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ABSTRACT

In this paper, we review the scientific aspects of planetary space weather at different regions of our Solar System, performing a
comparative planetology analysis that includes a direct reference to the circum-terrestrial case. Through an interdisciplinary
analysis of existing results based both on observational data and theoretical models, we review the nature of the interactions
between the environment of a Solar System body other than the Earth and the impinging plasma/radiation, and we offer some
considerations related to the planning of future space observations. We highlight the importance of such comparative studies
for data interpretations in the context of future space missions (e.g. ESA JUICE; ESA/JAXA BEPI COLOMBO). Moreover,
we discuss how the study of planetary space weather can provide feedback for better understanding the traditional circum-
terrestrial space weather. Finally, a strategy for future global investigations related to this thematic is proposed.

Key words. Space weather, Planetary atmospheres, Planetary magnetospheres, Exospheres, Interactions, Comparative
planetology, Future missions, JUICE, BEPI COLOMBO

1. Introduction

1.1. Definition of planetary space weather and analogy
with the circum-terrestrial case

In a seminal paper on our understanding of space environments
around Solar System bodies other than Earth, Lilensten et al.
(2014) discussed the characteristics of planetary space weather,
an emerging aspect of the space weather discipline. The earliest
definition of space weather, provided by the US National Space
Weather Plan (1995, 2000), referred to the ‘‘conditions on the
Sun and in the solar wind, magnetosphere, ionosphere, and
thermosphere that can influence the performance and reliability
of space-borne and ground-based technological systems and can
endanger human life or health’’. In 2010, this definition was
slightly modified and the significant role of the variability of
the Sun and of the environment conditions was evidenced:
‘‘the term ‘space weather’ refers to the variable conditions on
the Sun, throughout space, and in the Earth’s magnetic field
and upper atmosphere that can influence the performance of
space-borne and ground-based technological systems and
endanger human life or health’’. In both of these definitions,
however, the term ‘‘space weather’’ was restricted to the
terrestrial case and did not include planetary environments.

To account for this necessity, the US National Space Weather
Program (http://www.nswp.gov/, version 25/06/2014) proposed
the following definition: ‘‘space weather refers to conditions on
the Sun and in the space environment that can influence the
performance and reliability of space-borne and ground-based
technological systems, and can endanger human life or health’’.
Although this new definition referred clearly to both the condi-
tions on the Sun and in the actual space environment of a body,
the use of the term ‘‘ground-based technological systems’’
excluded gaseous planets.

In a 2008 definition agreed among 24 countries (Lilensten
& Belehaki 2009), it was stated that ‘‘Space Weather is the
physical and phenomenological state of natural space environ-
ments; the associated discipline aims, through observation,
monitoring, analysis and modelling, at understanding and
predicting the state of the Sun, the interplanetary and planetary
environments, and the solar and non-solar driven perturbations
that affect them; and also at forecasting and now-casting the
possible impacts on biological and technological systems’’.
We note that in this definition the phenomenon and the associ-
ated discipline are clearly distinguished. Moreover, the 2008
definition focuses on space environments stating that planetary
space weather cannot be disconnected from the temporal
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variability of either the solar activity or the magnetospheric
plasma behaviour at planetary systems. Therefore, the disci-
pline of planetary space weather refers to the study of the vari-
ability of planetary (or satellite) environments (e.g.
atmospheres, exospheres1 (often referred to as ‘‘tenuous
atmospheres’’ Johnson et al. 2009), intrinsic magnetospheres)
determined by the variability of the solar activity or/and
the interplanetary space dynamics (or/and the dynamics of
the magnetosphere in which the Solar System body may be
embedded).

Recently, the World Meteorological Organisation (WMO)
proposed the following definition2: ‘‘Space Weather is defined
as the physical and phenomenological state of the natural space
environment including the Sun, the solar wind, the magneto-
sphere, the ionosphere and the thermosphere, and its interac-
tion with the Earth. The associated discipline aims, through
observation, monitoring, analysis and modelling, at under-
standing the driving processes, predicting the state of the
Sun, the interplanetary and planetary environments including
the Earth’s magnetic field, their disturbances, and forecasting
and nowcasting the potential impacts of these disturbances
on ground-based or space-based infrastructure and human life
or health’’. This definition re-introduces the Earth as a unique
object of study and is therefore not suited for planetary space
weather. Nevertheless, a WMO task group has defined the
space environment as ‘‘the physical and phenomenological
state of the natural space environment, including the Sun and
the interplanetary and planetary environments’’, and as
meteorology of space ‘‘the discipline which aims at observing,
understanding and predicting the state of the Sun, of the
interplanetary and planetary environments, their disturbances,
and the potential impacts of these disturbances on biological
and technological systems’’.3 This definition certainly includes
the planetary space weather case, nevertheless, it is focused on
the Sun as the main driver for the related phenomena.
However, at large distances from the Sun, other agents
(e.g. cosmic rays, accelerated magnetospheric ions) may be
the primary drivers of space weather. In the context of a more
global perspective, therefore, it is important to mention
both the solar and non-solar driven perturbations in the
definition of space weather, especially when referring to
planetary space weather. Based on this principle, in the current
draft, we consider the 2008 definition of planetary space
weather, consistently with the previous work by Lilensten
et al. (2014).

Space weather at a planet or satellite is strongly determined
by the interactions between the body in question and its local
space environment. Different aspects of the conditions at the
Sun, and of the solar wind and magnetospheric plasmas at
different distances from the Sun, can influence the
performance and reliability of space-borne technological
systems throughout the Solar System. The study of planetary
space weather considers different cross-disciplinary topics,
including the interaction of solar wind and/or of magneto-
spheric plasmas with planetary/satellite surfaces, thick (e.g.
at Jupiter, Saturn, Uranus, Mars, Venus, Titan) or tenuous
(e.g. at Ganymede, Europa, Mercury, our Moon) atmospheres

and ionospheres; the variability of the planetary
magnetospheric regions under different external plasma
conditions; the interactions of a planet’s radiation belts with
atmospheres, satellites and rings; space weathering and
planetary or lunar surface charging at bodies possessing
tenuous atmospheres.

The main agents determining the space weather conditions
around a body in the Solar System are:

d the distance of the body from the Sun, determining the
properties of solar wind and solar energetic particles
(SEPs), the solar photon flux and the properties of the
Interplanetary Magnetic Field (IMF) at that location;

d the presence (or absence) of a dense atmosphere;
d the optical thickness (wavelength dependent) of the

body’s atmosphere and the mean free paths for neutrals
and ions travelling therein;

d in case of the Giant planet moons, the existence of a
strong (or weak) magnetosphere in which the body is
embedded (e.g. Europa and Ganymede; Titan and
Enceladus versus Miranda and Ariel; Naiade, Talassa
and Triton);

d the possession by the body of an intrinsic or induced
magnetic field;

d the existence of endogenic sources (e.g. plumes,
volcanoes);

d galactic cosmic rays (GCRs);
d micrometeorites and dust.

Any variability related to the energy release from the Sun,
in the form of photon flux (in the UV, EUV and X-ray bands),
solar wind (streams), coronal mass ejections (CMEs) and
SEPs, has been known to be the principal agent determining
circum-terrestrial space weather. At other planetary bodies in
the Solar System, solar-driven perturbations also play a role
in atmospheric and magnetospheric processes, however
the details of such interactions are planet-dependent and in
some cases (e.g. Jupiter), internal processes dominate over
external drivers. In particular, in the outer Solar System, the
variability of internal (to the planetary system) plasma
sources can be the main driver for space weather in these
environments. For example, in the Jovian system, the
variability of the plasma originating from Io dynamically
affects the charged particle environment at the Galilean moons
(Bolton et al. 2015). Moreover, interstellar pick-up ions
(IPUIs) can change the dynamics and composition of the solar
wind at different locations in the Solar System, and may
therefore, also to some extent, affect planetary space weather
(Lilensten et al. 2014). In general, a wide range of timescales
characterize the variability of perturbations, both solar and
non-solar in origin. This results in space weather phenomena
of different intensities and morphologies across the entire Solar
System.

1.2. Motivation for research

Radiation effects on spacecraft instruments, both in terms of
electromagnetic waves and particles, have been often discussed
in the past (see review by Landis et al. 2006; Boudjemai et al.
2015) and represent the major technological impact of
planetary space weather. The available knowledge of the
characteristics of radiation environments at different planetary
systems is based on in-situ and remote sensing measurements
from flybys as well as orbiting spacecraft. The largest datasets

1 The exosphere is defined as the region of the atmosphere where
the particles travel in ballistic trajectories and collisions are
improbable (Johnson 1994).
2 Four-year plan for WMO coordination of space weather activ-
ities, Towards a Space Weather Watch, Annex to draft resolution
4.2.4(2)/1 (Cg-17, 2015).
3 WMO report CBS-MG-16-D31, 2016.
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exist for Earth, followed by Saturn, Jupiter and Mercury
(Krupp 2015), whereas important information has also been
obtained from ground-based or Earth-orbiting telescopes as
well as analytical and numerical models. The variability of
the spacecraft radiation environment due to major space
weather events has often resulted in either a partial or a
complete failure of the detection systems on board. One such
example is the radiation detector of the Mars Radiation
Environment Experiment (MARIE) on-board Mars Odyssey
(Andersen 2006), which was presumed to have failed due to
damage from the unusually intense SEP events of October–
November 2003. Another example involved the Nozomi space-
craft, which suffered disruptions to its communication system
due to a solar flare occurring in April 2002 (Miyasaka et al.
2003). Another major space weather event resulted in an
increase in background radiation that made it difficult for the
Analyser of Space Plasmas and Energetic Atoms 3
(ASPERA-3) instrument on-board Mars Express (MEX) to
evaluate ion escape fluxes at Mars (Futaana et al. 2008). Due
to these phenomena, there is an increasing need for an overall
effort to understand, monitor and potentially predict (to the
extent that the latter is possible) the actual conditions around
the planetary environment under investigation. In order to
achieve the maximum benefit from such an effort, it is
necessary to extend the methodological frameworks of
circum-terrestrial space weather to different contexts.
Therefore, the strongest motivation for the current scientific
review is the need for a synoptic organization of the available
knowledge on the field of interactions at different planetary
systems, in parallel with a comparative analysis encompassing
the inter-connection among planetary space weather aspects
belonging to different disciplines (e.g. plasma variability and
its effects on atmospheric heating).

Among others, the future ESA JUpiter ICy moons Explorer
(JUICE) and the ESA/JAXA BEPI COLOMBO (composed of
two spacecraft in orbit around Mercury) space missions (to be
launched in 2022 and 2018, respectively) will provide the
opportunity to study space weather phenomena at two different
regions of our Solar System, dominated by essentially different
conditions. Moreover, among the principal science objectives
of JUICE are the investigation of the near-moon plasma and
neutral environments as well as the characterization of Jupiter’s
atmosphere and magnetosphere (Grasset et al. 2013). In this
view, a synopsis of the plasma variability in the giant planet’s
magnetosphere and its effects on the exospheres of the moons
and the atmosphere of the planet itself is a useful tool for any
related study; moreover, such an effort is rather urgent since it
could be of help during the definition of the mission’s
observational strategies as well as during the implementation
of related models. Furthermore, the results acquired by the
Cassini mission have demonstrated that the plasma variability
in the Saturn system is an important agent in the interactions
within the planet’s magnetosphere and atmosphere as well as
in the moon and ring environments (André et al. 2008; Jia
et al. 2010). The interactions between the Enceladus (Fleshman
et al. 2010) and possibly Europa (Roth et al. 2014a) plumes
with the magnetospheric environments are two other important
examples of planetary space weather phenomena about which
our knowledge is currently limited. In addition, the Uranus
case is perhaps one of the most intriguing environments in
the outer Solar System for planetary space weather studies,
mainly due to the particular orientation of the solar wind
direction, relative to the planet’s rotation axis and magnetic
field. The determination of the space weather conditions in

the Solar System is particularly challenging and requires as a
first step the definition of key observable quantities. With this
in mind, it is clear that there is a strong need for detailed space
weather studies of individual planetary environments. In sum-
mary, the planetary space weather discipline aims at:

d understanding the nature of planetary environments
revealing the physics of their interactions with the solar
wind and/or the magnetospheric environments to which
they are embedded;

d forecasting and nowcasting the space environment
variability around a body in the Solar System;

d predicting the impacts of space environments on
technological systems on-board spacecraft and/or even-
tually on humans.

The scope of this review paper is to integrate the effort
started in the earlier study by Lilensten et al. (2014) by
(a) providing an update of the current knowledge on the
scientific aspects of planetary space weather, with special
emphasis on the outer Solar System; (b) discussing considera-
tions related to future missions such as ESA JUICE and ESA/
JAXA BEPI COLOMBO and (c) demonstrating the benefit for
the circum-terrestrial space weather discipline from studies
related to other planetary environments. In Section 2, we
present a brief review of the interactions taking place at differ-
ent Solar System bodies, demonstrating that a ‘‘general
approach’’ to the topic of planetary space weather cannot be
easily adopted; in Sections 2.1 and 2.2 we review the outer
and inner Solar System cases, respectively. In Section 3,
we discuss some aspects of space weather from a comparative
planetology viewpoint and give some considerations related to
the planning of future observations both with Earth-orbiting
telescopes and instruments on-board spacecraft at different
planetary environments. The importance of such investigations
for the interpretation of in-situ observations is discussed
extensively. Although in the current paper we focus on topics
related to the upcoming missions ESA JUICE and ESA/JAXA
BEPI COLOMBO, we emphasize the relevance of such
planetary space weather studies for future missions to all
destinations in the Solar System. In Section 4, we discuss
the benefit from planetary space weather studies for the
circum-terrestrial space weather research. The conclusions of
this study are presented in Section 5. We underline that in
the current paper, interactions between comets and their
external environment, as well as interactions at the Pluto-
Charon system have been intentionally omitted due to contin-
uous updates in these fields, provided by the ESA Rosetta and
NASA New Horizons missions, respectively.

2. Space weather interactions in the Solar System

The interactions of different Solar System bodies with solar
wind and/or magnetospheric plasma have different spatial
scales and timescales. Moons can be submerged in their
parent body’s magnetosphere either permanently (e.g.
Ganymede) or for a fraction of their orbit (e.g. Titan). In the
Jupiter and the Saturn systems, the speed of the corotating
(with the planet) plasma is higher than the orbital velocity of
some satellites. As a result, the thermal corotating plasma over-
takes these moons. For example, the orbital speed of Enceladus
is 12.6 km/s while the thermal plasma corotates with Saturn at
39 km/s near Enceladus and thus the corotating plasma
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overtakes this moon forming a ‘‘corotational wake’’ at the
hemisphere leading the moon’s orbital motion. The Cassini
Plasma Spectrometer (CAPS) registered a strong enhancement
in the flux of plasma ions when passing upstream of this wake.

In general, the interactions between Solar System bodies
and their space environment depend strongly on whether the
body is magnetized or unmagnetized. In Figure 1, the magne-
tospheres of the four outer planets, the Earth and Mercury are
presented.

A typical case study for the outer Solar System is Jupiter
and its moons Europa, a satellite without any intrinsic
magnetic field, and Ganymede, not only the largest moon but
also the only known satellite in the Solar System possessing
its own magnetosphere. Leading/trailing hemisphere albedo
and colour ratio asymmetries have been previously reported
for both Ganymede (Clark et al. 1986; Calvin et al. 1995)
and more significantly for Europa (McEwen 1986; Sack
et al. 1992). For Ganymede, the leading hemisphere has a
measurably higher ratio in the green/violet colour ratio
(�0.79) than the trailing hemisphere (�0.73), implying a
greater abundance of fine-grained frost on the leading
hemisphere. Additionally, images of Ganymede acquired by
Voyager 2 revealed that Ganymede’s high-latitude regions are
noticeably brighter than its equatorial regions (Smith et al.
1979). Khurana et al. (2007) showed that there is a clear link
between plasma bombardment and polar cap brightening at
Ganymede and suggested that sputter-induced redistribution
and subsequent cold trapping of water molecules is responsible
for the observed bright and dark patches of the bright polar
terrain. These authors also suggested that leading vs. trailing
brightness differences in Ganymede’s low-latitude surface are
due to enhanced plasma flux onto the leading hemisphere,
rather than to darkening of the trailing hemisphere. This is

because the equatorial region is shielded from electrons over
all longitudes, whereas in the leading sector, magnetic
reconnection (i.e. the breaking and topological rearrangement
of magnetic field lines in a plasma, resulting in the conversion
of magnetic field energy to plasma kinetic and thermal energy)
could lead to some sputtering of surface material at low
latitudes from recently trapped particles; in those regions,
however, such a process is expected to have lower rates than
in the polar caps. Recent simulations by Plainaki et al.
(2015) of Ganymede’s sputter-induced water exosphere support
this scenario. In contrast to Ganymede, the entire surface of
Europa is bombarded by Jovian plasma (maximum precipitat-
ing flux is at the trailing hemisphere apex), suggesting that
sputter-induced redistribution of water molecules is a viable
means of brightening the satellite’s surface. As a consequence
of these space weather conditions at Europa, the spatial
distribution of the generated H2O exosphere is expected to
follow the pattern of the ion precipitation to the surface, being
most intense above the moon’s trailing hemisphere (see
Plainaki et al. 2012, 2013). On the basis of the above paradigm,
it becomes clear that a ‘‘general approach’’ to the topic of
planetary space weather, determined by the interactions
between the body’s environment and its surrounding space, is
not straightforward.

2.1. Space weather in the outer Solar System

All planets in the outer Solar System possess magnetic fields,
which can be assumed to have approximately either a dipole
form (e.g. Jupiter and Saturn, with tilt angles 9.6� and 0�,
respectively) or a multipole form (e.g. Uranus and Neptune,
with tilt angles 59� and 47�, respectively). Space weather at
the environments of the outer planets depends on one hand

(a) (b)

(c) (d)

Fig. 1. Comparison of the sizes of magnetospheres of the outer planets, the Earth and Mercury. Boxes illustrate the relative size of the
magnetospheres. The conical at the left of each planet represents the bow shock, whereas the swept-back lines represent the planetary magnetic
field. (a) Mercury. (b) The Earth. (c) Saturn (left) and Jupiter (right). (d) Uranus or Neptune. Adapted from Kivelson & Russell (1995).
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on the solar wind density and the IMF intensity and direction,
and on the other hand on the planetary magnetic field tilt and
plasma pressure inside the magnetosphere. Below we will
discuss the different characteristics of these magnetospheres
related to space weather.

2.1.1. Space weather at Uranus, Neptune and exoplanetary
analogues

Neptune and Uranus have strong non-axial multipolar magnetic
field components compared with the axial dipole component
(Connerney et al. 1991; Herbert 2009). These highly non-
symmetric internal magnetic fields (Ness et al. 1986, 1989;
Connerney et al. 1991; Guervilly et al. 2012), coupled with
the relatively fast planetary rotation and the unusual inclination
of the rotation axes from the orbital planes, imply that the
magnetospheres of Uranus and Neptune are subject to drastic
geometrical variations on both diurnal and seasonal
timescales. The relative orientations of the planetary spin, the
magnetic dipole axes and the direction of the solar wind flow
determine the configuration of each magnetosphere and, conse-
quently, the plasma dynamics. Space weather phenomena,
therefore, at these environments are expected to be signifi-
cantly variable in intensity and morphology over a range of
timescales. The study of the interactions responsible for space
weather phenomena at the environments of the icy giants
can also be used as a template for exoplanetary investigations.

On the basis of the Voyager 2 occultation measurements,
the atmosphere of Uranus up to the vicinity of the exobase
(i.e. near ~1.25 RU, where RU is the planet’s radius) consists
mainly of H2 (Herbert et al. 1987). At higher altitudes, atomic
H becomes the major constituent. The Voyager IR spectrometer
deduced also a He content of about 15% (see Fig. 2). At the
current moment, our knowledge on space weather phenomena
at Uranus is essentially based on (a) a limited set of plasma,
FUVand IR measurements obtained during the Voyager 2 flyby
(Herbert 2009), (b) a series of observations of the FUV and IR
aurora with the Hubble Space Telescope (HST; Ballester 1998)
and (c) observations from ground-based telescopes (e.g.
Trafton et al. 1999). Voyager 2 provided a single snapshot of
the Uranian magnetosphere at solstice, when the angle of attack
between the solar wind axis and the magnetic dipole axis varied
between 68� and 52�, to some extent similar to the situation at
the Earth’s magnetosphere (Arridge et al. 2014). Moreover, the
Voyager 2 plasma observations showed that when the Uranus
dipole field is oppositely directed to the interplanetary field,
magnetic plasma injection events are present in the inner
magnetosphere, likely driven by reconnection every planetary
rotation period (Sittler et al. 1987). However, the near
alignment of the rotation axis with the planet-Sun line during
solstice means that plasma motions produced by the rotation
of the planet and by the solar wind are effectively decoupled
(Selesnick & Richardson 1986; Vasyliunas 1986) hence the
related space weather phenomena are expected to differ
substantially from those at Earth, both in timescales and spatial
morphology. Due to the planet’s large obliquity, near equinox,
Uranus’ asymmetric magnetosphere changes between near-
pole-on and near-perpendicular configurations, every quarter
of a planetary rotation. The configuration of Uranus’ magneto-
sphere in the 2030s is shown in Figure 3.

The available in-situ measurements of space weather-
related interactions in the Uranian system refer to a single
configuration between the planet and the solar wind flow.
Therefore, the time-dependent modulation of the magnetic

reconnection sites, the details of the solar wind plasma entry
in the inner magnetosphere of Uranus, the plasma precipitation
to the exosphere and ionosphere, the modes of interaction
(pickup, sputtering and charge exchange) between the magne-
tospheric plasma and the rings and moons of Uranus are
largely unknown. Proton and electron radiation belts (with
energies up to tens of MeVs), albeit slightly less intense than
those at Saturn, were also observed in the inner magnetosphere
of Uranus (Cheng et al. 1991; Mauk & Fox 2010) but their
diurnal and seasonal variability is also unknown to a great
extent (Arridge et al. 2014). Recent observations and theoreti-
cal works on this thematic suggest a limited role for the solar
wind-driven dynamics at equinox (Lamy et al. 2012; Cowley
2013) and solar wind-magnetosphere coupling via magnetic
reconnection that varies strongly with season and solar cycles
(Masters 2014). At the moment, therefore, it is not clear if
space weather phenomena are determined predominantly by
solar wind or by a more rotation-dominated magnetosphere,
such as the one at Jupiter or Saturn (Arridge et al. 2014).
Future missions to Uranus with the science goal, among others,
to understand the solar wind-magnetosphere-ionosphere
coupling and its role in determining the space weather condi-
tions at the icy giant, have been recently proposed (Arridge
et al. 2012, 2014; Turrini et al. 2014).

The aurora of Uranus is perhaps the most significant
evidence of how space weather conditions around the planet

(a)

(b)

Fig. 2. (a) Abundance and temperature profiles of the main
constituents of Uranus upper atmosphere, as inferred from the
occultation observations by the Voyager 2 ultraviolet spectrometer.
Helium was not detectable in the occultations hence it has been
extrapolated upwards from IRIS measurements (Hanel et al. 1986).
From Herbert et al. (1987). (b) Modelled ionospheric profiles of
electron densities for Uranus using the Voyager inferred tempera-
ture profiles. From Waite & Cravens (1987).
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vary. It is underlined that one of the major open questions
regarding Uranus is the determination of the exact mechanism
providing the required additional heating of the planet’s upper
atmosphere. In a recent study, Barthelemy et al. (2014)
analysed HST FUV spectral images obtained in November
2011 (Lamy et al. 2012) and in 2012, with the scope to extract
any possible H2 emission produced in the upper atmosphere of
the planet. For their interpretations of the data, they used
simulated H2 emissions created by energetic particle precipita-
tion in the upper atmosphere. They found that for the spectrum
of November 2011, when an auroral spot was positively
detected, a small contribution of H2 emission was identified
providing, hence, evidence for the presence of precipitating
electrons, giving a total energy input of at least 150 GW.
In the context of space weather, it is important to note that
Barthelemy et al. (2014) did not find any evidence for auroral
electron-induced emission above the detection threshold in any

other spectra except for those corresponding to November
2011. Future in-situ plasma and energetic neutral particle
observations could provide significant feedback for the
determination of the planet’s space weather conditions and
for determining if they indeed have a key role in this context.
The planetary period modulation of the field-aligned currents
at Uranus may lead to modulated auroral electron acceleration
in regions of upward currents, as it happens in the case of
Saturn (e.g., Nichols et al. 2008, 2010a, 2010b; Southwood
& Kivelson 2009; Badman et al. 2012; Hunt et al. 2014);
associated modulated radio emissions at kilometre wavelengths
generated via the cyclotron maser instability could be present
(Zarka 1998; Lamy et al. 2010, 2011). Such observations can
be essential for the identification of space weather phenomena
at Uranus.

