorities are to understand atmospheric 
dynamics and the driving processes; the physics of 
cataclysmic, stochastic processes such as those that 
resulted in Uranus' tilt and the expulsion or destruction 
(presumably by Triton) of Neptune's native large satel-
lites; the evolutionary diversity of the satellites, includ-
ing past (and present?) oceans and cryovolcanic activi-
ty (e.g., Ariel, Triton), using the magnetic geometries 
offered by Uranus and Neptune to probe their interiors. 

Life: Uranus and Neptune may contain unique 
niches for life, not only in their icy satellites, but pos-
sibly within the extensive oceans thought to exist with-
in the planets themselves. 

Gas Giants: Although Galileo, Cassini, and Juno 
provide much knowledge, additional study is needed. 

Origins: Priorities are to search for evidence of 
past planetary migration by determining the abundanc-
es and isotopic ratios of heavy elements, especially the 
noble gases, at Saturn (as well as Uranus and Neptune) 
and compare them to the Galileo Probe measurements 
at Jupiter. Together, these measurements will establish 
the "ground"-truth for the bulk composition of ex-
oplanets, and enhance understanding of the composi-
tion and structure of exoplanets inferred from their 
mass, radius, and perhaps the abundance of trace spe-
cies in their upper atmospheres. 

Workings: Our objectives are to understand dynam-
ic phenomena in the atmospheres, interior structures, 
and magnetospheres of these planets. Priorities are the 
temporal dynamics in the atmospheres of Jupiter and 
Saturn, and the driving mechanisms that shape their 
zonal wind structure.  

Life: In addition to ocean worlds, searching for ev-
idence of planetary migration will determine the role 
of giant planets in the evolution of a habitable plane-
tary system and delivering the volatile elements essen-
tial for life to Earth.  

Magnetospheres: The OSS supplies a comprehen-
sive natural laboratory for studying magnetospheric 
systems and provides a spectrum of comparative mag-
netospheres to extrapolate to those we might expect at 
exoplanets. Uranus and Neptune provide opportunities 
to study not only the nature of off-centered and highly 
tilted magnetic fields, but also how the extreme sea-
sonal geometries provided by Uranus’ high obliquity 
affect magnetospheric structure and dynamics. Jupiter 
and Saturn enable us to explore persistent neutral and 
plasma sources within the magnetosphere and their 
role in governing magnetospheric dynamics, auroral 
current systems, and radial transport. These magneto-
spheres also provide the variable magnetic fields nec-
essary to probe the interiors of subsurface oceans.   

Io: An Io Observer was listed as a deferred high-
priority mission by the 2013 Decadal Survey, as one of 
7 New Frontiers mission candidates.  Tidal heating is 
the dominant continuing heat source in the OSS, 
providing a necessary component for habitable envi-
ronments.  Io provides the clearest expression of tidal 
heating, so to understand this process we need to un-
derstand how it manifests on Io.  Furthermore, Io ad-
dresses the workings of processes in our inner Solar 
System, especially volcanism. On Earth, extremely 
voluminous volcanism may be the cause of several 
mass extinction events; Io is the only place to observe 
such eruptions in action.  

Dwarf Planets:  OPAG has joint custody of these 
along with SBAG.  Dwarf planets share many similari-
ties with large icy satellites, especially Triton (likely a 
captured KBO), and may be additional ocean worlds.  
New Horizons has shown Pluto and Charon to be re-
markable; other KBOs remain unexplored. 
 
Priorities for the Next Three Decades 

Technology Development Priorities: Technolo-
gies are required for unambiguous (or at least less am-
biguous) life discovery and ecosystem exploration. 
This may require a departure from classical biomarker 
detection, and well-integrated “smart” sensor packages 
capable of high-throughput sample collection and pro-
cessing.  Other priorities are efficient, long-term power 
sources and energy storage; in situ exploration tech-
nologies including sampling methods, cryogenic 
mechanisms, electronics and thermal control; autono-
mous operations; communication; propulsion and 
launch capability; planetary protection; and operation 
in extreme environments (cryogenic, high-radiation). 

Notional Missions: All OSS missions in the deca-
dal survey and New Frontiers should be completed 
(Europa Clipper, Ice Giant Orbiter, Io Observer, Saturn 
Probes, and Titan and Enceladus ocean world mis-
sions). Both ice giant systems should have orbital mis-
sions. Flyby missions to distant dwarf planets Eris, 
Haumea, or Makemake would be worthwhile, or a 
Pluto orbiter.  By 2050 we imagine spacecraft going to 
numerous locations in the OSS, sampling plumes and 
oceans, deliberately searching for life.  In situ life de-
tection should be attempted, such as by a Europa 
Lander, but sample return may prove essential to iden-
tify an independent origin for life.  To protect life on 
Earth, sample containers might be delivered to a spe-
cial sample analysis facility on the Moon for screening. 

 
References: [1] Hendrix, A. R. et al., this confer-

ence, Roadmaps to Ocean Worlds.  [2] Borucki, W.J. 
et al., 2011, ApJ 736.  
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