An additional particle source, at least in the inner
magnetosphere of Uranus, may be the Cosmic Ray Albedo
Neutron Decay (CRAND), responsible for the MeV ion spectra
changes as a function of dipole L, where L is the McIlwain
parameter4 (Krupp 2015). The CRAND source has also been
suggested and confirmed to be a source for both Jupiter’s
(Bolton et al. 2015) and Saturn’s radiation belts (Kollmann
et al. 2013). Given the variability of the magnetosphere config-
uration at Uranus, the CRAND source may have a significant
role in determining the space weather conditions around the
planet, especially in the inner magnetosphere regions.

The magnetospheric interaction with the Uranian moons
and rings, basically unknown at the current moment, is the
agent of space weather at these systems. However, the Voyager
data did not provide any evidence for such phenomena. Space
weather phenomena occurring due to coupling between the
planet’s magnetosphere and the expected tenuous atmospheres
around the Uranian moons and rings could be identified and
studied through in-situ measurements of magnetic field,
charged particles and surface-released neutrals. Moreover,
remote imaging of charge-exchange energetic neutral atoms
(ENAs) would offer a unique opportunity to monitor the
plasma circulation where moons and/or Uranus’ exosphere
are present (Turrini et al. 2014). However, Krupp (2015)
noticed that the highly variable inclination of the Uranian
moons with respect to the magnetic equator of the planet could
lead to highly variable interactions between magnetospheric
populations and moon surfaces. In this case, water particles
could be sputtered and hence contribute to the magnetospheric
population once they get ionized, determining the space
weather conditions in the moons’ vicinity.

Neptune is a relatively weak source of auroral emissions at
UV and radio wavelengths (Broadfoot et al. 1989; Bishop et al.
1995; Zarka et al. 1995, Zarka 1998). Although this non-
observation does not rule out an active magnetosphere, it rules
out processes similar to those associated with the aurora
observed at Uranus. Whereas the plasma in the magnetosphere
of Uranus has a relatively low density and is thought to be pri-
marily of solar wind origin, at Neptune, the distribution of
plasma is generally interpreted as indicating that Triton is a
major source (Belcher et al. 1989; Krimigis et al. 1989; Mauk
et al. 1991, 1995; Richardson et al. 1991). Neptune’s satellite
Triton, the largest of the 14 known Neptunian moons,
possesses a nitrogen and methane atmosphere with a surface
pressure of 14 microbar and temperature of about 35.6 K,

(a)

(b)

Fig. 3. The magnetosphere of Uranus in the late 2030s between
solstice and equinox where the rotation axis has a significant out-of-
plane component. Planetary rotation results in significantly different
magnetosphere configurations. The angle between the magnetic
dipole vector (red arrow) and the planet’s rotational plane is ~59�.
Credit: Chris Arridge, Fran Bagenal and Steve Bartlett.

4 The L-shell or McIlwain parameter describes the set of magnetic
field lines which cross the planet’s magnetic equator at the distance
of a number of planetary radii equal to the L-value.
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extending to 950 km above the surface. The exosphere temper-
ature reaches 95 K (Coustenis et al. 2010). Most of the
atmosphere contains a diffuse haze, which probably consists
of hydrocarbons and nitriles produced by the photolysis of
N2 and CH4 (McKinnon & Kirk 2007). Therefore, space
weather at Neptune could be substantially the result of the
interaction between Triton-originating plasma and Neptune’s
magnetosphere and atmosphere systems. It is underlined that
escape of neutral hydrogen and nitrogen from Triton maintains
a large neutral cloud (Triton torus) that is believed to be source
of neutral hydrogen and nitrogen (Decker & Cheng 1994).
The escape of neutrals from Triton could be an additional
plasma source for Neptune’s magnetosphere (through ioniza-
tion). An agent for possible space weather phenomena at
Triton’s vicinity is possibly the presence of active geysers, a
source of ions for the whole system, similar to the one at
Saturn’s moon Enceladus (Porco et al. 2014). Since our
knowledge of the plasma dynamics in the magnetosphere of
Neptune as well as on the neutral particle production in Triton’s
atmosphere is limited (it is based only on a single flyby by
Voyager 2 in 1989), new in-situ plasma and energetic neutral
particle observations focused on Triton’s region could be of
particular importance for future studies related to planetary
space weather in the outer Solar System. Space weather
phenomena at Neptune’s moons depend on combined effects
of photoionization, electron impact ionization and charge
exchange in the context of a complex coupling between an
asymmetric planetary magnetosphere and satellite exospheres
at large distances from the Sun.

2.1.2. Space weather in the Saturnian system

Saturn is the second largest planet in our Solar System, follow-
ing Jupiter. Similar to the Jovian case, Saturn is a fast rotating
system, with a rotation of approximately 10.5 h (Gombosi
et al. 2009). Above the homopause, H2, H and He dominate
the upper atmosphere (see Fig. 4). Space weather at Saturn
is manifested by the occurrence of aurorae and thermospheric
emissions providing insights into the state of the planet’s
thermosphere and ionosphere (Fig. 5).

The interaction of Saturn’s magnetic field with the solar
wind generates a giant magnetosphere which is dynamically
and chemically coupled to all other components of Saturn’s
environment: the rings, the exosphere, the icy satellites (and
their tenuous atmospheres), the Enceladus’ plumes and Titan’s
upper atmosphere. It is thus dominated by numerous
interactions between charged particles, neutral gas and dust
in addition to the usual interactions with the solar wind (Blanc
et al. 2002). Saturn’s magnetosphere is believed to be an
intermediate case between the magnetosphere of the Earth
and the one of Jupiter (Andriopoulou et al. 2014). A unique
feature is that it is neutral-dominated. The neutral-to-ion ratio
is roughly 60, for radial distances ranging from 3 Rs to 5 Rs

(with Rs being Saturn’s radius). This ratio increases for larger
and smaller distances (Mauk et al. 2009; Melin et al. 2009;
Shemansky et al. 2009). The density profiles of H2O and
atomic H peak near the Enceladus orbit at a distance of
~3.95 Rs from the planet (Perry et al. 2010). Other Saturnian
satellites residing in the planet’s magnetosphere can act both
as plasma sinks and sources. Observations from early flyby
missions to Saturn revealed a very complex ring system with
several gaps, where the energetic particle density drops, mainly
due to the satellites’ presence. The ring system itself (Johnson

et al. 2006) and the planet’s thermosphere (Shemansky et al.
2009) can be additional sources supplying neutrals in Saturn’s
magnetosphere. Indeed, a ‘‘ring ionosphere’’ was detected by
the CAPS instrument on-board Cassini (Coates et al. 2005).

The investigation of the magnetopause reconnection driven
by the solar wind started in the Voyager era. However, its
significance is a subject of large debate to date. Voyager
observations showed reconnection signatures at Saturn’s
magnetopause (Huddleston et al. 1997) and suggested that
bursty reconnection similar to flux transfer events at Earth
(Russell & Elphic 1979) is not a significant mechanism at

Fig. 4. Density profiles of various components of Saturn’s upper
atmosphere obtained from forward modelling of the Cassini UVIS
d-Ori stellar occultation on 2005 DOY 103 at a latitude of �42.7�.
From the book Saturn from Cassini-Huygens (M.K. Dougherty et al.
eds.), Chapter 8 by Nagy et al. (2009).

Fig. 5. Noon ion density profiles at Saturn. From the book Saturn
from Cassini-Huygens (M.K. Dougherty et al. eds.), Chapter 8 by
Nagy et al. (2009).
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Saturn, because of the high magnetosonic Mach numbers5

which are reached close to Saturn. On the other hand, Cassini
plasma and magnetic field observations revealed signatures of
reconnection at Saturn’s magnetopause (McAndrews et al.
2008). Recently, it was suggested that only a limited fraction
of the magnetopause surface could become open (Masters
et al. 2012). Moreover, recent studies indicated that reconnec-
tion has a less important role at Saturn than at the Earth, in
large-scale transport near the subsolar region of the magne-
topause (Lai et al. 2012). Finally, several auroral studies
provide evidence for the importance of solar wind driven
reconnection at Saturn’s magnetopause (see among others
Badman et al. 2011; Radioti et al. 2011b; Jasinski et al.
2014; Meredith et al. 2014).

2.1.2.1. Solar wind effects on the aurora
The main auroral emission at Saturn (Fig. 6) can be associated
with the solar wind-magnetosphere interaction through the
generation of field-aligned currents and plasma precipitation
(e.g. Cowley et al. 2004), similar to the terrestrial aurora
(e.g. Paschmann et al. 2002). Particularly, Cassini measure-
ments in comparison with conjugated auroral observations
suggest that the main auroral emission at Saturn is produced
by the magnetosphere-solar wind interaction, through the shear
in rotational flow across the open-closed field line boundary
(OCFB; e.g. Cowley & Bunce 2001; Bunce et al. 2008). The
morphology of Saturn’s aurora is demonstrated to respond to
solar wind changes (Grodent et al. 2005; Clarke et al. 2009),
controlled by the balance between the magnetic field reconnec-
tion rate at the dayside magnetopause and the reconnection rate
in the nightside tail (Cowley et al. 2004; Badman et al. 2005,
2014).

HST observations (Gérard et al. 2004, 2005) and theoreti-
cal studies (Bunce et al. 2005) showed that reconnection
occurring at the dayside magnetopause could give rise to bright
UV auroral emissions at Saturn observed occasionally near
noon, similar to the ‘‘lobe cusp spot’’ at Earth (i.e. emissions
located at the cusp magnetic foot point, Fuselier et al. 2002).
The magnetospheric ‘‘cusp’’ is the magnetospheric region
where magnetosheath plasma has direct access to the iono-
sphere through reconnection. Specifically, it was proposed by
Bunce et al. (2005) that pulsed reconnection at the low-latitude
dayside magnetopause for northward-directed IMF is giving
rise to pulsed twin-vortical flows in the magnetosphere and
ionosphere in the vicinity of the OCFB lines. For the case of
southward IMF and high-latitude lobe reconnection, bipolar
field-aligned currents are expected, associated with auroral
intensifications poleward of the OCFB lines.

Cassini Ultraviolet Imaging Spectrograph (UVIS) auroral
observations revealed signatures of consecutive reconnection
events at Saturn’s magnetopause (Radioti et al. 2011b) in the
form of bifurcations of the main emission (Fig. 6a). In the
same study it was suggested that magnetopause reconnection
could lead to a significant increase of the open flux within a
couple of days. In particular, each reconnection event is
estimated to open �10% of the flux contained within the polar
cap. Additionally, Cassini multi-instrument observations,
including auroral UV and IR data, confirmed that the auroral

arcs are related to bursty reconnections at Saturn involving
upward field-aligned currents (Badman et al. 2012) and
suggested that these are efficient in transporting flux (Badman
et al. 2013). A more recent study based on conjugated IMF and
HST observations (Meredith et al. 2014) provided evidence of
significant IMF dependence on the morphology of Saturn’s
dayside auroras and the bifurcated arcs. Finally, the auroral
evidence of magnetopause reconnection at multiple sites along
the same magnetic flux tube similar to the terrestrial case
(Fasel et al. 1993) was shown to give rise to successive
rebrightenings of auroral structures (Radioti et al. 2013b).
The same auroral features, together with magnetospheric
measurements, were discussed in Jasinski et al. (2014) in terms
of cusp signatures at Saturn’s high-latitude magnetosphere.

However, it should be noted that the significance of magne-
topause reconnection at Saturn is under debate (Masters et al.
2012). Alternatively to solar wind driven reconnection, the
viscous interaction of the solar wind with the planetary
magnetosphere, which involves magnetic reconnection on a
small scale (Delamere & Bagenal 2013), influences Saturn’s
magnetopause dynamics. Cassini UVIS observations revealed
recently the presence of small-scale structures in the dayside
main auroral emissions indicative of magnetopause Kelvin-
Helmholtz instabilities, which are key elements of the solar
wind-magnetosphere viscous interaction (Grodent et al. 2011).

In addition to dayside magnetopause, the solar wind
influences Saturn’s magnetotail and this interaction leaves its
footprint in the aurora. It has been suggested that Saturn’s
magnetotail is influenced by a combination of solar wind
(Dungey 1961, like at Earth) and internally driven magnetic
reconnection (Vasyliunas 1983) as well as viscous interaction
of the solar wind with the planetary magnetosphere (Delamere
& Bagenal 2013). Tail reconnection in the Dungey-cycle
manner is expected to result in bright and fast rotating aurorae,
which expand poleward in the dawn sector, reducing
significantly the size of the polar cap and thus resulting in
the closure of flux (Badman et al. 2005; Cowley et al. 2005;
Jia et al. 2012).

Particularly, intense auroral activity in the dawn auroral
sector was recently observed by Cassini/UVIS and was
characterized by significant flux closure with a rate ranging
from 200 to 1000 kV (Radioti et al. 2014). Additionally,
Nichols et al. (2014) based on HST observations revealed
auroral intensifications in the dawn auroral sector, propagating
at 3.3 times the rigid corotation. These intensifications were
suggested to be indicative of ongoing, bursty reconnection of
lobe flux in the magnetotail, with flux closure rates of
280 kV (Fig. 6b). Badman et al. (2015) reported an event of
solar wind compression that impacted Saturn’s magnetosphere,
identified by an intensification, and extension to lower
frequencies, of the Saturn kilometric radiation. This event
was manifested in the auroral dawn region as a localized
intense bulge of emission followed by contraction of the night-
side aurora. These observations are interpreted as the response
to tail reconnection events, initially involving Vasyliunas-type
reconnection of closed mass-loaded magnetotail field lines,
and then proceeding onto open lobe field lines, causing the
contraction of the polar cap region on the nightside.
Additionally, Radioti et al. (2016) revealed multiple intensifica-
tions within an enhanced auroral dawn region suggesting an
x-line in the tail, which extends from 2 to 5 LT. Such UV inten-
sifications have been also previously suggested to be associated
with depolarizations in the tail (Jackman et al. 2013). The local-
ized enhancements reported by Radioti et al. (2016) evolved

5 The magnetosonic Mach number, Mf, is defined as the upstream
(with respect to a collisionless shock) flow speed divided by the
speed of the fast magnetosonic wave, which steepens to form the
shock (Masters et al. 2011). Mf is always >1 for shocks, by
definition.
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in arc and spot-like small-scale features. They are likely related
to plasma flows enhanced from reconnection, which diverge
into multiple narrow channels and then spread azimuthally
and radially. The evolution of tail reconnection at Saturn
may be illustrated by an ensemble of numerous narrow current
wedges or inward transport initiated in the reconnection region,
likely explained by multiple localized flow burst events.

Enhancements in ENA emission and Saturn kilometric
radiation data, together with auroral observations from HST
and UVIS, reported the initiation of several acceleration events
in the midnight to dawn quadrant, at radial distances in the
range from 15 Rs to 20 Rs, related to tail reconnection
(Mitchell et al. 2009). The formation of ENA emission is
discussed in Section 2.1.2.2. Numerical simulations together
with simultaneous UV and ENA emissions (Radioti et al.
2009a, 2013a) demonstrated that injected plasma populations
can create auroral emissions at Saturn, by pitch angle diffusion
associated with electron scattering by whistler-mode waves,
while field-aligned currents driven by the pressure gradient
along the boundaries of the cloud might have a smaller
contribution.

Recently, UVIS auroral observations revealed the first and
only observation of an Earth-like transpolar arc at Saturn
(Fig. 7) (Radioti et al. 2014). At Earth, transpolar arcs are
auroral features, which extend from the nightside auroral oval
into the open magnetic field line region (polar cap) and they
represent the optical signatures of magnetotail dynamics (e.g.
Frank et al. 1982; Milan et al. 2005). The formation of the
nightside polar arc at Saturn may be related to solar wind
driven tail reconnection similarly to the terrestrial case (Milan
et al. 2005). However, the rarity of the occurrence of the
transpolar arc at Saturn indicates that the conditions for its
formation are rarely met at the giant planet, contrary to the
Earth.

2.1.2.2. Space weather at the radiation belts
The radiation belt environments of the outer planets are quite
different from the one of the Earth, mainly due to the presence
of moons and rings embedded in these systems. At Saturn, they
were firstly explored using in-situ measurements from the

Pioneer 11, Voyager 1 and 2 flyby missions (Van Allen
1983, 1984). The Cassini spacecraft arrived at Saturn in
2004 and it has since then been providing extensive data on
the Kronian system and the radiation belts in particular.

The energy range of Saturn’s charged particle population in
the radiation belts is between some hundreds of keV up to tens
of MeV, while the radial extent of this magnetospheric region
is between 2.3 Rs up to 6 Rs approximately (Gombosi et al.
2009; Kollmann et al. 2013). Figure 8 shows the typical phase
space density profiles of protons in the Kronian radiation belts
as a function of L-shell for several energy channels. Moving
inside 2.3 Rs, almost all the energetic particle population is

Fig. 7. Polar projection of Saturn’s aurora as captured from UVIS
on-board Cassini on DOY 224, 2008. Noon is to the bottom and
dusk to the right. The arrow indicates the first observation of an
Earth-like transpolar arc at Saturn. The formation of the nightside
polar arc at Saturn may be related to tail reconnection. Adapted
from Radioti et al. (2014).

(a) (b)

Fig. 6. (a) Polar projection of Saturn’s southern aurora obtained with the FUV channel of UVIS on-board Cassini on DOY 21, 2009. Noon is to
the bottom and dusk to the right. The grid shows latitudes at intervals of 10� and meridians of 40�. Arrows indicate the main emission and the
bifurcations of the main auroral emission. Adapted from Radioti et al. (2011b). (b) Polar projection of Saturn’s aurora obtained with the HST on
day 95, 2013. Noon is to the bottom and dusk to the right. A grey 10� · 10� latitude-longitude grid is overlaid. Arrows show bursts of
emissions indicative of reconnection of lobe flux in the magnetotail. Adapted from Nichols et al. (2014).
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depleted due to the presence of the main rings. An exception
may be the region inside the D-ring of Saturn, where, evidence
of a tiny energetic particle trapping region has been reported
(Krimigis et al. 2005). Its presence was inferred from the
detection of an ENA population by the MIMI/INCA during
the first Cassini orbit. The origin of this particle population
is expected to be the main proton radiation belt, after the
occurrence of double charge-exchange processes with particles
of the Saturnian exosphere: these protons undergo a first
charge-exchange, where they are transformed into planet-
directed ENAs that can ‘‘overfly’’ the planetary rings, stripped
off an electron upon entry in Saturn’s exosphere and finally
trapped as ions (Fig. 9).

The icy moons that inhabit the main radiation belts
continuously absorb energetic particles at their orbits,
separating in this way the ionic radiation belts and producing
‘‘sweeping corridors’’ (Kollmann et al. 2013; Kotova et al.
2015). Due to the approximate alignment of the magnetic axis
with the rotation axis, the energetic particle losses due to
the moons are expected to be much more pronounced
than the ones in the other outer planets (Roussos et al.
2007). As a result, solar wind does not influence the inner
radiation belt environment, which is rather stable. However,
a new transient radiation belt was recently discovered near
Dione’s orbit, at radial distances from 4.89 to 8 Rs approxi-
mately (Roussos et al. 2008). This transient belt can be
observed for up to a few weeks or months and its occurrence
is related to periods of enhanced solar activity. It can be
considered therefore as an evident manifestation of space
weather in the Saturnian system.

Another mechanism for the energetic particle loss in the
Kronian radiation belts is the interaction of the ions with the
moons’ exospheres, and in particular with the exosphere and
plumes of Enceladus (Tokar et al. 2006; Cassidy & Johnson

2010). The most important source of the radiation belt protons
with energies >10 MeV is the GCR population interacting with
Saturn’s atmosphere and rings through the CRAND process
(Blake et al. 1983; Cooper 1983; Kollmann et al. 2013) (see
also Sect. 2.1.1). Such a mechanism has an important role also
at the Earth’s radiation belts (Singer 1958). The CRAND
process is also responsible for the most energetic component
(>10 MeV) of Saturn’s innermost radiation belt (Kotova
et al. 2014). While the proton radiation belts are characterized
by stability, this is not the case for the electron radiation belts
that are characterized by both complex temporal and spatial
variations. Satellites orbiting within the magnetospheres of
the giant planets are effective absorbers of trapped radiation,
forming the characteristic and dominant structure of the
radiation belts (Selesnick 1993) including electron macro and
micro signatures. The solar UV irradiance from the thermo-
sphere of Saturn and the solar wind are the most probable
sources to account for the long-term variability of the electron
radiation belts (Roussos et al. 2014), suggesting that external
drivers play indeed an important role in Saturn’s magneto-
spheric dynamics.

Several modelling studies have been performed to describe
the electron radiation belts taking into account mainly the
radial diffusion processes (Hood 1983, Santos-Costa et al.
2003). More recently, Lorenzato et al. (2012) adapted the
Salammbô three-dimensional physical radiation belt model
for Saturn’s electron radiation belts (Santos-Costa et al.
2003). Apart from radial diffusion, this model considers other
important physical processes governing radiation belt
dynamics, and in particular, wave-particle interactions and
losses due to the rings, the icy satellites and their exospheres
(Lorenzato et al. 2012).

2.1.2.3. Space weather at the Saturnian moons
The plasma, magnetic field and neutral particles data obtained
since the arrival of the Cassini spacecraft at Saturn in July 2004
have substantially enriched our knowledge of the magneto-
sphere-satellite interactions determining the space weather
conditions at the giant planet’s moons. In the following para-
graphs we will focus on several of the moons of Saturn: Titan,
the only known satellite with a dense nitrogen-dominated
atmosphere, Rhea, Dione and Enceladus, a small icy moon
identified as the major source of neutral particles and thus also
as source of magnetospheric plasma. Titan is located within

Fig. 8. Mission-averaged phase space density profiles of protons in
Saturn’s radiation belts. From Kollmann et al. (2013).

Fig. 9. Schematic of the charge-exchange/stripping process that
begins as ENA emission from the main belt populates the innermost
radiation belt (‘‘new radiation belt’’) and ultimately produces ENA
emission from Saturn’s exosphere. From Krimigis et al. (2005).
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Saturn’s magnetosphere for average solar wind conditions. The
orbital velocities of these moons are exceeded by the speed of
the (partially) corotating magnetospheric plasma. As a result,
they are continuously ‘‘overtaken’’ by the magnetospheric
plasma flow. The overall result of the interaction between
plasma and satellite depends both on the plasma conditions,
affected dynamically by internal plasma sources (e.g. neutral
gas from Enceladus), and on the properties of each satellite
itself (e.g. surface composition, endogenic neutral sources).
Space weather conditions at the locations of these moons
have been identified to some extent by the combination of
interdisciplinary measurements with Cassini, however
modelling and further investigation is necessary for resolv-
ing critical points to be taken into account during future
missions.

Titan. Titan is the only other body, besides our own planet, to
have a dense atmosphere composed essentially of molecular
nitrogen (~97%), and hosting an active and complex organic
chemistry created by the photolysis of methane (~2% in the
stratosphere) and its interaction with nitrogen and hydrogen
(~0.1%). Figure 10 shows the density profiles of the main
components of Titan’s upper atmosphere, as obtained from
the Cassini Ion and Neutral Mass Spectrometer (INMS)
measurements, averaged over all Cassini flybys. The reader
is requested to refer to Cui et al. (2009b, Fig. 9), for a descrip-
tion of the observed diurnal variations of several representative
ion species in Titan’s ionosphere.

Adding to the Voyager 1 radio-occultation data, measure-
ments by the Composite Infrared Radiometer Spectrometer
(CIRS) on the orbiter and from the Huygens Atmospheric
Structure Instrument (HASI) at the probe’s landing site
(10� S, 192� W) from 1400 km in altitude down to the surface
allowed us to reconstruct the temperature structure of Titan.
A surface temperature of 93.65 ± 0.25 K was measured for a
pressure of 1467 ± 1 mbar (Fulchignoni et al. 2005).
As revealed previously through Voyager data analysis, Titan’s
atmosphere is composed (from upper altitudes to lower ones)
of an exosphere, a thermosphere, a mesosphere, a stratosphere
and a troposphere, with two major temperature inversions at
40 and 250 km, corresponding to the tropopause and
stratopause, associated with temperatures of 70.43 K (min)
and 186 K (max). A mesopause was also found at 490 km
(with 152 K) in the early years of the Cassini mission, but
has gradually disappeared in the recent years, leading to a more
homogeneous vertical structure. The Voyager 1 UVS experi-
ment had also recorded a temperature of 186 ± 20 K at
1265 km during a solar occultation for a methane mixing ratio
of 8 ± 3% toward 1125 km, placing the homopause level at
around 925 ± 70 km.

The Cassini-Huygens mission demonstrated that Titan’s
atmosphere is a chemical factory in which the formation of
complex positive and negative ions is initiated in the high ther-
mosphere as a consequence of magnetospheric-ionospheric-
atmospheric interactions involving solar EUV, UV radiation,
energetic ions and electrons (Waite et al. 2005). Indeed, besides
the mother molecules, molecular nitrogen and methane,
a diverse host of neutral components was discovered in the
middle atmosphere, originating in the upper layers.

Table 1 (from Sittler et al. 2009) summarizes the main
energy sources for Titan’s upper atmosphere. As shown,
energetic particles from Saturn’s magnetosphere are, in addi-
tion to UV and EUV radiation, the most important energy

source for this complex chemical factory in Titan’s upper
atmosphere, and for creating an extended ionosphere.

Titan was found to have quite an extended ionosphere,
between 700 and 2700 km, essentially due to the lack of a
strong intrinsic global magnetic field and the precipitation of
energetic particles from Saturn’s magnetosphere. At lower
altitudes, galactic cosmic rays are responsible for the produc-
tion of another ion layer in the atmosphere (between 40 and
140 km), while the neutral atmospheric photochemistry is
mainly driven by FUV solar photons.

Figure 11, adapted from Waite et al. (2004) and Sittler
et al. (2009), shows schematically the main layers of Titan’s
upper atmosphere, and their interaction with the energetic
plasma flow from Saturn’s magnetosphere and the other energy
sources. The direct analysis of the ionosphere by the INMS
instrument during the low-altitude Cassini flybys of Titan
shows the presence of many organic species at detectable
levels, in spite of the very high altitude (1100–1300 km).
The interpretation of INMS measurements (limited to masses
up to 100 Daltons) and of Cassini/CAPS data (Coates et al.
2007, 2009) strongly suggests that high molecular weight
species (up to several 1000 Daltons) may be present in the
ionosphere (Waite et al. 2007, Fig. 7). Models applied to the
data have pointed to the presence of complex molecules (see
Tables 6.2 and 6.4 in Coustenis & Taylor 2008). The vertical
distributions of the trace gases increase with altitude, confirm-
ing that these species form in the upper atmosphere and then
diffuse downward in the stratosphere. Among the trace species
detected to date we find hydrocarbons (C2H2, C2H4, C2H6,
C3H4, C3H8, etc.) and nitriles (HCN, HC3N, C2N2, etc.).
Oxygen compounds such as H2O, CO and CO2 have also been
detected.

The Cassini-Huygens measurements have revolutionized
our perception of the organic processes occurring in Titan’s
atmosphere, bringing forward a strong implication of the
ionospheric chemistry in the formation of complex organic
compounds in Titan’s environment and acting as seed particles
for the formation of tholin material and haze. These
compounds are detectable in solar and stellar UV occultations
and initiate the process of haze formation (Waite et al. 2007) to
finally condense out starting at ~950 km (Fig. 12). As the haze

Fig. 10. The density profiles of N2, CH4, H2 and 40Ar, as obtained
from the Cassini/INMS measurements, averaged over all Cassini
flybys. The inbound (solid) and outbound (dashed) profiles are
nearly identical, indicating that the wall effects are negligible for
these species. From Cui et al. (2009a).
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particles fall through the atmosphere and grow, they become
detectable with imaging systems such as the Cassini/Imaging
SubSystem (ISS) at ~500 km altitude and are ubiquitous
throughout the stratosphere (Porco et al. 2005). They are strong
absorbers of solar UV and visible radiation and play a
fundamental role in heating Titan’s stratosphere and driving
wind systems in the middle atmosphere, much as ozone does
in the Earth’s middle atmosphere.

Both the Voyager and the Cassini data indicated the
presence of temperature variations with latitude also with the
coldest temperatures in the past 10 years recorded by Cassini
first in the Northern regions associated with enhanced gas
concentration and haze opacity (as this may be caused by more
efficient cooling) or/and dynamical inertia at a time in the
beginning of the mission (Bampasidis et al. 2012; Coustenis
et al. 2015) when it was early southern summer on Titan to
well after the northern spring equinox (in August 2009) and
now into southern winter, with very cold temperatures and
dramatically enhanced chemical composition found there
now. In mid-2010 the epoch on Titan was the same as during
the V1 encounter, almost 30 years before (1 Titan year,
Coustenis et al. 2015). No significant changes in temperature
were reported for the inter-annual time lapse, but extreme
changes depending on the season were found, essentially at
the poles, with the southern pole being currently extremely

cold and having reached that state in a short time (within a
couple of years, Coustenis et al. 2016).

Since Titan is mostly inside Saturn’s magnetosphere (e.g.
Dandouras et al. 2009; Garnier et al. 2010), but can also get
under some conditions into the magnetosheath (Garnier et al.
2009) or even in the solar wind (Bertucci et al. 2014), particle
precipitation, hence ionization, can be very variable depending
on the position of the satellite and on the local plasma
conditions. Knowledge of the whole ionization profile in the
atmosphere of Titan is however widespread. In the following
paragraphs, we examine some of the salient features.

Energetic plasma from Saturn’s magnetosphere (and under
some conditions directly from the solar wind), solar EUV-XUV
radiation and cosmic rays are the main sources of the ioniza-
tion of the neutral gas in Titan’s atmosphere (see also Table 1).
Each source has a main ionization altitude that creates several
ionospheric layers above 50 km (Hamelin et al. 2007; Cravens
et al. 2008, 2009; López-Moreno et al. 2008, and references
therein). The ion production rates in Titan’s ionosphere, for
the dayside (Richard et al. 2015a and references therein) and
nightside (Richard et al. 2015b and references therein), have
been extensively studied. During the daytime, the electron
density varies between 3000 and 7000 cm�3 for a zenith angle

Fig. 11. The main layers of Titan’s upper atmosphere, and its
illumination by solar UV (blue rays), solar visible light (yellow
rays) and solar infrared light (red rays). The energy input from
Saturn’s magnetospheric interaction shows a strong interaction with
Titan’s atmosphere and the corresponding induced magnetosphere
with draped magnetic field lines. The other energy sources (galactic
cosmic rays, interplanetary dust) are also schematically shown.
Adapted from Waite et al. (2004) and Sittler et al. (2009).

Fig. 12. Schematic of Titan’s complex organic chemistry. Adapted
from Waite et al. (2007).

Table 1. Titan upper atmosphere energy sources. Adapted from Sittler et al. (2009).

Energy source Energy flux (erg/cm2/s) Global input (Watts)4 Comments
Plasma protons 1.6 · 10�4 3.4 · 107 Magnetized
Plasma electrons 1.6 · 10�4 3.4 · 107 Magnetized
Plasma heavy ions 1.5 · 10�3 3.2 · 108 Unmagnetized
Energetic ions 5.0 · 10�4–1.0 · 10�2 1.05 · 108–2.0 · 109 27 < Ep < 225 keV
Energetic electrons 2.0 · 10�4 4.0 · 107 28 < Ee < 533 keV
UV airglow 1.6 · 10�3 3.5 · 108 Altitude ~ 1300 km
UV ionization 1.6 · 10�4 3.4 · 107 Altitude ~ 1300 km
GCR 1.6 · 10�4–2.7 · 10�3 3.2 · 107–5.4 · 108

Dust 1.8 · 10�3 1.8 · 108 Interplanetary dust
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of 0�, with a maximum at about 1050 km. Both parameter
variations with the zenith angle follow basically a Chapman
law (Lilensten et al. 2005a). The major ions produced are
N2

+, N+ and CH4
+. Minor ions include CH3

+ and other minor
CH4 ionization products. Vigren et al. (2013) used in-situ N2

and CH4 measurements by the Ion Neutral Mass Spectrometer
(INMS) in order to determine (through modelling) the electron
production rates in Titan’s upper atmosphere. Finally, Titan’s
ionosphere also has a trace of doubly charged N2

++ ions
(Lilensten et al. 2005b).

The particles precipitating in the atmosphere of Titan are of
different origin and therefore of different energies. The less
energetic ones are the protons and electrons of the solar wind,
but exposure of Titan to the solar wind can occur only under
high solar wind dynamic pressure conditions and if, at that
time, Titan is in the subsolar part of its orbit (Bertucci et al.
2014) their typical energy is of a few keVs. They create an
upper ionization layer at about 900 km and up to 1300 km.
Its vertical profile can be compared to that in the ionosphere
of the Earth, with a similar F region (Galand et al. 1999).
However, the most important interaction of Titan’s upper
atmosphere is with the energetic protons, heavy ions and
electrons from Saturn’s magnetosphere, which results in an
energy input of the order of 108–109 W (Table 1). It creates
additional features known as electron bite-outs (Snowden &
Yelle 2014).

Three layers of detached haze can be seen in the
atmosphere of Titan. Their origin lies in ion-neutral chemistry.
The neutrals originate from the atmosphere. The electrons and
ions are linked to three separate sources, all-dependent on
space weather. Solar wind electrons create ionization around
900 km, protons precipitating from Saturn create the layer at
500 km and cosmic rays are responsible for the layer at
65 km (Gronoff et al. 2009a, 2009b). However, the source is
only part of the story of the layers, which have their own
seasonal latitudinal variability (Larson et al. 2015). It seems
that Titan is a unique laboratory for studying the effects (and
interactions) between the three layers and in general the forma-
tion of haze and its interaction with the environment.

Titan’s interaction with the solar wind is in many ways
similar to that of unmagnetized planets like Mars and Venus
(see also Sect. 2.2.1) and of active comets despite the different
plasma properties in the outer Solar System (Bertucci et al.
2015). Therefore, Titan constitutes a space weather laboratory,
providing a set of different configurations, determined by the
moon’s position in the Kronian magnetosphere and with
respect to the Sun.

The Rhea and Dione icy moons. Oxygen and carbon-dioxide
exospheres at Rhea and Dione were discovered by the Cassini
INMS and CAPS instruments, during the north and south Rhea
flybys (respectively, on March 2, 2010 and January 11, 2011)
(Teolis et al. 2010), and during the equatorial Dione flyby,
on December 12, 2011 (Teolis et al. 2010; Teolis & Waite
2012). During the recent Dione north polar flyby on June 16,
2015, INMS has also detected O2 (Teolis & Waite 2016).
The O2 and CO2 densities at the time of closest approach to
Dione were roughly equal to ~2 · 1010 m�3. These Cassini
discoveries, together with the HST (Hall et al. 1995) and the
Galileo spacecraft UV investigation (Hansen et al. 2005)
observing an O2 exosphere around Jupiter’s icy satellite
Europa, suggest that the exosphere generation mechanisms
could be common among the different icy moons in the outer

Solar System. Variabilities in these neutral environments due to
interactions with the parent planet’s magnetospheric environ-
ment result in the determination of space weather conditions
in the near-satellite environment, indicative of the characteris-
tic processes active at different orbital phases.

The exospheric density distributions around Rhea and
Dione icy moons are closely related to their surface composi-
tion but the exact connection is still not clear. In general,
Saturn’s icy moon surfaces are dominated by water ice in
crystalline form, in particular across Enceladus’ south pole
where the ‘‘tiger stripes’’ features are observed (Brown et al.
2006; Jaumann et al. 2008). CO2 is detected on Hyperion
(Cruikshank et al. 2010), Iapetus (Cruikshank et al. 2008;
Pinilla-Alonso et al. 2011; Clark et al. 2012), Phoebe (Clark
et al. 2005; Buratti et al. 2008; Coradini et al. 2008), Tethys,
Dione, Mimas and Rhea as well (Clark et al. 2008). The
composition and distribution of the exogenic dark material
dispersed on Dione’s trailing hemisphere is discussed in Clark
et al. (2008) and Stephan et al. (2010), while a detailed study
of Rhea’s properties is done by Stephan et al. (2012). Although
so far several laboratory studies on the efficiency of the neutral
particle release from ice bombarded by energetic particles have
been done (see Famà et al. 2008 and references therein) the
actual conditions in space can be very different from those
in the laboratory. In this frame, measurements of the released
neutrals above Rhea and Dione and their correlation with the
surface composition data obtained by other instruments
become very important: they can provide information on the
way contaminants affect the exosphere composition and spatial
distribution, determining the space weather conditions around
the moons.

Although the existence of an O2 exosphere around Rhea
and Dione has been recently explained on the basis of H2O
ice radiolysis by Saturn’s magnetospheric ions and subse-
quent sputtering of the dissociation products and their com-
binations (Teolis et al. 2010; Teolis & Waite 2012), the
origin of CO2 gas in both cases is still an open question.
Exospheric CO2 (i) may be synthesized from radiolysis
involving surface-bound oxygen and endogenic and/or
implanted organics, and/or (ii) may be due to escape of pri-
mordial CO2 from the ice (Teolis & Waite 2012). Moreover,
the Cassini CO2 measurements pose an additional puzzling
question because recent studies based on the Cassini Visible
and Infrared Mapping Spectrometer (VIMS) data can find no
evidence for a currently active endogenic CO2 source either
at Dione (Stephan et al. 2012) or at Rhea (Stephan et al.
2010). Would then the presence of an exospheric CO2 abun-
dance similar to that of O2 on these moons be consistent
with a radiolysis scenario taking place upon a surface con-
sisting mostly of H2O ice? Such a process would have a
strong dependence on the impacting plasma conditions in
the near-moon space environment and their variability. Teolis
& Waite (2016) estimated that the O2 source rates at Dione
(Rhea), equal to �45(7) · 1021 s�1, are �50(300) times
lower than those expected from known O2 radiolysis yields
from ion-irradiated pure water ice, measured in the labora-
tory. This finding rules out ion sputtering as a major
exospheric source and implies a nanometre-scale surface
refractory lag layer, consisting of concentrated carbonaceous
impurities (Teolis & Waite 2012); impact deposition,
gardening and vaporization may control the global O2 source
rates by fresh H2O ice exposure to surface radiolysis and
trapped oxidant ejection.
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Enceladus. The plasma interaction of Saturn’s icy moon
Enceladus generates a hemisphere coupling current system that
directly connects the giant planet’s northern and southern polar
magnetospheres. Several studies based on the Cassini/
Magnetometer (MAG) data from close Enceladus flybys
suggest that the outgassing from the moon’s interior exhibits
time variability (e.g. Saur et al. 2008; Smith et al. 2010).
The neutral gas in the Enceladus plume gets partially ionized
due to charge exchange with the incident magnetospheric
plasma and, to a minor degree, due to solar ultraviolet (UV)
radiation and electron impact ionization. Simon et al.
(2013a) predicted that changes in both the neutral gas and
the dust component of the plume should lead to observable
changes in the footprint brightness. To do this, these authors
employed the energy flux radiated away by Enceladus’
magnetospheric interaction as a measure of the footprint
brightness in Saturn’s polar ionosphere. A positive correlation
between the energy transmitted from the Enceladus interaction
region to each hemisphere of Saturn and the corresponding
footprint brightness was assumed. Energy transport processes
were not taken into account; instead, a sophisticated descrip-
tion of the energy generation in the vicinity of Enceladus
was implemented. The findings by Simon et al. (2013a) clearly
show that any variation in the endogenic activity of the moon
can provoke equivalently space weather activity not only in the
Saturnian magnetosphere in the vicinity of the moon, but also
in the regions of the planet’s ionosphere near the footprint.
In the vicinity of the moon, since both the incident magneto-
spheric plasma and the neutrals in the Enceladus plume consist
of water group particles, the charge-exchange process does not
alter the total mass of the charged particles in the interaction
region, but it only drains momentum from the plasma
(Khurana et al. 2007; Kriegel et al. 2009). Simon et al.
(2014) proposed that such continuities attributed to the
Alfvenic nature of Enceladus plasma may also occur at the
Jovian moon Europa where the HST recently observed a
transient south-polar plume of water vapour (Roth et al.
2014a).

2.1.3. Space weather in the Jovian system

The magnetic moment of Jupiter’s magnetic field is 20,000
times larger than the Earth’s. As a result, Jupiter’s magneto-
sphere extends to about 150 RJ (RJ = 71,492 km) and its
radiation belts are the strongest ones in the Solar System.
The four major moons of Jupiter lie deep within the Jovian
magnetopause. Io, with its strong volcanic activity and its
sulphur dioxide atmosphere, injects constantly particles into
the Jovian magnetosphere, in the form of either gas or plasma.
The plasma and neutral source rate variability in the Jovian
system, determined strongly by Io’s volcanic activity, is
expected to have a direct effect on the plasma interactions with
Jupiter’s ionosphere, the radiation belts, the lunar exospheres
and the rings. Solar wind variability at the distance of Jupiter
also plays a role in these interactions (Bunce et al. 2004).
Therefore, identifying the characteristics of the interaction
processes within the Jupiter system and distinguishing their
spatial properties will set the basis for a better understanding
of the space weather conditions around the giant planet.

Whereas Io, Europa and Ganymede are located in the inner
magnetosphere of Jupiter ([20 RJ), where the magnetic energy
dominates the energy density, Callisto’s orbit at 25 RJ lies in
the middle magnetosphere where a significant portion of the
energy density resides in the thermal plasma and energetic

particles that rotate around Jupiter. External currents produce
a disk-like magnetic field structure. The interactions between
the Galilean satellites and the plasma of the Jovian
magnetosphere lead to local changes in the charged particle
populations through either additions of new ions or through
changes of the momentum that produce plasma heating or
cooling. Plasma-surface interactions at Europa and Ganymede
have been shown to generate neutral environments around
these moons through either direct ion sputtering or radiolysis,
followed by sputtering of the recombined water-dissociation
products (Shematovich & Johnson 2001; Shematovich et al.
2005; Cassidy et al. 2010, 2013). These exospheres have been
demonstrated to be spatially non-uniform (Plainaki et al. 2012,
2013, 2015), depending both on the moons’ illumination by the
Sun and on Jupiter’s magnetospheric plasma properties. It is
clear, therefore, that plasma and energetic ion dynamics at
the near-Europa and near-Ganymede space result in space
weather phenomena at different timescales, with effects on
the morphology of the neutral environment around these icy
moons.

2.1.3.1. Solar wind effects on the aurora

Jupiter’s internal plasma sources (Io volcanism) and fast
rotation are the main drivers of auroral dynamics, contrary to
the solar wind driven terrestrial aurora. According to Grodent
(2015), the aurora at Jupiter may be divided into four
components (Fig. 13): the main emission (i.e. Grodent et al.
2003b), the emissions located equatorward of the main emis-
sion (i.e. Radioti et al. 2009b), the polar emissions (Grodent
et al. 2003a; Stallard et al. 2003) and the satellite footprints
(Clarke et al. 2002; Bonfond et al. 2008; Grodent et al.
2009). Each of these auroral components corresponds to
different magnetospheric regions and is generated by different
processes and thus not all of them respond to solar wind-
magnetosphere interaction.

Theoretical studies suggested that the main auroral
emission at Jupiter is related to internal processes and in
particular to the magnetosphere-ionosphere coupling current
system associated with the breakdown of rigid corotation in
the middle magnetosphere (Cowley & Bunce 2001; Hill
2001). The main constituents of Jupiter’s ionosphere are H3

+

and H+ (see Fig. 14). First-order models predicted that solar
wind compression regions would induce an increase in the
angular velocity of the equatorial plasma and decrease the
currents related to the lag from corotation, thus resulting in a
dimmer aurora (e.g. Southwood & Kivelson 2001). Radioti
et al. (2008a) showed that the main emission exhibits a persis-
tent dim region (discontinuity) in the pre-noon sector (Fig. 13),
which is suggested to represent a decrease in field-aligned
current intensity possibly related to solar wind driven magne-
tospheric convection. This discontinuity in the main emission
was further predicted by MHD simulations of the Jovian
magnetosphere (Chané et al. 2013).

The high-latitude auroras inside the main emission (polar
emissions, see Fig. 13) are extremely variable and may be
magnetically connected to the middle and outer magneto-
sphere and possibly related to a sector of the Dungey and/
or Vasyliunas cycle flows (Cowley & Bunce 2003;
Grodent et al. 2003a; Stallard et al. 2003). A few regions in
the polar aurora may be related to solar wind interactions in
the dayside. An extremely bright flare (up to 10 MR) was
observed close to magnetic noon, lasting a few minutes (Waite
et al. 2001). Bonfond et al. (2011) reported two cases of
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quasiperiodic variations of flare emissions, with a re-
occurrence rate of 2–3 minutes and noted a rapid downward
propagation of the flares in one of the cases. They tentatively
attributed these periodic flares to a signature of pulsed compo-
nent reconnection on the dayside magnetosphere. Bunce et al.
(2004) showed that periodic pulsed reconnection during inter-
vals of strong solar wind interaction could excite high-latitude
UV and X-ray emission (Gladstone et al. 2002; Elsner et al.
2005).

Occasionally, HST observed isolated spots in the polar
region (high-latitude aurora) in the pre-noon and dusk region
(Grodent et al. 2003a, 2004; Radioti et al. 2008b, 2010,
2011a) and related them to inward flow release from tail
reconnection. While in some studies, due to their periodic
occurrence, the spots were attributed to internally driven
reconnection (e.g. Radioti et al. 2008b), for some others the
origin of the reconnection (solar wind or internally driven)
was uncertain (Grodent et al. 2004; Radioti et al. 2011a).
Finally, quasi-sun-aligned polar filaments have also been
reported (Nichols et al. 2009b). They were morphologically
similar to the terrestrial transpolar arcs, which may be related
to solar wind tail dynamics (Milan et al. 2005); nevertheless,
the Jovian arcs are possibly not generated in the same manner.

Several studies provided evidence of the correlation of the
solar wind pressure with the Jovian auroral emissions. The first
evidence came from observations of the planet’s H3

+ emissions
(NASA IRTF) combined with solar wind data (Ulysses), which
showed a correlation between the change in solar wind
dynamic pressure between their auroral observations and the
total intensity of the H3

+ auroral emission (Baron et al.
1996). Later on, several studies reported a correlation of the
auroral emitted power with the solar wind pressure (Nichols
et al. 2007; Clarke et al. 2009; Nichols et al. 2009a). Based
on images acquired in 2000, while Cassini was upstream of
Jupiter, Nichols et al. (2007) reported enhanced auroras
associated with a compression region (Fig. 15), in contrast with
theoretical predictions (Southwood & Kivelson 2001). In a
follow-up study, Clarke et al. (2009) compared the brightness
of the whole Jovian aurora with solar wind conditions during
the large 2007 HST campaign and concluded on a correlation
of the auroral brightness with the solar wind pressure. Nichols
et al. (2009a) considered individual components of auroral
emissions (the low-latitude emissions, the main emissions
and the high-latitude emissions) and showed that the outer

regions do not appear to be correlated with the solar wind,
but enhancements of the main emissions and partially the polar
emissions are associated with solar wind compression regions,
as in Nichols et al. (2007).

2.1.3.2. Space weather at the radiation belts
Jupiter has the most intense radiation belts in our Solar System,
already discovered in the 1950s through radio emission
measurements from the ground (Burke & Franklin 1955;
Bolton et al. 2004). Both the energetic electron and proton
fluxes show an increase with decreasing radial distance, with
a peak observed near the orbit of the moon Amalthea
(L ~ 2.54) and a secondary peak at a distance of L ~ 1.5 with
energies up to 50 MeV approximately (Bolton et al. 2002).
Satellites also inhabit the inner Jovian magnetosphere, lead-
ing to particle losses. However, due to the fact that Jupiter
has a dipole tilt of approximately 10�, these losses are not as
pronounced as in the Saturnian case (Santos-Costa &
Bourdarie 2001; Lilensten et al. 2014), nevertheless, they are
still very important.

A thin ring system is present in the Jovian environment,
extending to distances in the range 1.3 < L < 3.1. It is mainly
composed of dust particles with sizes 0.1–100 lm, which are
not large enough to cause significant particle losses like the
ones due to the moons (Showalter et al. 1987; Ockert-Bell
et al. 1999; Bolton et al. 2004). Nevertheless, the dust-plasma
interaction definitely modifies the radiation belt dynamics.

Energy losses of particles caused by synchrotron emission,
in combination with a very extended Jovian atmosphere, lead
to significant atmospheric losses (Abel & Thorne 2003).
In particular, losses due to synchrotron emission are considered
to be the most significant ones in the innermost part of the
Jovian radiation belts, L < 1.8 (Bolton et al. 2004). Similar
to the Earth’s case, radial diffusion plays a significant role in
determining the dynamics of the Jovian radiation belts.
However, the most widely accepted radial diffusion mechanism
is not related to nightside reconnection processes, as for the
Earth’s radiation belts, but to winds originating from the
planet’s ionosphere (Brice & McDonough 1973; Schardt &
Goertz 1983). Both short- and long-term variations have
been reported to exist in Jupiter’s radiation belts. Correlations
found with solar wind variations (Bolton et al. 1989) and solar
F10.7 flux enhancements (Miyoshi et al. 1999) have been
proposed to be related to the long- and short-term variations,
accordingly. Finally, wave-particle interactions also constitute

Fig. 13. HST-STIS image showing the FUV auroral emission at the
north pole of Jupiter, taken on 28 December 2000. The arrows
indicate the main auroral features: the main emission, the Io
footprint and its trail and the polar emissions. The ellipse indicates
the discontinuity in the main emission. From Radioti et al. (2008a).

Fig. 14. Measured (curve A) and modelled density profiles of
various constituents of Jupiter’s ionosphere. From Majeed &
McConnell (1991).
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both source and loss acceleration mechanisms in the system.
They rather seem to be more effective in the outermost part
of the belts, outside the orbit of Io (L ~ 5.9), and only play a
minor role in the innermost part (Bolton et al. 2004; Woodfield
et al. 2014).

Since the Jovian radiation belt environment is considered
to be one of the most intense and hazardous environments in
our Solar System, several models to describe it have been
developed (e.g. Santos-Costa et al. 2001; Santos-Costa &
Bourdarie 2001; Sicard-Piet et al. 2011).

2.1.3.3. Space weather at the Galilean moons
Io’s atmosphere is not homogeneous, showing increased
density near the volcanic plumes and possibly above other
hot spots on the surface. Io’s lower latitudes are partially
shielded by the presence of a SO2 vapour-pressure controlled
atmosphere, which is much less dense at the relatively cold
poles. Based on laboratory work (Moore 1984), Wong and
Johnson (1996) suggested that Io’s poles have been darkened
by plasma flux. The icy moons Europa and Ganymede possess
tenuous atmospheres, often referred to as exospheres,
dominated, near the surface, by O2. The O2 species has been
observed indirectly through UV measurements of atomic
oxygen de-excitation attributed mainly to electron-impact
dissociative excitation of a molecular oxygen exosphere (Hall
et al. 1995, 1998; Saur et al. 2011; McGrath et al. 2013; Roth
et al. 2014a). At Europa and Ganymede, the Jovian magneto-
spheric plasma confined by Jupiter’s magnetic field slightly
subcorotates, with plasma flow velocities that are much greater
than the orbital velocity of these moons (in anticlockwise
direction, if seen from the North). As a result, the bulk plasma
flow is constantly overtaking these satellites. The ions of the
Jovian magnetosphere impacting the moon surfaces release
material via direct ion sputtering and radiolysis (Johnson
2001). Considering that water ice is the major surface
component, the generated exosphere is expected to be a
mixture of H2O, O2 and H2 and of some other water products,
such as OH and O (Shematovich et al. 2005; Smyth & Marconi
2006; Coustenis et al. 2010; Dalton et al. 2010; Plainaki et al.
2012). Exospheric H2O and H2 are expected to dominate at
higher altitudes, except in a constrained region above the
moons’subsolar point where sublimated water can locally have
increased densities (Plainaki et al. 2012, 2015). Some minor

species (e.g. Na) are also expected to exist in these exospheric
environments (Leblanc et al. 2005; Cassidy et al. 2008).
Charge-exchange collisions between magnetospheric plasma
and the tenuous atmospheres of the icy moons result in the
production of neutral particles that are subsequently set in orbit
around Jupiter, forming the moons’ neutral gas clouds. Inside
these neutral gas clouds, as well as inside the actual moon
exospheres, ionization processes (due to either photons or
electrons) and charge-exchange collisions (due to the
mangetospheric plasma) create plasma sources for the Jovian
magnetosphere; once these particles are charged, they are
accelerated by the Lorentz force and start to corotate around
Jupiter. The total ionospheric outflow at Ganymede estimated
on the basis of Galileo PLS measurements (Frank et al.
1997) was found to be ~2 orders of magnitude higher than
the pick-up rate of newly ionized particles from the moon’s
extended exosphere, as observed by the Galileo magnetometer
during two upstream flybys of Ganymede (Volwerk et al.
2013). Variability in the flux of the magnetospheric plasma
of iogenic origin, therefore, results in a series of space weather
effects in the whole system, with impacts on the actual neutral
environment’s spatial and energy distributions around the
moons, as well as on the supply to the magnetosphere of
charged particle of lunar origin.

Variations in the charged population properties due to
variability in Io’s volcanic activity and/or the moon’s orbital
position with respect to Jupiter’s plasma sheet (JPS) could
result in different surface precipitation patterns for the ions
impacting Ganymede (see Fig. 16). As a consequence, space
weather phenomena at Ganymede are expected to manifest
themselves through variations (a) in the location of the OCFB
boundary and consequently in the plasma precipitation patterns
and (b) in the plasma-neutral interactions determining the
exosphere spatial distribution. In fact, the intrinsic magnetic
field of Ganymede, reconnecting with the external Jovian
magnetic field, partially shields the surface from the ion
impact, especially at the equatorial latitudes (e.g. Kivelson
et al. 1997). The scale height of the plasma sheet at the
distance of Ganymede, cantered roughly around the Jovian
magnetic equator, is low (Khurana et al. 2004, 2007). Since
Jupiter’s magnetic axis is tilted by 10� with respect to its
rotational axis, the plasma sheet oscillates up and down the
satellite (McGrath et al. 2013). Above about 10 keV the ion

Fig. 15. Two representative polar projections of Jupiter’s northern UV aurora obtained by the HST at different CMLS on day 351, in 2000 and
on day 13, in 2001, respectively. The CML of each image is aligned toward the bottom of each image, such that dawn is to the left, dusk to the
right, and midnight to the top. The intensity scale is logarithmic and saturated at 250 kR. The red dashed line indicates the statistical reference
oval from Grodent et al. (2003a). A 10� · 10� jovigraphic grid is overlaid. The auroras correspond to rarefaction and compression of solar wind
conditions. Adapted from Nichols et al. (2007).
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flux falls off with increasing energy (Paranicas et al. 1999).
However, the charged energetic particle populations play a
significant role in the magnetosphere-moons interactions
(Mauk et al. 1996), having distributions that vary in both long
(depending on the moon’s orbit) and short (depending on the
iogenic plasma properties) terms. The highest ion precipitation
rate, leading to intense sputtering and radiolysis effects, is
expected to occur near the OCFB regions (e.g. Kivelson
et al. 1997). The dynamics of the Jovian magnetospheric
plasma controls the dynamics of plasma entry and circulation
in Ganymede’s magnetosphere, primarily through reconnection
between Jupiter’s and Ganymede’s magnetic fields (Jia et al.
2010). Eventually, it determines the ion precipitation toward
the moon’s surface (Johnson 1997). Plasma variations, in both
density and speed direction, affect also the exosphere
generation rates, determining the actual supply of surface-
released material to the neutral environment as well as the
spatial distribution of the latter. It has been shown that the
spatial distribution of an icy moon exosphere strongly depends
on the illumination of the moon, since the surface temperature
is responsible for the efficiency of radiolysis (Plainaki et al.
2012) as well as for the sublimation rate (Smyth & Marconi
2006). In an analogous way, the variability in the plasma
electron density distribution around the moon during different
orbital phases and/or different periods of plasma injections
from Io affects the exosphere loss rates and determines its
actual morphology. The moon exosphere source-loss balance,
consequently, depends on a complex pattern of planetary space
weather conditions. Plainaki et al. (2015) used previously
published estimates of plasma parameters (McNutt et al.
1981; Scudder et al. 1981; Gurnett et al. 1996; Eviatar et al.
2001; Kivelson et al. 2004) to calculate the rates of the most
important plasma-moon interactions leading to the loss of
Ganymede’s exosphere. They found that the loss rate for
H2O in the polar caps is due to its charge exchange with
ionospheric O2

+ whereas in the closed magnetic field
lines region, the H2O loss rate is lower by almost one order
of magnitude and is mainly due to charge exchange between
ionospheric O+ and H2O. The exospheric O2 net loss rate in
the polar caps is likely due to electron impact ionization.

As at Ganymede, also at Europa, the dominant exospheric
species is O2 due to its non-sticking property: in lack of

sufficient energy to overcome Europa’s gravity (Smyth &
Marconi 2006) it bounces multiply to the icy surface until it
gets lost through ionization, charge-exchange or dissociation
processes. As a result, a thin and dense exospheric envelope
(with a thickness of some hundreds of km), consisting mainly
of thermal O2 molecules, accumulates around the moon
(Plainaki et al. 2012, 2013). Plainaki et al. (2010a) estimated
that the O2 mean free path in Europa’s atmosphere ranges from
13 km to 78 km. The scale-height estimations vary from
17 km to ~26 km (Ip 1996; Plainaki et al. 2010a). Therefore,
Europa’s O2 tenuous atmosphere can be considered as a
transitional case between a collisional and a collisionless
(exosphere) environment. There are some uncertainties in the
estimated column density of the molecular oxygen exosphere
of Europa (ranging between ~1014 and 1015 cm�2) because
the Jovian magnetospheric electrons responsible for the
observed UV auroral emissions can be partially diverted and
cooled through interactions with the near-surface exosphere
(Saur et al. 1998; Schilling et al. 2007). Indeed, such space
weather phenomena evidenced in the magnetospheric electron
spectrum and spatial distribution could be the determining
factors for the observed auroral emissions studied several times
in the past (see McGrath et al. 2004; Saur et al. 2011, 2015;
Roth et al. 2014a, 2014b, 2016). Moreover, the exosphere
generation and loss depend on the actual energetic particle
and plasma distributions, respectively, around the moon.
In Figure 17, it is shown that the density profile of the main
exospheric species O2 at the Sun-subsolar point direction is
subject to variations due to the varying impinging plasma
and energetic particle distributions (note that the configurations
between Europa, Jupiter and the Sun in Fig. 17 correspond to
different orbital phases – see Plainaki et al. 2013 for details).

Recently, Bagenal et al. (2015) reviewed remote and in-situ
observations of plasma properties at Europa’s orbit, between
Io’s dense UV-emitting plasma torus and Jupiter’s dynamic
plasma sheet. These authors evaluated variations and
uncertainties in plasma properties in space and in time
providing a basis for further study of the plasma interaction
with Europa. Lucchetti et al. (2016) used the state-of-the-art
plasma model by Bagenal et al. (2015), based on original
unexploited Galileo data, to calculate the loss rates of Europa’s
tenuous atmosphere due to different plasma-neutral processes.

(a) (b)

Fig. 16. Normalized flux (in logarithmic scale) of 100 keV O+ impacting Ganymede’s surface for two different configurations: (a) Ganymede is
under Jupiter’s plasma sheet and (b) Ganymede is in the centre of Jupiter’s plasma sheet. The magnetic field configurations in each case are
given by the Jia et al. (2009) model and they are consistent with the G8 (a) and G2 (b) Galileo flybys.

C. Plainaki et al.: Scientific aspects and future perspectives of planetary space weather

A31-p17



Due to the high variability of the plasma properties in the
vicinity of Europa, the investigation was performed for three
sample plasma environment cases identified by Bagenal
et al. as hot/low density, cold/high density and an intermediate
case. Therefore, the estimates by Lucchetti et al. (2016)
referred indeed to the effect of the plasma environment
variability in the actual loss of the moon’s exosphere hence
to the effects of space weather in the moon’s neutral environ-
ment. Using the same plasma model, Dols et al. (2016)
modelled the interaction of the Jovian magnetospheric plasma
with the atmosphere of Europa, using a multi-species
chemistry model, where the atmospheric distributions of H2

and O2 are prescribed. They estimated changes in the plasma
composition resulting from this interaction as well as the
reaction rates integrated over the simulation domain for several
upstream plasma conditions (ion density, ion temperature and
flow velocity). Both works by Lucchetti et al. (2016) and Dols
et al. (2016) are relevant to future missions to Europa and to
space weather in the moon’s vicinity.

At Callisto the main component of the moon’s surrounding
neutral environment is believed to be CO2. Moreover, a recent
study based on the analysis of HST data by Cunningham et al.
(2015) provided evidence that Callisto has a significant
atmosphere, which is probably denser than that of Europa or
Ganymede and thus probably exceeded in mass among Solar
System satellites only by the atmospheres of Io, Triton and
Titan. The O2 atmosphere was found to be fully collisional
even on the illuminated leading side of the moon, capable of
supporting winds and other dynamical phenomena, protecting
the surface from sputtering by magnetospheric particles. If this
is the case, then contrary to Europa and Ganymede, at Callisto
space weather is expected to depend mainly on the solar
photon precipitating flux and its interactions with the
atmosphere. An extended study of Callisto’s neutral environ-
ment is also found in Vorburger et al. (2015).

In view of future missions to Jupiter, detailed and accurate
knowledge of the conditions near the icy moons, in terms of
atmosphere/exosphere density, scale height, ionosphere and
plasma environment, is necessary. Moreover, the possible
existence of water vapour at Europa, as suggested by
Roth et al. (2014a), superimposed to the nominal exosphere,
may lead to interactions between vapour and radiation and

UV environment. The neutral environment however tenuous
is still an obstacle for the incoming magnetospheric ions and
the ionospheric conductivity can divert the magnetospheric
plasma flow around Europa (Saur et al. 1998). In order to be
able to predict with accuracy the space weather conditions at
an icy moon, one needs to determine the interactions and their
variability based on both modelling and observation analysis.
Some significant effort in this direction has already been made.
Saur et al. (1998) developed a 2D plasma model to study the
interaction of the Jovian magnetosphere with Europa’s neutral
environment and to identify sources and sinks that maintain the
neutral O2 atmosphere. The 3D non-collisional Monte Carlo
EGEON model by Plainaki et al. (2012, 2013) described the
main exospheric components that are directly generated by
ion sputtering and radiolysis. These authors also discussed
the spatial variability of the exospheric environment expected
at an icy moon and identified its relation to the direction of
the magnetospheric ion fluxes impacting the surface (Plainaki
et al. 2010a, 2012). In the context of planetary space
weather, in particular, the variability along Europa’s orbit of
the O2 escape rate was studied in detail in Plainaki et al.
(2013). It was also shown that the O2 exospheric densities at
high altitudes are higher on the sunlit hemisphere, thus having
a periodic modulation during the moon’s orbit around Jupiter.
Milillo et al. (2015) provided an analytical 3D model for
Europa’s O2 density, able to describe the molecular oxygen
exosphere by reproducing the two-component profiles and
the asymmetries due to different configurations among Europa,
Jupiter and the Sun. The model by Milillo et al. (2015) was
obtained by a non-linear fit procedure of the EGEON Monte
Carlo model (Plainaki et al. 2012, 2013) to a Chamberlain
density profile (Chamberlain 1963), simplified by Rairden
et al. (1986). In view of space weather studies, this model is
able to describe various exosphere properties through specific
variable parameters thus allowing a detailed investigation of
the exospheric characteristics. The H2 escape ratio is signifi-
cantly higher and the hydrogen gas easily escapes from
Europa’s gravitational field (Plainaki et al. 2012). Smyth &
Marconi (2006) developed a 2D axisymmetric kinetic model
considering ion-neutral collisions and assuming that the source
rates for the various species (H2O, O2, H2 etc.) were deter-
mined by partitioning the O2 source rate derived by the UV

Fig. 17. (a): Density profile of the O2 exospheric species on Europa, in the Sun-subsolar point direction, as estimated with the EGEON model
(Plainaki et al. 2012, 2013), accounting for the release-yield revisions (see Milillo et al. 2015; Plainaki et al. 2015). Different configurations
correspond to different orbital phases hence to different orientations between plasma impact direction and illumination. (b) Ion density profiles
at Europa. The dominant component, O2

+, the H2
+ population, water group ions (e.g. O+, OH+ and H2O+) and the Na+, SO2

+ and CO2
+ trace

species are considered. The flow speed (black line) of the plasma as it is mass loaded and eventually stops below the altitude of ~40 km
(ionopause), is also shown (right ordinate axis). From Sittler et al. (2013).
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brightness of the O emissions reported by Hall et al. (1995).
Shematovich et al. (2005) developed a 1-D collisional Monte
Carlo model of Europa’s atmosphere in which the sublimation
and sputtering sources of H2O molecules and their molecular
fragments are accounted for as well as the radiolytically
produced O2. Similar efforts considering the generation and
spatial distribution of the exospheres of Ganymede and
Callisto, as a result of the plasma interactions with both surface
and tenuous atmospheres, have been performed (see for
example works by Marconi 2007; Turc et al. 2014; Plainaki
et al. 2015 for Ganymede and Vorburger et al. 2015 for
Callisto). Such investigations are of significant importance in
the context of observations planning during future missions
to the Jupiter’s system (see also Sect. 3.2.1).

2.2. Space weather in the inner Solar System

Among the inner Solar System planets, Mercury is the one
most subject to space weather since it is tightly linked to the
Sun’s activity. In fact, the proximity of Mercury to the Sun
makes this planet and its environment a particularly interesting
target to study extreme environmental conditions leading to
unique Sun-planet coupling effects and consequent planet
evolution. In the frame of space weather, Mars and Venus seem
quite comparable for they both have a very similar atmospheric
composition and no intrinsic magnetic fields. However, they
exhibit very important differences. The distance from the
Sun is one of the main factors, but not necessarily the key
one. Venus, orbiting close to its parent-star, has a denser
atmosphere than Mars. In Section 2.2.1 we describe the Mars
and Venus atmospheres, discuss the magnetic fields – or rather
their absence at the present time, and the potential implication
of the solar activity and galactic cosmic rays. In Section 2.2.2
we discuss the extreme Mercury’s environment where
magnetosphere-IMF coupling determining the plasma-surface
interactions becomes the dominant agent for space weather.

2.2.1. Space weather at Mars and Venus

Due to the planet’s proximity to the Sun, the solar energy input
at Venus has been too high to allow for long-term presence of
oceans, leading to evaporation and to a massive accumulation
of water vapour and CO2 in the atmosphere as well as to a
runaway greenhouse effect. Water has been prone to massive
loss in space, as suggested by the very high D/H ratio
(Donahue et al. 1997; Fedorova et al. 2008), enhanced by the
direct erosion of the atmosphere by the solar wind; this is a
major space weather effect, in the absence of an intrinsic mag-
netic field. The scenario of water evolution on Mars is still
debated, but loss in space seems to have played again a major
role, with this scenario being favourable due to the planet’s
lower mass (with respect to Venus) and lack of a global
magnetosphere.

Figure 18 shows typical profiles of the thermospheric and
ionospheric densities at Venus (see also Gronoff et al. 2008).
The Venusian atmosphere above 95–100 km is characterized
by a dynamical regime, dominated by a solar-antisolar
circulation (Brecht & Bougher 2012). The transition region
around the altitude of ~100 km hosts a number of peculiar
phenomena such as the variable ozone layer (Montmessin
et al. 2011) and strong variations in air temperatures (Piccialli
et al. 2015). Incidentally, we note that this region is subject to
high-energy deposition rates due to incoming cosmic rays
during strong SEP events, as discussed by Nordheim et al.

(2015) and by Plainaki et al. (2016). Above the very rough
level of 110 km, dissociation of molecules by UV radiation
becomes important. In particular, the dissociation of CO2

produces significant amounts of free oxygen at the dayside.
These atoms experience recombination once they start drifting
into the antisolar region, leading to the 1.27 and 1.58 lm
emissions by O2(a1Dg � X3Rg

�), used as a powerful proxy
for dynamics (Drossart et al. 2007). A similar scheme applies
to the NO airglow UV emission, ultimately generated after the
UV dissociation of CO2 and N2 at the dayside (Stiepen et al.
2013). Electron densities measured by radio-occultations
(Pätzold et al. 2007) allow one to derive the overall structure
of the ionosphere. A first layer (V1) is found around the
altitude of ~130 km and is caused by solar X-ray and impact
ionization by photoelectrons. The main peak (V2) is located
around the altitude of ~140 km and is mostly attributed to
the EUV ionization. A third, less defined layer (V3) is found
around ~180 km in altitude, and is likely induced by transport
phenomena (Fox 2007; Peter et al. 2014 and references
therein). Other aspects of the Venus atmosphere above the
altitude of ~100 km could not be investigated with the Venus
Express payload, and the related information is based on older
datasets. Considering the neutral species, CO2 dominates the
composition of the atmosphere up to an altitude of ~160 km
on the dayside; above this altitude, the CO2-dissociation
products (CO firstly and then O) surpass the CO2 content.
Molecular nitrogen becomes lesser than the atomic one in
the region between 170 km (nightside) and 200 km (dayside)
(Von Zahn et al. 1983). Keeping in mind the very low content
of water in the Venusian atmosphere, it is not surprising to
measure very low contents of H2 and H (the latter always
dominant) in the upper atmosphere (Keating et al. 1985).
Considering the ionic species, there is evidence that O2

+ is
the main component below 180 km (Brace et al. 1983); above
this altitude O+ becomes dominant.

Our current knowledge of the upper Martian atmo-
sphere has been summarized very recently in Fox (2015).
Fundamental experimental data were derived from the observa-
tions of airglows by the Spectroscopy for Investigation of

(a) (b) (c)

Fig. 18. Dayside upper atmosphere model for Venus. The dotted
line (a) represents the N2 density and the dashed line the CO
density. In (b) Tn is the neutral temperature, Ti the ion temperature
and Te the electron temperature. In (c) an ion density semi-empirical
model is used. This model was computed for F10.7 = 80, latitude:
45� at noon. From Gronoff et al. (2008).
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Characteristics of the Atmosphere of Mars (SPICAM) instru-
ment on-board Mars Express: while NO is useful to constrain
dynamics around the 100 km level (Gagné et al. 2013), CO
and CO2

+ UV emissions allow the direct monitoring of the
efficiency of ionization processes (Stiepen et al. 2015).
Nonetheless, our knowledge on the complete profiles of several
species still relies on data from the Viking entry probes (see
Bougher et al. 2015a and references therein). The bulk compo-
sition of the neutral atmosphere remains very similar to the one
observed at the surface up to the altitude of ~140 km, where
the mixing ratio of oxygen begins to increase; finally, oxygen
becomes the main neutral species above ~200 km. The
ionosphere is dominated at most altitudes by O2

+, with a
density that reaches a maximum (105 ions/cm3) around the alti-
tude of ~130 km. Other important components are: the CO2

+

species, peaking (104 ions/cm3) at similar altitudes; the NO+

species, peaking (104 ions/cm3) at the altitude of ~100 km;
other important ionic species at lower altitudes. Electron
densities have been extensively monitored by means of the
Mars Express radio science experiment (Pätzold et al. 2009).
The Martian thermosphere and ionosphere density profiles
were recently modelled by Bougher et al. (2015b) and they
are presented in Figure 19. Similarly to what was found on
Venus, the main peak M2, located at the altitude of ~130 km
(Fox et al. 1996), is ascribed to UV ionization. Major new
experimental constraints in this context are being collected
from the Mars Atmosphere and Volatile Evolution (MAVEN)
mission in orbit since September 2014. Since among the main
goals of this mission are the characterization of atmospheric
loss processes (with special attention to water) and the
identification of their relation to the solar wind (Bougher
et al. 2014), major scientific return related to space weather
is expected in the next years.

The atmospheric escape is a strong evidence of planetary
space weather effects at the terrestrial planets. Mars surface
studies have shown that large quantities of liquid water were
present in its early history (Parker 1989; Parker et al. 1993).
If spread over the whole planet, this water ocean would have
a depth of about 150 m (Carr & Head 2003) and up to
1000 m (Baker et al. 2000; Clifford & Parker 2001). In order
to maintain liquid vapour under a CO2 atmosphere, a pressure
of 1–3 bar is necessary, while today, the pressure is only about
4–9 mbar (Forget et al. 2009) above a quite dry soil. Whereas
an in-depth discussion of the actual presence of water on Mars
is beyond the scope of this article, we note that the above-
mentioned studies provide proof that the atmosphere of Mars
escaped some time between the Noachian era (4.6–4.0 Gyrs)
and the present. Several non-thermal processes related to this
escape have been proposed in the literature. None of them is
sufficient to explain the totality of the atmospheric escape,
which necessitates taking into account a combination of all
of them. The main mechanisms at work are (Chassefiere &
Leblanc 2004; Lundin et al. 2007; Lilensten et al. 2013):
(a) photochemical escape, or dissociative recombination in
which the ions produced by UV photoionization, electron
impact and charge exchange with the solar wind protons,
recombine generating escaping energetic neutrals; (b) pick-
up ion escape where the ions produced by photoionization
are picked up by the solar wind; (c) atmospheric sputtering
leading to exospheric neutrals undergoing collisions with
energetic ions (mainly O+, initially formed from exospheric
photoionization, being picked up and swept away by the solar
wind magnetic lines, and finally re-impacting the exobase,
provoking secondary escape); (d) hydrodynamic escape

(escaping light neutrals transferring momentum to heavier
species), particularly during the Early Noachian era
(Chassefiere & Leblanc 2004). Therefore, the atmospheric
escape at Mars has a strong connection to the solar activity
(Luhmann et al. 1987; Lundin et al. 2008), since the solar
EUV flux creates ions that can diffuse through the atmosphere
and be picked up by the solar wind. In particular, the EUV
solar flux has a strong influence on the atmospheric escape
through two main mechanisms: (a) it ionizes and dissociates
CO2 to form CO2

+, CO+, O+ and some minor species such
as CO++ and C+; these daughter-ions are lighter than the
neutral CO2 and diffuse upward, where a part of them gets
picked up by the solar wind; (b) being unstable and highly
energetic (i.e. with energy up to several eVs), CO++ dissociates
in two fragments: C+ and O+. The internal energy is released as
kinetic energy, which is higher than the escape energy. These
two mechanisms have been fully studied in Lilensten et al.
(2013). Moreover, Chaufray et al. (2007) showed that the sput-
tering contribution to the total oxygen escape is smaller by one
order of magnitude than the contribution due to the dissociative
recombination. The two preceding mechanisms are the most
easily tested against empirical data (Lundin et al. 2007). How-
ever, there are still a number of ‘‘nonthermal’’ electromagnetic
acceleration processes that energize the plasma and lead to
atmospheric escape. All together, these mechanisms are suffi-
cient to explain the actual pressure observed at Mars. They
all depend on the solar wind and on the solar flux, which varies
in time, and may therefore be considered as space weather
effects. Some other mechanisms are internal to Mars, such
as volcanism (Brain et al. 1998; Gillmann et al. 2009; Grott
et al. 2011) or release of surface material to the atmosphere
due to meteoritic impacts. ASPERA on-board the ESA Mars
Express probe (e.g. Lundin et al. 1990) showed that Mars is
still experiencing atmospheric escape (Dubinin et al. 2008),
with an escape flux ranging between 2 · 1024 ions per sec
and 3 · 1025 ions per sec (Lundin et al. 1990; Lundin et al.
2008; Nilsson et al. 2011).

Observation by the MAVEN spacecraft of the upper Mars
atmosphere during a CME showed an enhancement in the
escape rate of ions to space during the event, suggesting that
ion loss during solar events in early Mars history may have
been a major contributor to the long-term evolution of the
Mars atmosphere (Jakosky et al. 2015).

Fig. 19. Mars ionospheric and thermospheric profiles computed
with 1D M-GITM (Bougher et al. 2015b) on January 15th, 2001,
just before a flare at the location of MGS at 73� E 84� N with a
solar zenith angle 1�.
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The case of Venus is quite different. Due to its proximity to
the Sun, one would expect a larger escape flux. However, this is
not the case. Masunaga et al. (2014) used ASPERA 4 on-board
ESA Venus Express to estimate a total O+ escape rate of
(5.8 ± 2.9) · 1024 s�1, during perpendicular IMF, and
(4.9 ± 2.2) · 1024 s�1, during horizontal IMF; larger rates
are expected during CMEs (Luhmann et al. 2007, 2008).
Coates et al. (2015) suggested that the presence of photoelec-
trons in the tail, together with low-energy ions, is possible
evidence for a polar wind style escape at Venus, along the
draped magnetic field around the planet. Through two distinct
examples, they showed the effect of this additional escape and
estimated a loss rate of 2.2 · 1023 s�1 with an error up to 50%.
The lower escape rates (with respect to their values on Mars)
are mainly due to Venus’ larger gravity. The escape velocity
is 10.4 km/s at Venus while it is only half of this value at Mars.
While several mechanisms may give enough energy to the
atoms to escape Mars, they are not efficient to accelerate them
enough to escape Venus (Lilensten et al. 2013), except during
periods of strong solar events (Luhmann et al. 2007, 2008).
Therefore, depending on the planet, the atmospheric escape
is the effect of the regular solar state (e.g. at Mars) or of its
variability hence of the planetary space weather conditions in
the planet’s neighbourhood (e.g. not only at Venus, but also
at the Earth).

The thermospheric glows at Mars and Venus are character-
ized by the importance of the CO Cameron and fourth positive
bands below 270 nm (Fox & Bougher 1991; Leblanc et al.
2006a, 2006b). Other important emissions are the ones of
atomic oxygen, especially the red and green lines, and the
one of CO2

+. In particular, it has recently been proposed that
the Fox-Duffendack-Barker bands must be observable in Mars,
especially in the blue part (Lilensten et al. 2015). Both Mars
and Venus upper thermospheres are mainly composed of
atomic oxygen. The main emissions of this atom are the red
line, the green line and the 130.4 and 135.6 nm multiplet.
The deactivation of the O(1S) oxygen state creates the green
line O(1S) ! O(1D) at 557.7 nm (94% of the emission) and
the 297.2 nm emission (O(1S) ! O(3P)) (6%). After a first
detection in 1999 (Slanger et al. 2001, 2004), the green line
has been recently observed at Venus after solar flares and
CMEs (Gray et al. 2014). The red line (O(1D) ! O(3P)) is
actually a triplet at 630, 636.3 and 639.1 nm produced through:
electron impact on O; dissociative recombination of O2

+;
photodissociation of O2; thermal electron impact on O; cascad-
ing from O(1S) state; dissociative recombination of CO+;
quenching of the O(1S) state that produces O(1D); CO2

photodissociation; and chemical reactions of O2 with N(2D)
and N+. The other main emissions of the atomic oxygen are
the 844.6 nm line which corresponds to the O(3P) to O(3S)
transition and the triplet at 130.2, 130.4 and 130.6 nm due to
the unstable O(3S) state.

The aurorae at Mars have been discovered in 2005 during
the Mars Express mission. Their detection by Bertaux et al.
(2005) was made using the UV channel of the SPICAM instru-
ment. These aurorae are located close to vertically aligned
crustal magnetic fields and have been largely studied since then
in an attempt to determine the exact process for their creation
and their potential effect on the upper atmosphere of Mars
(Leblanc et al. 2006a, 2006b; Brain et al. 2012). We note,
however, that these aurorae have only been studied in the
UV spectral range. On Venus, continuous and highly variable
emissions at 130.4 nm have been observed at the nightside
by the Pioneer Venus Orbiter ultraviolet spectrometer (Phillips

et al. 1986) with intensities occasionally exceeding 100 R.
These ‘‘auroral’’ emissions are attributed to the precipitation
of suprathermal electrons associated with solar flares and/or
interplanetary shocks. Recently, signatures of CO Cameron
and CO2

+ doublet ultraviolet auroral emissions have been
detected with SPICAM (Gérard et al. 2015); they showed that
the Mars aurora is a temporary and spatially localized
phenomenon appearing near the open-closed magnetic field
line boundary in cusp-like structures.

Atmospheric ionization by the impinging GCR is another
effect of planetary space weather. Venus is constantly being
bombarded by cosmic rays, high-energy charged particles of
solar, galactic and extragalactic origin. Below the penetration
depth of solar EUV and X-ray photons (<100 km), solar and
galactic rays are the primary ionization source in the Venusian
atmosphere (Borucki et al. 1982). At an orbital distance of 0.72
AU, Venus is exposed to high particle fluxes from sporadic
SEP events and CMEs. Due to the absence of a global
magnetic field cosmic rays have unimpeded access to the
Venusian atmosphere and due to a total shielding depth of
105 g/cm2 (the terrestrial value is 103 g/cm2) (Borucki et al.
1982), cosmic ray air showers develop extensively.

As cosmic rays represent the major ionization source in the
Venusian middle and lower atmosphere (below ~100 km),
cosmic ray ionization rates have a strong influence on
fundamental atmospheric properties such as electrical conduc-
tivity, atmospheric chemistry and charging of cloud particles
(Dubach et al. 1974; Borucki 1982; Michael et al. 2009;
Aplin 2013; Nordheim et al. 2015). It has also been suggested
that aerosols may form by direct condensation of gaseous
sulphuric acid onto ions in the lower atmosphere, thus provid-
ing a possible link between cloud formation and cosmic ray
ionization in the Venusian atmosphere (Aplin 2006, 2013).
Atmospheric ionization due to the background flux of GCR
particles peaks within the main cloud deck at ~63 km and
recent modelling by Nordheim et al. (2015) and Plainaki
et al. (2016) has shown that transient SEP events may enhance
ionization rates at this altitude by more than an order of
magnitude and by up to five orders of magnitude at higher
altitudes (~80–100 km; Plainaki et al. 2016). Extreme SEP
events may yield even larger enhancements in atmospheric
ionization rates, and the impact of ‘‘Carrington-level’’ SEP
events on the Venusian atmosphere was recently investigated
by Dartnell et al. (2015). Thus, several important atmospheric
properties may in turn be sensitive to variability in cosmic ray
conditions at Venus both over long (solar cycle) and short (SEP
events) timescales.

While the large atmospheric pressure at the surface and the
high altitude of the Venusian cloud layer appears to exclude the
possibility of cloud-to-ground lightning (Gurnett et al. 2001;
Aplin 2006), several authors have suggested that lightning
discharges above, between or within clouds may occur (Bor-
ucki 1982; Russell & Scarf 1990; Gurnett et al. 2001). Positive
detections of radio wave emissions due to Venusian lightning
have been reported (Ksanfomaliti et al. 1979; Taylor et al.
1979; Russell et al. 2007). However, the lack of radio observa-
tions by the Cassini spacecraft during two close flybys and the
lack of optical detections by Venus Express as well as ground-
based observers leave the question of Venusian lightning some-
what unresolved (Yair et al. 2008; Yair 2012). While the exact
mechanism for charging and for initiating lightning within the
Venusian clouds is not currently known (Yair 2012) it is
nonetheless likely that cosmic ray ionization has an important
role in this process as it is believed to be the primary source of
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atmospheric ions at middle and low altitudes. Thus, it is
plausible that changes to atmospheric ionization rates due to
cosmic ray variability may affect the occurrence of electrical
phenomena in the Venusian atmosphere (Nordheim et al.
2015) hence manifesting a relation between space weather
and meteorological phenomena.

Large changes in atmospheric ionization induced by
sporadic SEP events may potentially also affect radio wave
propagation in the Venusian atmosphere. At Mars, the
MARSIS radar instrument on-board Mars Express has experi-
enced sporadic blackouts (Withers 2011) and recent modelling
by Norman et al. (2014) suggestthat this may be due to
enhanced ionization from SEP events. As SEP events may
produce very large enhancements in the ion production rate
in the Venusian upper and middle atmosphere, investigations
of space weather effects at Venus are relevant to future
missions to the planet, particularly those carrying low-
frequency radar instruments (Nordheim et al. 2015).

The Martian atmosphere, with its significantly lower total
shielding depth (~16 g/cm2, according to Kminek & Bada
2006) is not capable of significantly attenuating energetic
GCR and SEP particles. Indeed, for GCR particles, the peak
in secondary particle production typically occurs within the
top metre of the Martian subsurface (Simonsen & Nealy
1993; Molina-Cuberos 2001; Gurtner et al. 2006; Dartnell
et al. 2007a, 2007b), while SEP particles are capable of
affecting the shallow subsurface to depths of ~10 cm (Dartnell
et al. 2007b). While, contrary to Venus, Mars possesses
significant local crustal magnetic fields (e.g. Acuña et al.
1999), it is nevertheless not significantly shielded from GCR
and SEP particles (Dartnell et al. 2007a). At Mars, cosmic rays
are therefore capable of strongly affecting conditions at the
surface and within the near subsurface. This has strong
implications for astrobiology and planetary habitability as
any putative life forms near the surface would be exposed to
large radiation doses capable of sterilizing the top ~20 cm of
the Martian subsurface (Simonsen & Nealy 1993;
Mileikowsky et al. 2000; Pavlov et al. 2002; Dartnell 2011;
Dartnell et al. 2007a, 2007b, 2010). Additionally, cosmic ray
irradiation may destroy complex organics at the surface and
within the near subsurface (Kminek & Bada 2006; Pavlov
et al. 2012), with implications both for surface chemistry
and for the search for ancient biomarkers on Mars. The large
cosmic ray-induced radiation dose at the surface may also
prove problematic for future human exploration of Mars (e.g.
Saganti et al. 2004).

Cosmic ray ionization in the Martian atmosphere has been
studied extensively using computational models (Whitten et al.
1971; Molina-Cuberos 2001; Molina-Cuberos et al. 2001;
Norman et al. 2014; Gronoff et al. 2015), with the general
result that the atmospheric ionization profile due to GCR is rel-
atively flat, with monotonically increasing ionization rates with
decreasing altitude and increasing atmospheric density. Recent
in-situ measurements at the Martian surface by the RAD
instrument (Hassler et al. 2012) on board the Mars Science
Laboratory rover agree relatively well with the quiet-time
GCR predictions made by these computational modelling
efforts (Hassler et al. 2014; Kim et al. 2014; Gronoff et al.
2015).

Unlike the quiet-time background GCR flux, SEP events
have been shown to produce large altitude-dependent enhance-
ments in atmospheric ionization, with the altitude of the
ionization peak depending strongly on the shape of the SEP

primary spectrum (Sheel et al. 2012; Norman et al. 2014;
Gronoff et al. 2015). In-situ measurements by RAD have
revealed that the relatively moderate SEP event of 11 April
2013 produced a 30% enhancement over background dose
rates at the Martian surface (Hassler et al. 2014). Recent
computational studies have shown that strong SEP events
may produce ionization and dose rate enhancements of more
than four orders of magnitude both at altitude in the Martian
atmosphere and at the surface (Norman et al. 2014; Gronoff
et al. 2015).

2.2.2. Space weather at Mercury

Mercury possesses a weak intrinsic global magnetic field
(discovered by Mariner 10; Vilas et al. 1988) that supports a
small and dynamic magnetosphere, though hardly able to
protect the planet from the Sun’s action. For this reason,
Mercury’s environment is a complex and tightly coupled
system where the magnetosphere, exosphere (see Fig. 20)
and surface are linked by interaction processes that facilitate
exchange of both material and energy (Killen & Ip 1999;
Killen et al. 2001; Milillo et al. 2010). Investigations regarding
the coupling of Mercury’s magnetosphere with the IMF, as well
as the planet’s interaction with the Sun (in terms of both
electromagnetic and energetic particle radiation) and with
interplanetary dust, can provide important clues for the planet
evolution from the Solar System formation to now (Orsini
et al. 2014). Basically, the resulting effects and types of
interactions along the planet’s orbit, at such a close distance
from the Sun, are among the major Solar System key-questions
to be answered in the future.

The Parker spiral forms an angle of about 20� with
the solar wind radial direction, less than half of its value at
the Earth’s orbit (~45�); this implies a change of the relative
ratio of the IMF components with respect to the near-Earth
conditions and an increase of the weight of the IMF Bx
component (Massetti et al. 2003). The solar wind is much
more intense at Mercury’s orbit than at any other planet of
the Solar System (Burlaga 2001). Although the solar wind
velocity remains relatively constant throughout the
heliosphere, its density at Mercury’s orbit is 5–10 times larger
than its typical values at the Earth. Additionally, the strength of
the IMF is higher, having, on average, a value of ~30 nT
(Raines et al. 2014). Therefore, solar wind Alfven speed is
high, the Mach number is low and the reconnection rate with
Mercury’s magnetic field is high (Slavin & Holzer 1979).
We note that Mercury’s intrinsic magnetic field has an intensity
equal to 2 · 10�7 T at the equator.

The recent magnetic field measurements of the NASA
MErcury Surface, Space ENvironment, GEochemistry, and
Ranging (MESSENGER) mission, operated around Mercury
from 2008 to April 2015 (Solomon et al. 2007), indicate that
Mercury’s magnetic dipole moment is offset northward from
the planet’s centre by 0.2 RM (where RM is Mercury’s radius,
equal to 2440 km) (Alexeev et al. 2010; Anderson et al.
2011a). The relative dimension of Mercury with respect to
the dimension of its own magnetosphere is much larger than
in the Earth’s case (see also Fig. 1). At Mercury, the average
subsolar magnetopause standoff distance is ~1.45 RM

(Winslow et al. 2013) whereas at the Earth it is ~10 RE

(Fairfield 1971). Upstream of the magnetosphere, Mercury’s
bow shock is located at an average distance of 1.96 RM away
from the planet (Winslow et al. 2013). We now know that
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Mercury’s magnetosphere is highly dynamic (e.g. Slavin et al.
2009, 2010; DiBraccio et al. 2013), so it cannot be considered
as a stable structure where plasma distributes according to
well-characterized populations, like in the Earth’s magneto-
sphere. On the contrary, fast (few seconds) events like Flux
Transfer Events (FTEs; Slavin et al. 2012b), depolarizations
(Sundberg et al. 2012) and plasmoids (Slavin et al. 2012a)
are observed. Given Mercury’s iron-rich electrically conduct-
ing core (Smith et al. 2012), Hood & Schubert (1979) and
Suess & Goldstein (1979) predicted that induction effects at
Mercury would cause the subsolar magnetopause to remain
at or above the distance of 1.2 RM. In fact, changes in upstream
solar wind pressure will create changes in the magnetic field
normal to the planetary surface. According to Faraday’s law,
these time-dependent changes will generate currents in the
conducting core, which will serve to oppose this change in
magnetic field and temporarily increase Mercury’s magnetic
moment (Hood & Schubert 1979; Suess & Goldstein 1979;
Glassmeier et al. 2007). Slavin et al. (2014) analysed three
extreme solar wind dynamic pressure events using
MESSENGER magnetic field and plasma measurements,
confirming that the magnetopause standoff distance will only
be compressed below �1.2 RM for solar wind pressures larger
than �60 nT.

To characterize how the coupled system dynamically
responds to the external forcing, Jia et al. (2015) developed
a global resistive MHD model that also explicitly includes
the planetary interior with layers of different conductivities
by using time-dependent solar wind conditions. They demon-
strated that the induction effect plays an important role in

determining the global magnetospheric structure. The solar
wind entering the magnetosphere of Mercury through its large
cusps can circulate or alternatively reach the surface. The solar
wind impacting region, in a first approximation, corresponds to
the footprint of the open field lines; the position and dimension
of this footprint depend on solar wind conditions (Kallio &
Janhunen 2003, 2004; Massetti et al. 2003). Evidences of
proton fluxes precipitating toward the surface have been
registered recently by MESSENGER/FIPS data below the
Northern cusps (Zurbuchen et al. 2011).

Together with the protons and He2+ of solar wind origin,
FIPS and Mercury Atmospheric and Surface Composition
Spectrometer (MASCS) detected ions of planetary origin
(McClintock & Lankton 2007; Zurbuchen et al. 2008; Vervack
et al. 2010) both inside and outside of the magnetosphere. The
distributions of the two most abundant species, i.e. the Na+ and
O+-group ions, show an abundant enhancement in the region of
Mercury’s northern magnetospheric cusp. Na+-group and O+-
group ions are also very abundant in the nightside near-equa-
torial region, and often near high-latitude, dayside crossings
of the magnetopause (Zurbuchen et al. 2011; Raines et al.
2013). Raines et al. (2014) focused on the Na+-group energy,
flow direction and spatial distribution in Mercury’s Northern
cusp region (Fig. 21). These authors argued that the high
energies (~2.7 keV on average) of the Na+-group ions in
Mercury’s cusp demonstrate that these populations have not
been produced locally in the cusp, but they must have been
previously accelerated. They also found a regular occurrence
of keV-energy Na+-group ions flowing northward in the
dayside magnetosphere. From these measurements, the authors
hypothesized that neutral Na atoms were ionized in the vicinity
of the subsolar magnetopause and accelerated into the cusp
through reconnection.

A significant electron population has been observed at
Mercury. Electrons within the 200–680 eV energy range were
already detected by Mariner 10 and interpreted as coming from
a hot plasma sheet (Ogilvie & Desch 1977). Furthermore,
bursts of low- and moderate energy electrons (tens to hundreds
of keVs, Ho et al. 2012) have been often recorded by the
MESSENGER Energetic Particle Spectrometer (EPS) and
X-Ray Spectrometer (XRS). A systematic monitoring permit-
ted to map the burst occurrence. The largest burst events were
either at high (northern) latitudes or near local midnight, and
similar in particle intensity, spectra and pitch angle. They are
interpreted as the result of acceleration by the same mecha-
nism. Other electron observed events require further studies
for complete explanations: lower-energy events were also seen
near the equator, but they were mostly absent in both the dawn
and dusk local time sectors. Another group of events occurred
upstream of Mercury’s bow shock, similar to upstream events
found at Earth during which particles are accelerated at the
bow shock and subsequently travel upstream into the solar
wind.

The SEPs (electrons and H+, He++, C6+, O7+ and Fe12+,
with energies in the MeV-GeV range) ejected from the base
of the solar corona and above, in association with flares or
CMEs (Kahler et al. 1984), may encounter Mercury along their
propagation path, fulfilling the planet’s environment with a
significant flux of energetic particles. Leblanc et al. (2003),
through simulations of SEP trajectories inside Mercury’s
magnetosphere, showed that significant SEP fluxes can reach
Mercury’s surface not only into the cusps footprint, as in the
case of solar wind, but also at the planet’s equator, elongated
toward dawn.

Fig. 20. Modelled density profiles of different species in the
exosphere of Mercury, released from the surface through sputtering.
From Wurz et al. (2010).
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Extensive penetration of pick-up ions into the magneto-
sphere was found in the post-noon and dusk local time sectors
at the time of MESSENGER’s first flyby during northward
IMF conditions (Sarantos et al. 2009). These pick-up photo-
ions from magnetosheath may be an important source of hot
planetary ions within the magnetosphere (through the
Kelvin-Helmholtz instability).

The effects of the planetary space weather are also strongly
evident in the exosphere characteristics. Mercury’s exosphere
comprises many species, reflecting the surface composition
according to the release process efficiencies (Wurz & Lammer
2003). The fluxes released from Mercury’s surface through
different mechanisms, and thus the associated exospheric
densities, were estimated by Wurz et al. (2010). In Figure 20,
we present the modelled density profiles of the species released
through sputtering (Wurz et al. 2010). In fact, the particles are
released from the surface mainly after the action of solar UV
and/or IR radiation as well as solar wind precipitation.
Depending on both Sun’s activity and distance along the
eccentric orbit of Mercury, the exosphere varies both in
intensity and morphology (e.g. Killen & Ip 1999; Mangano
et al. 2015); in addition, the radiation pressure produces a
Na tail with an elongation variation from a few RM up to more
than a thousand RM (Potter et al. 2002; Schmidt et al. 2010).
In Figure 22a, some examples of Na variability in the disk
are shown. The solar wind and planetary ions interact with

the surface to produce ion sputtering, backscattering and
internal structure alteration via chemical sputtering and/or
enhanced diffusion (Mura et al. 2009; Sarantos et al. 2009).
Furthermore, micrometeoroid impact vaporization plays a role
in the exosphere generation too, which may overlap the effects
linked to the Sun (Leblanc & Johnson 2003; Killen & Hahn
2015). In this complicated picture, the neutral environment
observations should be interpreted by evaluating the most
important mechanisms depending on species, True Anomaly
Angle (TAA), Local Time (LT) and longitudinal and surface
features. The debate on the most important surface release
process acting on Mercury remains open within the scientific
community: it is a key-point for constraining the planet’s
long- and short-term evolutionary scenario.

The mostly observed neutral species at Mercury is Na,
thanks to its simple optical emission doublet, directly identified
from ground-based telescopes, and to its high density in the
planet’s environment. The Na emission exhibits often a typical
morphology with two peaks at mid-latitudes in the dayside,
inside regions possibly linked to the magnetic cusp footprints
on the surface (see Fig. 22b). Nevertheless, despite the many
exospheric observations from the Earth and from space (with
MESSENGER), a comprehensive explanation of the totality
of the Na measurements is not yet existent in the literature.
On one side, as previously stated, the configurations of the
Na exosphere (similarly to the K exosphere), derived from

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 21. Kinetic properties of protons and Na+-group ions within the cusp, accumulated over 77 cusp crossings. Top panels (a, d) show flow
direction histograms for protons and Na+-group ions. The middle panels (b, e) are energy-resolved pitch angle distributions, which show the
flow direction and energy of ions relative to the magnetic field in 20� (protons) and 36� (Na+-group) bins. Slices through these distributions in
the parallel, anti-parallel and perpendicular directions are shown in the bottom panels (c, f). These figures show protons which are flowing
down toward the surface, as well as loss cone of >40� in width. Low-energy (100–300 eV) Na+-group ions appear to be upwelling from the
surface, while those at energies up to 10 keV have large perpendicular energy components. Reproduced from Raines et al. (2014).
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Earth ground-based observations, suggest a strict relation of
the exosphere generation with the plasma precipitation regions,
varying in timescale of hours. The statistical correlation with
the z-component of the IMF with the double peak configura-
tion (Mangano et al. 2015) indeed seems to favour a major role
of plasma impact in the cusps projection onto the surface.
On the other side, the intensity of such an exospheric signal
is hardly consistent with a simple ion sputtering release (e.g.
Leblanc et al. 2008), thus a more complex scenario (e.g.
combination of several processes) should be invoked to
account for this discrepancy (Mura et al. 2009). Indeed, such
scenarios have already been proposed in the past. In particular,
it has been suggested that the ion precipitation not only
produces direct sputtering, but also enhances the release due
to photon stimulated desorption, either through the breaking
of the Na atomic bond to the surface (chemical sputtering,
see Mura et al. 2009) or through the enhancing of the Na
diffusion inside the regolith grains (Sarantos et al. 2009).
Furthermore, the MESSENGER UV observations do not
confirm this variability as well as the double peak configura-
tion. On the contrary, the MESSENGER observations indicate
exosphere variability modulated along the orbit, related only to
seasonal variations and with a vertical profile purely consistent

with a photon stimulated desorption release process (see
Fig. 22b) (Cassidy et al. 2015). Kameda et al. (2009) measured
the Na full-disk intensity from ground observations and
confirmed a small short-time-scale modulation; they suggested
a relation between the average intensity modulation and the
crossing of the interplanetary dust disk.

Another disagreement between the MESSENGER data and
the ground-based observations is the lack of evidence of a
North-South asymmetry in the Na double peak distributions,
obtained from the statistical analysis of the Na observations
with the THEMIS telescope (Mangano et al. 2015). This fact
may indicate that there is not any significant dipole shift as
indicated by the MESSENGER data (Anderson et al. 2011b).
Possible effects of higher order magnetic dipole harmonics
could have a role (Richer et al. 2012), since a quadrupole
component could produce a similar magnetosphere configura-
tion in the northern hemisphere, even if significant differences
should be present in the Southern magnetosphere. These two
cases could not be discriminated in the MESSENGER data,
since the spacecraft was in a high-eccentricity orbit with
periherm close to the north pole (Solomon et al. 2007), obtain-
ing images of the planet’s exosphere through limb observations
at the equatorial latitude.

(a)

(b)

Fig. 22. (a) Examples of different Na-emission patterns identified in the Hermean exosphere through ground-based observation with the
THEMIS solar telescope. From Mangano et al. (2015). (b) Surface sodium density estimated from observations near the subsolar point, as a
function of the true anomaly angle. From Cassidy et al. (2015).
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The distributions of other species, like Mg and Ca, as
observed by MESSENGER, peak at dawn, consistently with
a release induced by micrometeoroid vaporization, assuming
a preferential precipitation in the leading side (Burger et al.
2014). Ca seasonal variation follows the behaviour expected
from impact vaporization by interplanetary dust, due to
Mercury’s substantial radial excursions (heliocentric distances
between 0.306 AU at perihelion and 0.465 AU at aphelion).
However, impact vaporization due to a single dust disk cannot
explain all the variations seen in Mercury’s Ca source rate; the
strong peak in the Ca signal near TAA = 25� ± 5� requires an
additional source of dust. It can be attributed to the crossing of
Mercury’s orbital plane and a comet stream (Killen & Hahn
2015).

The exospheric particles move independently from each
other in a non-collisional regime; nevertheless, they do not
move along simple ballistic trajectories: in fact, the alkali-
released particles are subject to radiation pressure that pushes
them in anti-sunward direction, thus producing the tail
observed in Na and in K (Potter et al. 2002).

Furthermore, some particles like oxides can be released as
molecules, and impact vapour can remain in the uncondensed
state after the initial fireball becomes collisionless (e.g.
Berezhnoy & Klumov 2008). The interaction with the solar
UV radiation can dissociate the molecules, thus increasing
their temperature. Such processes can explain the high temper-
ature observed in Ca and Mg exospheric profiles (Killen et al.
2005).

Also the UV photons can ionize the exosphere, thus
generating an ion population of planetary origin at low energy,
not dense enough to be considered an ionosphere, that can be
further accelerated and circulate inside the magnetosphere
(Delcourt et al. 2003; Seki et al. 2013), as recently observed
by MESSENGER (Raines et al. 2013). The absence of a
conducting ionosphere implies that any field-aligned currents
must close through the planet’s surface. At a further step, the
ions are either lost into the solar wind or impact again onto
the surface producing a new generation of released material.

As mentioned before, the knowledge of the releasing
process able to produce escape of material from the planet at
present is crucial for understanding the long-term evolutionary
scenario. In fact, in ancient times some of the release
mechanisms were much more intense than today, due to differ-
ent Sun conditions. As a matter of fact, according to Orsini
et al. (2014), under the present conditions the surface material
loss rate seems not to be able to produce a significant erosion
of the planetary surface; in the past, instead, the long-term
effects over billions of years could have affected the surface
evolution of the planet in the context of the evolution of the
Solar System. Following the timeline of the Solar System’s
history drawn by Coradini et al. (2011), Mercury formed in
the Primordial Solar System before the end of the Late Heavy
Bombardment (LHB, i.e., between 3.9 and 3.7 Ga ago), which
marked the transition to the Modern Solar System, a phase
lasting until now and characterized by less violent and more
regular, secular processes (Coradini et al. 2011). Both the Sun’s
temperature and global luminosity increased vs. time (Guinan
& Ribas 2002), hence in early phases the particle emission due
to thermal desorption was not capable of producing significant
erosion rates. The UV radiation at 100–360 Å wavelengths is
able to desorb Na and K from the planet’s surface through
Photon Stimulated Desorption (PSD; Killen et al. 2007). UV

radiation was much more intense in early phases, so that it
could have been able to remove volatile species, like Na and
K, and hence cause volatile depletion of the crust of Mercury
down to depths of a few kilometres (during the Sun’s T-Tauri
phase), given that eruptive or bombardment-related mecha-
nisms could have been able to extract such volatiles from
underground (Orsini et al. 2014). The present Na abundance
on Mercury’s surface, with respect to the cosmic original
abundance, could be explained by the effectiveness of this
extraction from underground and subsequent PSD release.
Moreover, both solar wind velocity and density significantly
decreased from ancient times to today (Lundin et al. 2007).
Ion precipitation on the planet’s surface generates material
emission through ion sputtering processes, producing a signif-
icant portion of material able to escape from Mercury (Wurz &
Lammer 2003; Mura et al. 2006). According to Orsini et al.
(2014), the estimated erosion due to ion sputtering amounts
to 10 m across the last 4.4 Ga, and 1 m since the end of
LHB. Even if the LHB would have erased most of the
pre-existing geological features, the overall loss rate from the
surface of Mercury, via all Sun-related surface erosion and
volatile depletion processes, is an important element for the
interpretation of the surface features.

3. Comparative planetology considerations

3.1. A synthetic view of space weather all over the Solar System

Based on the discussions in Section 2, it is clearly understood
that the different characteristics of the plasma-body interac-
tions result in different space weather conditions at different
locations in the Solar System. Whereas space weather in the
inner Solar System is determined predominantly by the energy
release from the Sun, in the form of solar photon flux, solar
wind, CMEs and SEPs, space weather in the outer Solar
System is driven by the balance between the incoming energy
of solar origin and the internal sources in the form of plasma,
neutral particles and fast planetary rotation. A typical example
of such a process takes place is Jupiter’s ionosphere: whereas
the main auroral emission is controlled by Io’s volcanism
and the fast planetary rotation (Cowley & Bunce 2001), it is
also influenced by solar wind compressions (Nichols et al.
2007).

In Table 2 we summarize the characteristics of different
environments in the Solar System related to planetary space
weather. Space weather phenomena in planetary systems have
their origin in plasma and energetic particle sources, whereas
their development is strongly conditioned by the planetary
bodies’ magnetic fields (where present). Plasma populations
can be of solar, planetary or satellite origin and they can be
described in general by Maxwellian distributions, which often
show non-Maxwellian suprathermal tails decreasing as a power
law in velocity (kappa distributions, Vasyliunas 1968).
The energetic particle populations have energies in the
keV-GeV range and originate either from sources external to
the planetary system (e.g. GCR, SEPs) or from plasma
acceleration mechanisms within the system. On the basis of
their energy distribution and ion composition, the internal
plasma sources in a planetary system (e.g. exosphere,
ionosphere, moons, rings) can be distinguished, in general,
from the external ones (e.g. solar wind, SEP, cosmic rays)
(Krupp 2015). Nevertheless, Mauk (2014), through a
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Table 2. Different environments in the Solar System and their characteristics related to planetary space weather. In order to characterize the effects of solar emissions and winds on different bodies,
we consider the existence of ionosphere (I), magnetosphere (M), exosphere (E). The interplanetary (or planetary) magnetic field inclination, given in the Table’s last column, is measured with
respect to the body’s spin axis; the estimations of the IMF inclination are based on the Parker model, for an average solar wind velocity equal to 450 km/s.

Planets

Solar system body Distance from
the Sun (in AU)

Body’s radius (in
km)

Rotation
period (in

hours)

Planetary
space

weather
regions

Atmosphere major
composition

Magnetic
field

morphology

Solar wind density
(in cm�3)

Interplanetary magnetic
field

Intensity
(nT)

Inclination
(in deg)

Neptune 30.071 24,7641 16.111 I, M, E H2, He, CH4
1 Dipole 0.00815 0.1122 88.1

Uranus 191 25,5591 17.241 I, M, E H2, He, CH4
1 Multipole 0.0215 0.2223 87.0

Saturn 9.51 60,3301 10.6561 I, M, E H2, He1 Dipole 0.115 0.2–0.824 83.9
Jupiter 5.21 71,3981 9.9251 I, M, E H2, He1 Dipole 0.315 0.5–1.2125 79.0
Mars 1.5241 3,3901 24.6231 I, E CO2, N2

1 Crustal fields 3.515 2–326 56.4
Venus 0.7231 6,0511 5,832.61 I, E CO2, N2

1 Induced 1615 1227 35.5
Mercury 0.31–0.471 2,4391 1,407.61 M, E Exosphere: Na,

K, Mg, Ca, H,
He, Al1

Dipole 32–7316 15–3028 21.1

Satellites

Solar system body Distance from
the parent planet
(in planet radii)

Body’s radius (in
km)

Rotation
period (in

Earth
days)

Planetary
space

weather
regions

Major composition of
the neutral

environment

Magnetic
field

morphology

Magnetospheric
plasma density (in

cm�3)

Planet’s magnetic field at
the satellite’s distance

Direction
and

intensity
(nT)

Inclination

Jupiter’s
satellites

Io 5.912 1,821.62 S 1.772 E Exosphere: SO2
4 – 1,920 (ions) 2,500

(electrons)17
�1,90029 32, 33

Europa 9.402 1,560.82 S 3.552 E Exosphere: O2, H2O
gas plume5

Induced12 8.8–40.6 (S2+) 5–23.2
(O2+) 7.6–34.8 (H+) 63

–290 (electrons)18

�42029 32, 33

Ganymede 14.972 2,631.22 S 7.152 M, E Exosphere: O2, H6 Intrinsic
dipole and
induced13

1–8 (ions) 1–10
(electrons)17

�9029 32, 33

Callisto 26.332 2,410.12 S 16.692 E Exosphere: CO2, O2
7 Induced12 0.10 (ions) 0.15

(electrons)17
�3029 32, 33

Saturn’s
satellites

Enceladus 3.953 257 · 251 · 2483 S 1.373 E Exosphere (gas
plume): H2O, CO2,

Mass 28 (CO or N2),
CH4

8

?14 40 (electrons) 4–40
(ions)19

�37030 32, 34

Dione 6.263 563 · 561 · 5603 S 2.743 E Exosphere: O2, CO2
9 ?14 13 (electrons) 2–20

(ions)19
�7530 32, 34

Rhea 8.743 765 · 763 · 7623 S 4.523 E Exosphere: CO2, O2
10 ?14 2 (electrons) 0.4–3

(ions)19
�2530 32, 34

Titan 20.273 2,5753 S 15.953 I, E Atmosphere: N2,
CH4

11
Induced14 30–1,000 (electrons)20

20–2,000 (ions)21
�5.131 32, 34

(continued on next page)

C
.

P
lainaki

et
al.:

S
cientifi

c
aspects

and
future

perspectives
of

planetary
space

w
eather

A
31-p27



Table 2. (continued)

1 As reported in NASA Planetary Fact Sheet http://nssdc.gsfc.nasa.gov/planetary/factsheet/
2 From the NASA Jovian Satellite Fact Sheet http://nssdc.gsfc.nasa.gov/planetary/factsheet/joviansatfact.html; Note that S stands for synchronous rotation.
3 From the NASA Saturnian Satellite Fact Sheet http://nssdc.gsfc.nasa.gov/planetary/factsheet/saturniansatfact.html; Note that S stands for synchronous rotation.
4 As reported in Lopes & Williams (2005).
5 For observations interpreted as indicative for an O2 atmosphere see Hall et al. (1995, 1998), Saur et al. (2011) and McGrath et al. (2004). Observations interpreted as indicative for a transient
water plume were discussed in Roth et al. (2014a).
6 See Hall et al. (1998), Feldman et al. (2000), Barth et al. (1997).
7 See Carlson (1999), Cunningham et al. (2015).
8 See Waite et al. (2006).
9 See Tokar et al. (2012), Teolis & Waite (2016).
10 See Teolis et al. (2010).
11 See Waite et al. (2004), Coustenis et al. (2010).
12 For Europa see Khurana et al. (1998, 2009). For Callisto see Khurana et al. (1998).
13 See Kivelson et al. (1996).
14 It is currently not known if induced magnetic fields are generated at the inner Saturnian moons. Titan’s ionosphere, being subject to direct erosion by the incident plasma ?ow, generates an
induced magnetosphere around the moon: the ambient magnetospheric ?eld drapes around Titan’ s ionosphere, leading to the formation of a magnetic pile-up region at the ramside and a
bipolar magnetotail in the wake region (see Simon et al. 2013b for details).
15 As reported in Richardson et al. (2004).
16 As reported in Milillo et al. (2005).
17 As reported in Kivelson et al. (2004, Table 21.1).
18 For a detailed description of the plasma environment at Europa see Bagenal et al. (2015) and Delamere et al. (2005).
19 See Sittler et al. (2006).
20 See Edberg et al. (2010).
21 See Mandt et al. (2012).
22 See Slavin & Holzer (1981).
23 See Voigt et al. (1983).
24 See Jackman et al. (2004). These values were measured by Cassini in 2004 and correspond to magnetopause crossings.
25 Ulysses data (1992, 1998, 2004) and Cassini data (2000) taken from Table 1 in Nichols et al. (2006).
26 Estimation based on the analysis of Mars Global Surveyor (MGS) Magnetometer (MAG) data from the region upstream from Mars (Brain et al. 2003). The spiral angle was found in
the range 32�–70�.
27 See Luhmann et al. (1986).
28 See Figure 5 in Baker et al. (2013). CME passages (with stronger magnetic fields in and draped around the CMEs) and other transient solar wind can result in IMF enhancements
(Baker et al. 2013).
29 Since neither the orbits nor the spin axes of the moons are significantly inclined to the parent planet’s equatorial plane, we present here the averages around the moon’s orbit as
reported in Kivelson & Bagenal (2007). The minus sign indicates that the average field over a planetary rotation period is southward oriented, i.e. antiparallel to the planet’s rotation axis.
30 See Khurana et al. (2008).
31 See Kivelson & Bagenal (2007).
32 The magnetic fields of Jupiter and Saturn at the orbits of their moons oscillate in intensity and direction at the giant planets rotation periods, equal to 9.925 h and 10.656 h,
respectively.
33 The average field over a planetary rotation period is southward oriented, i.e. antiparallel to Jupiter’s axis of rotation (Kivelson & Bagenal 2007). The spin axes of the moons are not
significantly inclined to the parent planet’s equatorial plane: 0.04� (Io); 0.47� (Europa); 0.21� (Ganymede); 0.51� (Callisto), according to http://nssdc.gsfc.nasa.gov/planetary/factsheet/
joviansatfact.html. Therefore the inclination of the parent planet’s magnetic field (with respect to the satellite’s spin axis) is negligible.
34 As in the Jupiter’s case, the spin axes of the moons are not significantly inclined to the parent planet’s equatorial plane: 0.00� (Enceladus); 0.02� (Dione); 0.35� (Rhea); 0.33� (Titan),
according to http://nssdc.gsfc.nasa.gov/planetary/factsheet/saturniansatfact.html. Therefore the inclination of the parent planet’s magnetic field (with respect to the satellite’s spin axis)
is negligible.
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comparative analysis for Earth, Jupiter, Saturn, Uranus and
Neptune, showed that the ion composition and energy spectra
are subject to interaction processes in the magnetospheres
dependent on the strength of plasma sources. This means that
the space weather conditions at these systems are dynamically
determined by interactions hence any attempt to identify the
related phenomena, to study their potential impact on
electronics and systems on-board spacecraft, and to
develop a concept of forecasting, should begin from an
in-depth study of the plasma source and loss processes.
Laurenza et al. (2009) have recently developed a tech-
nique for obtaining a short-term warning of SEP events,
based on the flare location, flare size and evidence of particle
escape. Moreover, an extended review of the plasma-related
processes in the Solar System has been provided by Seki
et al. (2015).

Below, we briefly discuss the agents of planetary space
weather from a comparative planetology point of view.

3.1.1. Plasma and magnetic fields

Numerous studies in the solar-terrestrial science field have
essentially enriched our knowledge on the interaction between
plasma of solar origin and the Earth, a strongly magnetized
planet. The Earth’s intrinsic magnetic field deflects the solar
wind at the magnetopause location, a region where magnetic
reconnection is likely to occur allowing the solar plasma entry
in the Terrestrial magnetosphere.

The mechanisms through which the solar wind enters a
planetary magnetosphere determine at first place the character-
istics of the space weather phenomena in that environment.
The solar wind-magnetosphere dynamics depend on one hand
on the solar wind density, flow speed and IMF intensity in the
vicinity of the body, and on the other hand on the magnetic
obstacle due to the planet’s own magnetic field. A necessary
condition for reconnection is that the IMF has an anti-parallel
component to the planetary magnetic field at this location.
The angle between the IMF and the radial direction varies with
increasing distance from the Sun, ranging from �20� at
Mercury’s orbital distance of �0.4 AU (Kabin et al. 2000) to
�83� at Saturn’s orbital distance of �9.5 AU (Jackman et al.
2008); the IMF strength varies with the inverse square distance
from the Sun (see Table 2). Through the IMF-planetary mag-
netic field reconnection, mass, energy and momentum from
the solar wind can be transferred into the planetary
magnetosphere.

The rate of the magnetopause reconnection is determined
by both the strength and the orientation of the IMF with respect
to the planet’s magnetic field, and the plasma conditions in the
magnetosheath adjacent to the magnetopause (Seki et al.
2015). For the Earth, this is due to the high average Alfvenic
Mach number at 1 AU (Slavin et al. 1984) resulting in high
plasma-b6 magnetosheath and thin, weak plasma depletion
layers (Zwan & Wolf 1976). Nevertheless, other Solar System
planets possessing an intrinsic magnetic field (such as Mercury,
Jupiter and Saturn) are characterized by different plasma
conditions and magnetic field strength, thus reconnection rate
is likely to differ from the terrestrial magnetosphere case
(Slavin et al. 2014). Typically high plasma-b magnetosheaths
at the Earth and outer planets cause the magnetic fields on
either side of the magnetopause to differ largely in magnitude

hence reconnection is only possible for large shear angles7

(Sonnerup 1974). On the contrary, for low plasma-b magne-
tosheaths and well-developed plasma depletion layers (as it
happens at Mercury Gershman et al. 2013), the similar in
magnitude magnetic fields on either side of the magnetopause
allow reconnection even for low shear angles (DiBraccio et al.
2013; Slavin et al. 2014). On the basis of MESSENGER
observations, it has been found that the rate of reconnection
at Mercury’s magneopause is independent of the IMF direction
(DiBraccio et al. 2013), being on average three times larger
than its value at Earth (Slavin et al. 2009). During encounters
with CMEs, however, the upstream Mach number at 1 AU
obtains values similar to the ones at Mercury and similar
effects are expected (Lavraud et al. 2013). Based on a combi-
nation of Cassini spacecraft observations and simulations at
Saturn, Masters et al. (2012) argued that plasma-b conditions
adjacent to Saturn’s magnetopause largely restrict reconnection
to regions of the boundary where the adjacent magnetic fields
are close to anti-parallel, giving some evidence that the magne-
topause surface that can become open may be limited. They
showed that under relatively low magnetosheath b conditions
this restriction becomes less severe, demonstrating in this
way that the nature of solar wind-magnetosphere coupling
via reconnection can vary between planets and thus may not
always be Earth-like. In this context, it becomes clear that
the variability of the interplanetary magnetic field conditions
determines, dynamically: (a) the spatial extension of the
reconnection site (starting point of the space weather activity);
(b) the reconnection rate (a parameter that is strongly related to
the further evolution of the space weather activity).

Other important physical processes favouring the solar
wind entry in a planetary magnetosphere are the anomalous
diffusion across the magnetopause, caused by the Kelvin-
Helmoltz instability, and the kinetic Alfvén waves. The
Kelvin-Helmoltz instability is an MHD instability driven by
a flow shear between the magnetosheath and the magneto-
sphere (Seki et al. 2015). Hasegawa et al. (2004a) noted that
the plasma content in the outer terrestrial magnetosphere
increases during northward solar wind magnetic field
conditions (Mitchell et al. 1987; Hasegawa et al. 2004b),
contrary to what would be expected in case reconnection were
dominant. Hasegawa et al. (2004b) showed that during north-
ward solar wind magnetic field conditions – in the absence
of active reconnection at low latitudes – there is a solar wind
transport mechanism associated with the nonlinear phase of
the Kelvin-Helmholtz instability, supplying plasma sources
for various space weather phenomena in the circum-terrestrial
space.

A comparison of the parameters determining the character-
istics of plasma sources in different magnetospheres of our
Solar System is found in Bagenal (2013). We summarize the
main characteristics of the Solar System planetary magneto-
spheres, related to space weather in Table 3. As shown in
Table 3, the magnetospheric circulation is driven primarily
either by the solar wind or by the planet’s rotation. Within
the same planetary system, the fraction of the magnetosphere
that corotates in the region up to a critical distance from the
planet, Rc, is given by Rc/Rmp = (RmpX/gVsw)1/2, where Rmp

is the magnetopause distance, X is the planet’s rotation
velocity, g is the efficiency of the reconnection process in

6 The plasma-b parameter is defined as the ratio of plasma thermal
to magnetic pressure.

7 The shear angle is defined as the rotation of the magnetic field
from the magnetosheath into the magnetosphere (DiBraccio et al.
2013).
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Table 3. Characteristic parameters of Solar System magnetospheres determining planetary space weather. Adapted from Bagenal (2013) and Krupp (2015).

Solar
System
body

Magnetopause
nose distance

Surface magnetic field
at the equator (T)

Dipole
tilt1

Obliquity2 Plasma sources3 Plasma
composition (main

species)

Plasma motion Plasma
b4

Lifetime

Neptune 24 RN 0.14 · 10�4 �47� 29.6� Triton (solar wind?) N+, H+ Rotation (and solar wind
driven?)

0.2 days

Uranus 25 RU 0.23 · 10�4 �59� 97.9� Ionosphere (solar wind) H+ Solar wind driven and
rotation

0.1 1–30
days

Saturn 19 RS 0.22 · 10�4 �0� 26.7� Enceladus (Rings, Tethys,
Dione, Titan, solar wind)6

H2O+, O+, H+ Rotation 1–5 30–50
days

Jupiter 42 RJ 4.28 · 10�4 �9.6� 3.1� Io, Europa (ionosphere)7 On+, Sn+, H+ Rotation 10–100 20–80
days

Mercury 1.4–1.6 RM 2 · 10�7 +14� 0� Solar wind H+ Solar wind driven ~28 Minutes
Ganymede ~2 RG 7.19 · 10�75 176� 0.2� Jupiter’s magnetosphere

(Ganymede’s exosphere)
On+, Sn+, H+ Corotation (Jupiter’s

magnetosphere driven)
0.49 Min to

hours9

1 Angle between the magnetic and rotation axes.
2 Inclination of the planet’s equator to the orbit.
3 The dominant plasma sources are indicated. In parentheses we indicate the believed secondary plasma sources.
4 The plasma b parameter is defined as the ratio of plasma pressure to magnetic pressure, b = nkT/(B2/2l0).
5 From Kivelson et al. (1996).
6 Blanc et al. (2015).
7 Bolton et al. (2015).
8 Raines et al. (2014).
9 Temporal analysis of the auroral power of Ganymede’s footprint reveals variations of different timescales: (a) a 5-h timescale, associated with the periodic flapping of Jupiter’s plasma
sheet over Ganymede; (b) a 10–40 min timescale, possibly associated with energetic magnetospheric events, such as plasma injections; (c) a 100-s timescale corresponding to quasiperiodic
fluctuations, which might relate to bursty reconnections on Ganymede’s magnetopause and/or to the recurrent presence of acceleration structures above Jupiter’s atmosphere. From
Grodent et al. (2009).
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harnessing the solar wind momentum and Vsw is the velocity of
the solar wind (Bagenal 1992). So, in the magnetospheres of
rapidly rotating planets with strong magnetic fields (e.g.
Jupiter, Saturn), plasma motions are dominated by rotation.
A similarity among magnetospheres of this kind, with direct
effects on space weather, is that their icy moons supply heavy
ions such as watergroup species, oxygen, sulphur and nitrogen.
Due to the fast planet rotation, such ions are concentrated near
the centrifugal equator in a disk-like current sheet and
associated plasma sheet, whereas, away from it the plasma
density drops (Krupp 2015). In smaller magnetospheres around
slowly rotating planets (e.g. Mercury), solar wind controls
mainly the plasma motions. A major difference between the
magnetospheres of Jupiter and Saturn compared with Uranus
and Neptune, with impact on the actual interactions ruling
space weather, is the plasma-b value. For Uranus and Neptune,
b is in the range from ~0.1 to 0.2, while for Saturn b is in the
range from ~1 to 5 and for Jupiter b is in the range from ~10 to
100 (see also Table 3), meaning that the Jovian and the
Saturnian magnetospheres are particle-driven and vice versa
for Uranus and Neptune (Krupp 2015). Table 3 shows that in
the magnetospheres where plasma circulation is driven by
the solar wind, plasma of solar origin becomes an important
source (the dominant one in case of Mercury). On the contrary,
in the magnetospheres where the plasma circulation is mainly
driven by the planetary rotation (e.g. Saturn, Jupiter) the
internal plasma sources (e.g. the volcanic activity at Jupiter’s
moon Io and the plume activity at Saturn’s moon Enceladus)
determine in a significant way the characteristics of the
interactions within the system. The magnetosphere of Neptune
is a more complicated case since at the current moment it is
not clear if solar wind could have an important role in driving
the plasma motion, as it is believed in the case of Uranus.
We note that the distribution of plasma at Neptune is generally
interpreted as indicative of Triton acting as a major plasma
source (Krimigis et al. 1989; Richardson et al. 1991).

At the moons of the giant planets the plasma-body
interactions have significantly different characteristics with
respect to those in bodies with or without magnetic field,
depending on the electrical conductivity of the moons’
ionospheres and the presence of exospheric neutrals that act
as the interface between the environment external to the body
and the surface. For example, in the vicinity of the Galilean
moons, the formation of a shock bounding the upstream region
has not been observed (Kivelson et al. 2004). This is due to the
fact that in the vicinity of these bodies the MHD waves can
transfer energy and momentum faster than the relative speed
of Jupiter’s magnetospheric plasma. Therefore, the fastest
MHD waves can propagate upstream of a moon whereas the
perturbations that slow and divert the flow develop gradually
and shocks do not form, except possibly at Callisto (Kivelson
et al. 2004). Moons are significant plasma sources for the outer
planets’ magnetospheres providing material through
volcanism, plumes or particles released directly from their
surfaces due to sputtering, radiolysis and sublimation
(Cassidy et al. 2010; Plainaki et al. 2012, 2015). Io and Europa
are believed to be major plasma sources for Jupiter’s
magnetosphere, similarly to Enceladus for Saturn’s and Triton
for Neptune’s magnetospheres (see Table 3). Water plumes
have been observed in-situ at Enceladus (Porco et al. 2014)
and remotely at Europa, in December 2012 (Roth et al.
2014a). No further evidence for plumes was found during
subsequent HST observations of Europa’s auroral emission
(Roth et al. 2014b). The transient nature of the plume

phenomenon is expected to have impacts on the space weather
interactions in the moon’s exosphere (e.g. presence or absence
of watergroup plasma ions). We note that the Voyager 2 data
provided no evidence for major particle release from the icy
surfaces of the Uranian moons, however the possibility cannot
be ruled out (Mauk et al. 1987).

Interactions between plasma and moon undersurface
oceans can provide evidence for the existence of such liquid
oceans. This is the case of Jupiter’s moon Europa (see Khurana
et al. 2009 and references therein). However, the weak periodic
variation of Saturn’s field due to the near alignment of the
planet’s magnetic dipole axis with the spin axis (Smith et al.
1980; Connerney et al. 1981) does not allow the diagnosis of
induction at the moons, as it happens at Jupiter. The strongest
time-varying fields suitable for sounding Saturnian moons exist
around those moons that enter the solar wind such as Iapetus
(Dougherty et al. 2009). Future studies of space weather at
these bodies, therefore, could provide some insights into
magnetic induction.

When a planet has a global magnetic field or when a
satellite is embedded into the magnetosphere of a planet
(e.g. Ganymede’s mini-magnetosphere embedded in Jupiter’s
magnetosphere), ionospheric ions can escape providing a
source of plasma for the surrounding magnetosphere.
Atmospheric escape is one dramatic effect of planetary space
weather. At Uranus and probably Neptune the ionospheres play
important roles in providing plasma to the magnetospheres
while for Jupiter and Saturn only minor contributions for the
overall budget of plasma are assumed to originate in the
atmosphere/ionosphere of those planets (Krupp 2015).
Exoplanets with short orbital separation from their stars lose
also their atmospheres (Vidal-Madjar et al. 2003). At some
satellites (e.g. Io) atmospheric escape creates a torus (Steffl
et al. 2008). These outflowing ions along magnetic fields,
observed many times in the past at different environments
(for a review see Chappell 2015), influence the space weather
conditions around the body in the Solar System and their
measurement (when possible) can be used as a proxy for the
actual interaction processes taking place within. Seki et al.
(2015) summarized the most important types of ionospheric
ion outflows from a magnetized planet or satellite with
atmosphere, namely the polar wind, the bulk ion upflow, the
ion conics and the ion beams. Especially the two latter
categories are highly dependent on the external space
conditions hence their variability determines in a dynamic
manner the space weather conditions around the body. For
example, ion conics (named after the typical shape of the
velocity distribution function of ion outflows) are caused by
transverse acceleration in terms of local magnetic field when
there is an energy input such as electron precipitation into a
planetary ionosphere under an open magnetic field line
geometry (Seki et al. 2015). Equivalently, when the magneto-
spheric population has significant differential anisotropy
between the ion distribution and the electron distribution,
significant parallel potential drops can develop (Wu et al.
2002) accelerating electron either downwards, causing discrete
auroras, or upwards creating ion outflows in the form of field-
aligned energetic beams.

3.1.2. The role of flares and CMEs

Solar wind disturbances can also have significant plane-
tary space weather manifestations, as it happens in the
circum-terrestrial space weather case. According to Lilensten
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et al. (2014) these disturbances are of two categories: (a) the
solar wind stream interactions resulting in Parker spiral
compression regions and rarefactions, and (b) Interplanetary
CMEs (ICMEs), that is plasma structures propagating outward
through the solar wind, causing the background plasma and
field to pile up in front of them creating leading interplanetary
shocks. Nevertheless, the planetary space weather effects
produced by these two classes of solar wind disturbances are
not identical. In fact, Slavin et al. (2014), investigating the
structure of Mercury’s dayside magnetosphere during ICMEs
and high-speed stream events, identified different effects.
In particular, ICME events at Mercury resulted in thick, low
plasma-b depletion layers and high reconnection rates of
0.1–0.2, despite small magnetic shear angles across the
magnetopause of only 27–60�. On the contrary, the high-speed
stream event produced a high plasma-b magnetosheath with no
plasma depletion layer and large magnetic shear angles of
148–166�, but low reconnection rates of 0.03–0.1 (Slavin
et al. 2014). This study confirmed that the rate of magnetic
reconnection at Mercury is primarily controlled by the
dynamic space weather conditions in the planet’s vicinity,
which determine the plasma-b in the adjacent magnetosheath.
Moreover, similarly to the Earth case, the distance to the
subsolar magnetopause is reduced during these solar wind
disturbance events from its mean of 1.45 Mercury radii to
between 1.03 and 1.12 Mercury radii (distances measured with
respect to the planetary magnetic dipole position). We note that
in most simple scenarios applied for the circum-terrestrial
space weather case, the shock impacting the subsolar point
of the magnetosphere drives the magnetopause earthward in
a piston-like motion that launches a fast-mode wave that
propagates both radially inward (earthward) and azimuthally
around the Earth (Araki et al. 1997; Gannon et al. 2005).
For the Earth case, Pudovkin et al. (1998), in a statistical study
on the magnetopause compression dependence on solar wind
parameters, showed that the observed magnetopause standoff
distances vary by a factor up to ~2 depending on the
orientation of the IMF field.

The study of the interplanetary propagation and arrival-time
of a CME at a planet’s vicinity can be done through the use of
the ensemble WSA–ENLIL+Cone model from the
Community Coordinated Modeling Center (CCMC; located at
NASA Goddard Space Flight Center). The global 3D MHD
ENLIL model provides a time-dependent description of the
background solar wind plasma and magnetic field using the
WSA coronal model (Arge & Pizzo 2000; Arge et al. 2004)
as input at the inner boundary of 21.5 solar radii (Odstrčil
et al. 1996; Odstrčil & Pizzo 1999a, 1999b; Odstrčil 2003;
Odstrčil et al. 2004). A homogeneous, overpressured
hydrodynamic plasma cloud is launched through the inner
boundary of the heliospheric computational domain and into
the background solar wind. The modelled CME cloud is
approximated by a sphere, however ENLIL also supports other
CME shapes such as an ellipsoid that can have an arbitrary tilt
with respect to the solar equator. The outer radial boundary can
be adjusted to include planets or spacecraft of interest (e.g.
2 AU to include both Earth and Mars, 5 AU to include
Ulysses, 10 AU to include Cassini). It covers 60� north to 60�
south in latitude and 360� in azimuth. Figure 23b shows the
propagation of a CME in the Internal Solar System, ejected
from the Sun on 4 June 2011, as simulated through the WSA–
ENLIL+Cone model; for comparison the situation during quiet
solar conditions is also shown (Fig. 23a). Recently, the
WSA–ENLIL+Cone model was applied for the case of

7 January 2014 CME event (Mays et al. 2015). We note that
during favourable alignments of the planets, in-situ observations
of the solar wind at Mercury, Venus, Earth and Mars provide
valuable data to verify the model and develop better forecasts.

Impulsive and gradual SEP events (Reames 1999) are likely
to affect the atmosphere of a planetary body in the inner Solar
System, being associated with populations with energies
ranging, typically, up to some hundreds of MeVs/nucleon,
highly dependent on solar activity. Studies of the solar-
terrestrial physics have shown that on rare occasions, the SEPs
arriving at the distance of 1 AU from the Sun can have energies
up to a few GeVs/nucleon (Gopalswamy et al. 2012).
Depending on their velocity direction, these relativistic solar
particles may overcome the Earth’s magnetic cut-off at
different latitudes and enter the Terrestrial atmosphere.8 Upon
entry, they can produce atmospheric showers of secondary
particles with sufficient energy to be detected by ground-level
Neutron Monitor detectors and with intensities that exceed the
GCR background (see among others: Storini et al. 2005; Belov
et al. 2005; Cliver 2006; Bombardieri et al. 2008; Plainaki et al.
2007, 2010b; Mavromichalaki et al. 2011). The resulting
ground-level enhancements (GLEs) of the cosmic ray intensity
are a dramatic effect of the circum-terrestrial space weather,
being related to the most energetic class of SEP events
(Plainaki et al. 2014). SEP fluxes reaching Venus and Mars
are of special interest because the atmospheres of these planets
are poorly protected by the weak magnetic fields. Depending on
the solar particle energy and direction, SEP events at Venus may
result in increased ionization rates in the atmosphere (see esti-
mations by Nordheim et al. 2015; Plainaki et al. 2016).
The NASA MAVEN mission will provide feedback on the
SEP interactions with Mars’ upper atmosphere and on how they
have contributed to its evolution over time. Since the increased
electron flux impacting a planetary atmosphere can also initi-
ate processes such as charge exchange and ionization, the
variability in electron flux can be equivalently considered
as an indicator for space weather action.

During solar flares, variation in the solar flux in the spec-
tral range extending from the UV to the X-ray wavelengths
can have a direct effect on the ionization of the atmospheres
of planetary bodies as well as on their heating and dimen-
sions (for details see Schunk & Nagy 2009). Relatively long
wavelength photons (>90 nm) cause, in general, dissociation,
whereas shorter ones cause ionization (Seki et al. 2015), with
efficiencies depending on the atmospheric species in each
planetary environment. During flares, the solar irradiance at
these energetic wavelengths can increase by one order of
magnitude (Lilensten et al. 2014). For the terrestrial planets
possessing an atmosphere the increased solar flux causes
similar effects. At Venus the higher solar EUV fluxes produce
a more extended neutral thermosphere and a denser
exosphere, as well as an increase of the photoionization rate
(Luhmann et al. 2007). The unusually dense Martian
ionosphere on 15 and 26 April 2001, detected through
enhancements in radio signals from the Mars Global
Surveyor (MGS), was attributed to some extra production
of ions and electrons after the occurrence of several flares.
Similar modifications in the Earth’s ionosphere at these times
were also measured (we note that the Sun, Earth and Mars
were nearly in a straight line at that time) (Lollo et al.
2012). We note that photoionization is the major source of
ionization in sunlit ionospheres, providing well-defined

8 The minimum cut-off energy is equal to ~433 MeV/nucleon.
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unique features in the electron energy spectrum, which can
be seen also at locations remote from where they are
produced (Coates et al. 2011). As neutrals from the planetary
atmospheres are ionized, ions and photoelectrons are being
generated. Ionospheric photoelectrons can be used as an
important diagnostic tool for the topology of the solar wind
interaction with both magnetized and unmagnetized objects
(Coates et al. 2011), possibly playing a role also in enhancing
the ion escape. Ionospheric photoelectron peak features are
also seen in Saturn’s ring ionosphere (Coates et al. 2005)
and in the neutral-rich inner magnetosphere of Saturn
(Schippers et al. 2009) and they are predicted in Saturn’s
ionosphere (Galand et al. 2009).

3.1.3. Energetic particle populations

As evidenced in Sections 2.1.2.2 and 2.1.3.2, the energetic
charged particles trapped in the radiation belts of the strongly

magnetized planets give rise to space-planetary environment
interactions. It is widely known that if the planetary magnetic
field is non-uniform, the energetic ions and electrons drift in
opposite directions around the planet creating an (azimuthal)
ring current, which can provoke perturbations to the planet’s
magnetic field if the plasma b parameter is high (e.g. Jupiter
and Saturn, see also Table 3). Bagenal (1992) estimated that
the charged particle energy builds up to only 1/1000 of the
magnetic field energy in each magnetosphere in the Solar
System, independently from the different total energy content
in each case. The energetic charged particle populations at
Jupiter and Saturn are close to this limit (Connerney et al.
1983) whereas the radiation belts of Uranus and Neptune are
much less than this limit (Connerney et al. 1991). The exis-
tence of high-energy protons in the inner radiation belts of
Jupiter, Saturn, Uranus and Neptune is believed to be the result
of the CRAND process (Kollmann et al. 2013; Bolton et al.
2015; Krupp 2015).

Fig. 23. Global view of the 4 June 2011 CME, on 6 June 2011 (lower panel) in comparison with the quiet solar conditions’ situation (upper
panel). (a) WSA � ENLIL + Cone radial velocity contour plot for the (a) Ecliptic plane, (b) meridional plane of Earth and (c) 1 AU sphere in
cylindrical projection. (b) the global view of the CME on 6 June 2011 at the Ecliptic plane. The simulated radial velocity profiles at the Earth’s,
STEREO A, STEREO B and Mars positions are presented in the graph. The simulated CME duration is shown in yellow. The image is courtesy
of Leila Mays.
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The charged energetic particles in planetary magneto-
spheres can be related to space weather, in either a direct or
an indirect way.

Directly: Charge-exchange between energetic ions and cold
neutrals in planetary (or lunar) atmospheres or neutral tori
results in the generation of fast ENAs which are no longer
trapped in the planet’s magnetic field. These ENAs leave the
interaction region in ballistic orbits in the direction of the
incident ion velocity at the time of the impact. Imaging their
distribution allows us to investigate the structure of planetary
magnetospheres (Brandt et al. 2001) and, therefore, to map
the actual space weather process in action. The magneto-
spheres emit copious quantities of ENAs at energies between
tens of eVs and hundreds of keVs, which carry significant
amounts of energy and mass as found by Mauk et al. (2003).
These authors analysed 50–80 keV ENA images of Jupiter’s
magnetosphere and identified two dominating emission
regions: the upper atmosphere of Jupiter itself and a torus of
emission residing just outside the orbit of Jupiter’s satellite
Europa. Scattering of the energetic particles by waves can
direct them into the upper atmospheres of planets where they
can excite auroral emission (Cheng et al. 1987).

Indirectly: The impact of energetic ions on an icy
satellite surface is followed by the release of surface material
to the body’s exosphere through direct sputtering and/or
radiolysis (for an example of how these release mechanisms
work see: Johnson et al. 2004; Cassidy et al. 2010; Teolis
et al. 2010; Plainaki et al. 2012). The generated exospheres
are furthermore subject to loss processes either due to gravity
escape and particle sticking to the surface or due to photon or
plasma-induced ionization/dissociation of their constituents.
The variability of both the energetic ions and plasma
populations and possibly the body’s illumination by the
Sun (Plainaki et al. 2013) are responsible for the dynamic
generation and loss of the moon exospheres. Space weather
effects in these environments, consequently, are effectively
seen in the spatial and energy distributions of the neutral
particle densities at these moons. The variability of these
distributions, therefore, can be an index for the effectiveness
of space weather interactions within the whole system.

3.1.4. The aurorae and the energy balance problem

As evidenced in previous sections, airglow is a manifestation
of planetary space weather. Auroral emissions, occurring when
charged particles in a planetary object’s magnetosphere collide
with atoms in its upper atmosphere, causing them to glow, are
an important demonstration of planetary space weather.

A comparison between the measured exospheric
temperatures of the giant planets with those calculated from
solar EUV inputs alone (see Table 4) showed that considerable
additional energy sources are required to produce the temper-
atures observed in the giant planets (Miller et al. 2005). Several
mechanisms strongly related to the variability of the
environment of the charged populations at the giant planets
have been proposed as possible energy sources resulting in
the exospheric temperature increase (see Waite et al. 1983;
Young et al. 1997; Grodent et al. 2001). Particle precipitation
in Jupiter’s auroral/polar regions is estimated to provide an
additional 10–100 TW (Clarke et al. 1987). However, a
considerable part of this energy input may be deposited below
the homopause, from where much of the UV auroral radiation
emanates. Below the homopause, hydrocarbons radiate away
the energy very efficiently (Drossart et al. 1993), meaning that

the actual direct energy input into the upper atmosphere is
probably less than 10 TW globally (Miller et al. 2005).
Thermally driven winds could distribute the large amounts of
energy deposited in the auroral regions (Waite et al. 1983)
however an ‘‘energy gap’’ is expected due to the rapid planet
rotation. Müller-Wodarg et al. (2012) have shown that a
global energy input to the lower thermosphere of Saturn can
increase the exospheric temperature from the �180 K
predicted from solar heating alone to �410 K, in close
agreement with the measurements of Smith et al. (1983).
Clarke et al. (2009) showed that there is a correlation of the
Jovian auroral brightness with the solar wind pressure and
Nichols et al. (2009a) concluded that enhancements of the
main auroral emissions and partially the polar emissions are
associated with solar wind compression regions. Moreover,
Gurnett et al. (2002) discovered that there is solar wind
modulation of Jupiter’s radio emission. In addition, recent
auroral observations of an Earth-like transpolar arc at Saturn
(Fig. 7) (Radioti et al. 2014) may be related to solar wind
driven tail reconnection similarly to the terrestrial case (Milan
et al. 2005). Based on these findings it becomes clear that the
role of space weather in driving energy deposition in the giant
planets upper atmospheres could be important.

Before hitting the atmosphere, charged particles also emit
radio waves into space. In a recent study, Nichols et al.
(2012) suggested that auroras do occur also on bodies outside
our Solar System and the auroral radio emissions are powerful
enough to be detectable across interstellar distances. Such a
result indeed indicates that planetary space weather could be
far more intense in environments other than our Solar System
hence understanding its features and processes could also be of
help when investigating the characteristics of other Solar
Systems as well as the exoplanet physics. Recently, Hallinan
et al. (2015) reported simultaneous radio and optical
spectroscopic observations (obtained with the Karl G. Jansky
Very Large Array (VLA) radio telescope and the Double
Spectrograph (DBSP) on the 5.1-m Hale telescope, respec-
tively) of auroral emissions of an object at the end of the stellar
main sequence (i.e. at the boundary between stars and brown
dwarfs). Hallinan et al. (2015) argued that these aurorae are
powered by processes originating much further out in the mag-
netosphere of the dwarf star (with respect to the heliosphere).
Although the nature of the electromagnetic engine powering
brown-dwarf aurorae is still to be determined, the scenario of
the subcorotation of magnetospheric plasma on closed field
lines, powering in turn magnetosphere-ionosphere coupling
currents, has been suggested as a plausible model for this case
(Schrijver 2009; Nichols et al. 2012). The mass loading
required in this model can be achieved through interaction with
the interstellar medium (ISM), the sputtering of the dwarf
atmosphere by auroral currents, a volcanically active orbiting
planet or magnetic reconnection in the photosphere. Moreover,
Hallinan et al. (2015) showed that since the observed auroral
emissions depended mainly on magnetic dipole moment and
rotation (and may have been weakly coupled to other physical
characteristics), aurora may be present at detectable levels even
in the faintest T and Y dwarfs and bodies as well as from
exoplanets.

3.1.5. The role of galactic cosmic rays and transient events

The modulation of the GCR by the disturbed solar wind (e.g.
CMEs) in the near-Earth space has been studied for several
solar cycles both in theoretical basis and through observations
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(Dorman 2009). The interaction of GCR with the terrestrial
atmosphere results in the formation of atmospheric cascades
and the generation of secondary species with both the spatial
and energy distributions determined by the incident GCR
spectrum and the atmosphere itself. In a similar way, the GCRs
entering the Venusian atmosphere have been shown to generate
a series of secondary neutral and ionized species being the
major ionization source in the Venusian middle and lower
atmosphere (below ~100 km) and related possibly with the
cloud formation process in this planet (Nordheim et al.
2015). Recently, UV and VIS observations of Titan’s emissions
during its 2009 eclipse by Saturn revealed a weak airglow
around the moon, as well as a brighter emission from its disk
(West et al. 2012). In the absence of solar XUV stimulus, the
role of the precipitating cosmic rays in producing Titan’s
airglow and chemistry could be estimated. Although cosmic
ray ionization and chemiluminescence were the proposed
candidates for these emissions (West et al. 2012), Lavvas
et al. (2014) showed that the observed limb emissions were
consistent with magnetospheric plasma energy input, while
emissions instigated by cosmic ray excitation were too weak
to explain the observed disk emissions. These authors
concluded that in order to explain the observed disk emissions,
the scattered stellar light from Titan’s disk is the most likely
scenario. It is worth mentioning, however, that according to
Gronoff et al. (2011), the ionization by each Z-group of cosmic
rays in the atmosphere of Titan results in the formation of an
ionization layer peaking at 65 km altitude, independently of
the solar activity, in consistency with the Huygens measure-
ments (Hamelin et al. 2007; López-Moreno et al. 2008).
The observed correlation between cosmic ray ionization
altitudes and aerosol layers urges for further investigations in
this direction in the future.

Transient events such as micrometeoroid dust particle
impacts can be considered as potential external suppliers of
water into all other outer planet stratospheres, modifying
locally and temporarily the space weather conditions at these
environments. The similar H2O fluxes per unit area found in
the four giant planets and Titan (Feuchtgruber et al. 1997;
Coustenis et al. 1998; Moses et al. 2000), combined with the
rather constant dust flux (�3 · 10�18 g cm�2 s�1) measured
in interplanetary space beyond 5 AU (Landgraf et al. 2002),
have been regarded as evidence that micrometeoroids –
interplanetary dust particles (IDPs) or interstellar – are the
dominant source (Moses et al. 2000). Hartogh et al. (2011)
showed that Enceladus is a quantitatively viable source of
Saturn’s water, evidencing the role of local or sporadic sources
in the dynamic interactions between planetary atmospheres
and particles.

3.1.6. Space weather and interstellar medium

Planetary space weather is also affected by the interstellar
medium, which starts to affect the solar wind well before the
Termination Shock (TS), the region of the heliosphere where

the solar wind slows down to subsonic speed. The neutrals
in the Local Interstellar Medium (LISM) can enter the
heliosphere reaching unchanged the various planetary environ-
ments of the Solar System. The helium reaches Earth
essentially unchanged from the LISM except for the accelera-
tion by the Sun’s gravity, whereas the LISM H is coupled to the
protons in the heliosheath via charge exchange and thus is
slowed, heated and diverted in the flow direction compared
to the He (Richardson 2010). These LISM neutrals are ionized,
the He inside 1 AU and the H outside 5 AU. The generated
pick-up ions are accelerated up to the solar wind speed and
have an initial temperature equal to the solar wind energy,
i.e. ~1 keV. They are the dominant heliospheric components
outside ~10 AU and by the TS almost the 20% of the total
ion population consists of pick-up ions (Richardson 2010).
Since the latter are hot, they influence the dynamics and
composition of the solar wind hence its interactions with
planetary environments, especially beyond the distance of
~10 AU from the Sun. Therefore, the pick-up ions are an
important component of space weather at these locations.
In this context, knowledge of the overall structure of the
heliosphere is necessary. ENA images obtained by the Ion
and Neutral Camera (INCA) on-board Cassini (Krimigis
et al. 2009) revealed a broad belt of energetic protons with
non-thermal pressure comparable to that of the local interstel-
lar magnetic field. Such a picture for the shape of the
heliosphere was not consistent with the previously believed
cometary-type interaction of the possible bow shock and/or
heliopause, heliosheath and TS (Fichtner et al. 2006).
Energetic neutral atom cameras on board the Interstellar
Boundary Explorer (IBEX) mission of NASA mapped the
heliospheric boundary at lower (~6 keV) energies (Funsten
et al. 2009; McComas et al. 2009). Both IBEX and INCA
identified in the energetic neutral atom images dominant topo-
logical features (ribbon or belt) that can be explained on the
basis of a model that considers an energetic neutral atom-
inferred non-thermal proton pressure filling the heliosheath
from the termination shock to the heliopause (Krimigis et al.
2009). Such results should be considered in future models
devoted to planetary space weather purposes, especially when
it concerns the outer Solar System science.

3.2. Space weather and upcoming Solar System missions:
current necessities and future science investigations

Global radiation modelling including parameterization of
space weather conditions in theoretical or empirical plasma-
interactions models would be a very useful tool to support
future in-situ observations during space missions. Exosphere
and atmosphere modelling linked to the space weather
variability around planetary bodies, determined either by the
Sun or by strong parent planet magnetospheres, is absolutely
necessary for the planning of related space observations and
synergies between different mission-payload instruments and
for the interpretation of space weather related effects, already

Table 4. Comparison of predicted and measured exospheric temperatures, Texo, of the giant planets. From Miller et al. (2005).

Solar system giant planet Heliocentric distance (AU) Absorbed solar flux (W m�2) Texo observed (K) Texo calculated (K)
Neptune 30.07 1.1 · 10�6 600 132
Uranus 19.19 2.7 · 10�6 800 138
Saturn 9.57 1.1 · 10�5 420 177
Jupiter 5.20 3.7 · 10�5 940 203
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registered by past missions (e.g. the atmospheric escape at
Mars due to solar wind effects, or the aurora variability at
Jupiter, related to the solar wind activity).

Numerous missions up to the orbit of Mars have provided a
relatively comprehensive view of space weather conditions in
the inner Solar System (except perhaps for Mercury’s
environment, for which the BEPI COLOMBO mission is
expected to provide important add-ons to the current
MESSENGER results). In addition, the ongoing MAVEN
mission is continuously providing new important material
related to space weather at the red planet. On the other hand,
there are many uncertainties about physical processes revealed
in the space surrounding the outer planets and their moons.
In view of future missions to the outer Solar System, an
accurate identification of the space weather conditions around
a planet can contribute significantly in the estimation of the
water abundances in the planetary atmospheres and their
long- and short-term variability. Such an issue can play a
significant role in identifying possible conditions for habitabil-
ity, one of the main targets of the upcoming ESA JUICE
mission. Recently, in the context of the study of habitability
conditions in our Solar System, the payload for a future NASA
mission to Europa has been selected. The determination of the
vertical profile of water in the atmospheres of the outer planets
and Titan is a diagnostic of its origin (e.g. cometary impact vs.
permanent dust deposition), but also of the rate at which water
is transported within and removed from the atmosphere
(Hartogh et al. 2009). On the basis of this rate, it will be
possible to estimate accurately the key input fluxes for
discriminating between possible sources. In this context,
studies performed for different space weather conditions are
really important. Timescales for relevant observations should
be determined on the basis of the variability timescales for
the critical parameters, such as the vertical and horizontal
mixing times of water in the planetary atmospheres. The
NASA JUNO mission, arriving at Jupiter in August 2016, is
dedicated to the study of Jupiter’s atmosphere, ionosphere
and high-latitude magnetosphere thus providing important data
for the characterization of the space weather around the giant
planet. In particular, with JUNO it will be possible to charac-
terize plasma sources and losses through a series of in-situ
measurements by different instruments on-board spacecraft
(Bagenal et al. 2014).

In view of future missions to Solar System bodies, under-
standing the particle environments and their interactions with
space radiation becomes crucial. For example, the presence
of high fluxes of charged energetic particles in the radiation
belts of a planet can affect electronic systems on-board
spacecraft, endangering their normal operation. Planetary
space weather forecasting is essential in order to design risk
mitigation architectures that will ensure the undamaged
operation of electronic systems aboard a spacecraft under
different environment conditions and, eventually, guarantee
the safety of astronauts during manned missions. Such
architectures are expected to include radiation monitoring,
effective spacecraft shelter and reliable communication
systems. Eventual real-time monitoring of the space environ-
ment can contribute substantially in this direction.

The role of atmospheric drag in satellite aero-entry/
aerobraking (Duvall et al. 2005; Forbes et al. 2006) is strongly
dependent on planetary space weather conditions. Specification
of the neutral atmosphere density, its scale height and its
variability, as driven by the solar spectral irradiance in the
UV, by Joule heating by ionospheric currents and/or by an

intense radiation environment (e.g. in case of bodies embedded
in giant magnetospheres) all depend on planetary space
weather conditions. Engineering issues related to the drag
effect in Titan’s atmosphere are not yet fully understood.
Continuous monitoring of the EUV flux is required to mitigate
disruptions in satellite communication, and in remote sensing.

In an overall effort to consider planetary space weather
effects during future mission planning, solar monitoring is
essential. Especially current and future missions in the inner
Solar System (e.g. BEPI COLOMBO), having operations that
are highly affected by space weather, could be supported by a
series of solar observations. The lack of continuous observa-
tions could be compensated by the outputs of global MHD
models. In summary, the main directions of the ongoing efforts
in the planetary space weather discipline are:

1. Radiation modelling including integration of the
supporting measurements at different planetary environ-
ments such as Mercury, Venus, Mars, Jupiter and Saturn;

2. Observations of solar wind and interplanetary medium
conditions in a wide range of heliospheric distances,
and development of tools to model CME, CIR and
SEP propagation through the Solar System (e.g. the
CDPP propagation tool: http://propagationtool.cdpp.eu/);

3. Modelling of planetary and satellite atmospheres and
exospheres; modelling of the coupling processes
between these environments and the parent planets’
magnetospheres;

4. Investigation of ionospheric effects on radio signals;
5. Solar (UV, X-rays) monitoring.

We note that the absence of continuous solar spectral
irradiance measurements has favoured the use of different solar
proxies, such as the solar radio flux at 10.7 cm (F10.7 index),
the sunspot number and the MgII core-to-wing index
(Lilensten et al. 2014). However, according to Dudok de Wit
et al. (2009) a single proxy cannot reproduce the variability
in a spectral band at all timescales and, moreover, significant
discrepancies in solar EUV-proxy correlations on solar cycle
and solar rotation timescales can appear.

Whereas knowledge of space weather conditions at differ-
ent planetary systems is a requisite for future mission planning,
the scientific data to be obtained by these missions are going to
provide in turn an important feedback for interdisciplinary
science in the field of planetary space weather. Below we
report two indicative examples, related to the future ESA
JUICE and ESA/JAXA BEPI COLOMBO missions, in the
outer and inner Solar System, respectively.

3.2.1. Outer Solar System: space weather science with JUICE

One of the highest priorities for future space missions is the
Jupiter system and, specifically, its moons Europa and
Ganymede. The ESA JUICE L1 mission will mainly character-
ize Ganymede and its magnetosphere, the Jovian magneto-
sphere and its dynamics, and it will provide information on
the environments of Europa and Callisto (Krupp 2015). A deep
knowledge of the radiation environment at Jupiter is of high
importance particularly for determining critical parameters
for the various JUICE payload instruments during different
observational phases of the mission. All payload instruments
of the JUICE mission have to be tested to survive damage from
the radiation belts once they are located in the vicinity of the
giant planet. In this context, identification of the planetary
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space weather conditions in the Jupiter system, through mod-
elling and past data analysis, becomes of crucial importance.

In the Jupiter system, the identification of the chemical and
physical characteristics of the subsurface ocean of the large
moons is one of the essential objectives of the JUICE mission.
A possible detection of the liquid water oceans in the moons’
interior could be achieved thanks to the detection of induced
magnetic fields originating from the interaction of the magne-
tospheric ions with these oceans (Khurana et al. 2009). Plasma
currents above the moon surfaces create a major background
signal during the detection of intrinsic oceanic signals (Sittler
et al. 2013) hence the identification of their variability, as
determined by in-situ plasma current measurements and
associated models, is significant for setting the limits on the
ocean source of the induced magnetic field. In addition, the
measurement of the composition of the ejected – through
sputtering and radiolysis – material provides the necessary
feedback for distinguishing the abundances in the magneto-
spheric ion composition originating from the surface, from
those originating from the ocean (Sittler et al. 2013). In this
context, monitoring of the space weather conditions around
the icy moons offers a unique possibility to complement the
subsurface ocean measurements and to possibly assess their
variability. Of particular importance for the monitoring of
space weather conditions at Jupiter’s icy moons is the
determination of the currents due to ionospheric and pick-up
ions, e.g. O2

+ in the case of Europa.
Detection of high-energy neutral atoms (HENA) and

low-energy neutral atoms (LENA) at the Jovian system, with
the Jovian Energetic Neutrals and Ions (JENI) and the Jovian
Neutral Atoms (JNA) sensors, respectively, on-board JUICE/
PEP, in the energy range 0.01–300 keV, will provide informa-
tion regarding the characteristics of the Io plasma torus and the
radiation environment, as well as the related acceleration
mechanisms (Futaana et al. 2015). The simultaneous imaging
of the Io plasma torus at different mission phases will therefore
permit the investigation of variations in plasma energy and
spatial density, providing space weather monitoring in a short
timeframe within the JUICE mission. Moreover, investigation
of the trans-Europa gas torus (Mauk et al. 2003) through
LENA measurements could provide complementary informa-
tion on the interactions between Jupiter’s magnetospheric
plasma and the moon’s exosphere. Using both energy spectra
and their periodic features, together with the dispersion
signatures and the mass spectra, it will be possible to
distinguish between the Io and Europa tori and hence to
determine the actual space weather conditions at the point of
the measurement. We note that the energy spectrum of LENAs
from Io should have a peak around ~74 km/s, whereas the
LENAs from Europa should have a peak around ~150 km/s,
corresponding to their respective corotation velocities (Futaana
et al. 2015). Additionally, through the UV, plasma and LENA
measurements with JUICE, it will be possible to search for
spatial and temporal variations in the neutral and plasma
densities at the satellites’ near-surface regions.

3.2.2. Inner Solar System: space weather science with BEPI
COLOMBO

The exploration of Mercury is expected to provide a major
feedback for interdisciplinary science in the context of
planetary space weather. After the first in-situ measurements
provided by three flybys of Mariner 10 (Vilas et al. 1988) in
1974–1975, as described in Section 2.2.2, our knowledge of

the Mercury environment has been greatly improved by the
recent NASA MESSENGER mission. Based on the scientific
return of this mission, it has been possible to address many
issues related to the environment of Mercury, nevertheless,
new questions have arisen. For example, it is still not known
if the planet’s magnetic field is shifted northwards. No clear
evidence of hemisphere asymmetries was found in the Na
exosphere distributions, which, on the other hand, seem to be
related to the ion precipitation through the cusps. Whereas
the precipitation of solar wind protons and upwelling surface
ions has been observed in-situ by MESSENGER, the cause-
effect relationship between these populations and the quickly
accelerated ions of planetary origin has not been identified
yet. Moreover, the electron and ion acceleration mechanisms
are not yet completely understood. The role of planetary ions
in the magnetosphere dynamics and in releasing new material
after impacting the surface is still an open question. We also
note that although the global exospheric intensity measured
in-situ seems to be reproduced seasonally, the Na ground-based
observations reveal distributions varying in hour timescales.
Additionally, the exact mechanisms of the species-dependent
generation process, their variability and the related spatial
distributions have not yet been explained adequately.
For example Na is released mainly on the dayside, while the
Ca and/or Mg distributions seem to be unrelated to the planet’s
illumination. In fact, we would expect a major PSD effect on
the dayside for volatile materials and a release of both volatiles
and refractories, due to ion precipitation and micrometeoroid
impact vaporization. If the current system closes onto the
surface, given the absence of an ionosphere, what is the surface
conductivity? Which is the role of induction effects, as a
response to Sun’s activity? In fact, the complex Hermean
system requires in-depth investigations to explain the major
in-situ and ground-based observational evidences and to draw
a coherent global picture of the system’s functioning.

The tools for the investigations related to space weather at
Mercury are on one hand the development of more accurate
magnetospheric and plasma circulation theoretical models
(including induction effects, high reconnection rates, fast
variability and effects of the surface and exosphere interaction)
and on the other hand, the development of exosphere multi-
processes generation models including the effects of the
environment’s interaction with the Sun’s radiation. The
modelling efforts should be paired up with further ground-
based observations and, later, with the observations of the
Mercury-dedicated ESA/JAXA mission, BEPI COLOMBO
(Benkhoff et al. 2010). The BEPI COLOMBO mission
consists of two spacecraft orbiting at Mercury: the Mercury
Magnetospheric Orbiter (MMO), with its spinning eccentric
orbit, is fully dedicated to magnetosphere and Hermean
environment topics while the Mercury Planetary Orbiter
(MPO), with its low altitude orbit, is mainly dedicated to the
planet’s observation and to the monitoring of its response to
external agents. It will be the first time that coordinated
multi-point observations could be obtained in a planet different
from the Earth (Milillo et al. 2010). Joint observations from the
two spacecraft are of key importance because many
phenomena in Mercury’s environment are temporarily and
spatially varying.

A deep analysis of the environment phenomena at Mercury
could be of great importance during the BEPI COLOMBO
science operation planning. In fact, some gaps in the
MESSENGER results are due to the limitation in spatial
coverage, due to the highly eccentric orbit with periherm close
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to the Northern hemisphere and/or to limitation in observations
coverage. For example, the Na observations were limited to
equatorial regions (Cassidy et al. 2015), therefore, a possible
interpretation of mismatch with the ground-based observations
results could have been obtained. BEPI COLOMBO, with the
MPO/SERENA particle package (Orsini et al. 2010), will
observe in the dayside simultaneously the precipitating ions
(by SERENA/MIPA) and the backscattered ENA from the
surface (by SERENA ELENA) as well as the bulk exosphere
composition (by SERENA/STROFIO). The MPO/MAG
magnetometer will complement the in-situ measurement, while
the MMO could be in the favourable condition to monitor the
upstream solar wind and IMF. This full monitoring will permit
to have a comprehensive picture of the cause-effect link and to
finally reveal the still unsolved problem of the surface release
mechanisms (Milillo et al. 2010). This is just an example of the
deep investigation of Sun-Mercury interaction that will be
obtained with this outstanding mission.

The comprehensive payload of the BEPI COLOMBO
mission includes, besides the fields and particles sensors, also
a radiation monitor (BERM), and a Sun X-Rays and SEP
monitor (SIXS), which will both allow to have a monitoring
service of the space weather conditions, possibly critical at
Mercury’s orbit. Since the Hermean magnetosphere occupies
a unique position in the space plasma physics scenarios, the
study of Mercury’s magnetospheric processes will not only
provide a clear picture of the planetary magnetosphere itself
but it will also broaden our field of view of space plasma
physics, in general.

4. Planetary space weather as a tool to understand
the circum-terrestrial space weather

The lessons learned from the study of the interactions of
planetary bodies with plasma and solar photon radiation can
be an important feedback for further and more in-depth
understanding of the circum-terrestrial space weather phenom-
ena. Actually, there are several open questions related to this
field; a comparative investigation among the results obtained
through observations and/or modelling of different environ-
ments in the Solar System could provide important feedback
for the interpretation of space weather phenomena at the Earth.
We will briefly show how this can indeed take place, by focus-
ing on some specific open issues in space weather science.

The terrestrial magnetopause standoff distance is known to
be determined from the balance between the outer solar wind
dynamic pressure and the inner magnetosphere pressure, which
is generated by both the terrestrial dipole field and the fields
generated by the magnetospheric current systems. For a fixed
solar wind dynamic pressure the subsolar magnetopause is dis-
placed toward the Earth when the IMF turns southward
(Pudovkin et al. 1998), an effect that has been associated with
the erosion caused by the magnetic reconnection (see also Sect.
3.1) at the dayside magnetopause (Samsonov et al. 2012).
The opposite effect, namely, displacement of the subsolar
magnetopause away from the Earth for a radial IMF orientation
has also been observed (Merka et al. 2007) and studied in
detail (e.g. Dušík et al. 2010). Despite the numerous studies
on the position of the outer boundary of the terrestrial
magnetosphere, in a recent paper Samsonov et al. (2012)
showed that the total pressure on the magnetopause differs
from the solar wind dynamic pressure in the majority of the
examined cases. Such a result is also consistent with the

expansion of the magnetosphere observed experimentally for
an IMF radial direction, when no magnetic barrier is formed.
In the isotropic MHD approximation, Samsonov et al. (2012)
showed that the difference between the total pressure on the
subsolar magnetopause during northern and radial IMFs does
not exceed 10%–12%, whereas in the anisotropic approxima-
tion this difference increases up to 15%–20%. Nevertheless,
as these authors also state, some cases of more substantial
magnetopause displacements have been reported in the past
(several radii of the Earth). Transition processes, such as
oscillations of the magnetopause (e.g. Laakso et al. 1998) or
kinetic effects, could be responsible for the magnetopause
oscillation. Consequently their inclusion in the MHD models
could lead to better approximations of the evolutionary
changes of the terrestrial magnetosphere. From the above it
is clear that an improvement of the current models for the
circum-terrestrial space weather and an in-depth comparison
with the available data are necessary in the future. In such a
context, MHD simulations destined for the solar wind interac-
tions with the magnetospheres of planetary bodies other than
the Earth could be of great help since they provide an extended
range of variability for the various factors determining space
weather in the near-body environment. In particular, consider-
ing the evolution of the solar wind from 0 to 5 AU (see study
by Hanlon et al. 2004), a more complete set of solar wind
parameter values can be obtained and further used for
constraining the MHD models applied for the Earth case.

In the context of the circum-terrestrial space weather, a
phenomenon of particular interest is the magnetospheric
substorm, also referred to as auroral substorm or, simply,
substorm. A magnetospheric substorm is a transient process
initiated on the nightside of the Earth in which a significant
amount of energy derived from the solar wind-magnetosphere
interaction is deposited in the auroral ionosphere and in the
magnetosphere (Rostoker et al. 1980). The process consists
of the extraction of energy from the solar wind, the storage
of this energy in the magnetotail leading to an increase of
the lobe magnetic flux, the formation of a thin current sheet
within the tail plasma sheet, the disruption of the tail current
and the release of a plasmoid (Baker et al. 1999). From the
observational point of view, a substorm, contrary to a geomag-
netic storm, is seen primarily at the polar regions as a sudden
brightening and increased movement of the auroral arcs, taking
place over a period of a few hours. Although, the progress in
studying auroral substorms at Earth (consisting of the growth
phase, the expansion phase and the recovery phase) has been
substantial in the last 50 years, there are still several details
in the related physical mechanisms that have not been identi-
fied. In particular, according to Akasofu (2015), it is still not
understood how could the unloaded energy produce a
secondary dynamo, which powers the expansion phase of the
magnetospheric substorm. Some information that may be of
help for answering such open questions in a coherent frame
can be obtained also through the study of equivalent phenom-
ena in other planetary systems (where existent). For example,
Mercury has a high reconnection rate in the dayside with a
strong coupling between the solar wind and the magnetosphere
and there is evidence of nighside reconnection (Raines et al.
2014). Moreover, there is increasing evidence that internally
driven nightside (or tail) reconnection processes occur also in
the Jovian magnetosphere (Nishida 1983; Louarn et al. 1998;
Woch et al. 1998, 1999; Russell et al. 2000). To describe these
processes, Kronberg et al. (2005) have used the term
‘‘substorm-like’’, whereas in other works the phenomenon is
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also referred to as ‘‘Vasyliunas tail reconnection’’ process.
Although the overall morphology of an internally driven
nightside reconnection process in the Jovian magnetosphere
appears at first sight very much similar to the terrestrial one
(Kronberg et al. 2005), the observed disturbances at Jupiter
seem to re-occur with a much longer characteristic time
constant of 2–4 days (Louarn et al. 1998; Woch et al. 1998;
Radioti et al. 2008b). This intrinsic periodicity has led to the
suggestion that nightside reconnection processes in the Jovian
system are not driven by solar wind-magnetosphere
interactions but represent an internally-driven process
(Kronberg et al. 2005). More specifically, at Jupiter, it is
believed to be the centrifugal force on rapidly rotating, mass-
loaded flux tubes leading to a thinning of the plasma sheet,
which enables spontaneous reconnection (Vasyliunas 1983).
Russell et al. (2000) analysed Galileo data of the Jovian current
sheet and found that on the nightside of the magnetodisk
beyond 50 RJ the strength of the perturbation in the normal
component increases so that periodically (but approximately
once every 4 h) the normal component rises above 2 nT, either
northward or southward, and once a day, above 5 nT. These
enhancements were attributed to episodic reconnection of
confined patches of the near-Jovian magnetotail and clearly
indicated that fast rotation of the Jovian magnetosphere
produces important differences between Earth’s magnetotail
and Jupiter’s magnetodisk. Nevertheless, the phenomenon is
not yet completely understood as Vogt et al. (2010) showed that
the origin of the nightside reconnection at Jupiter might not be
only internal; there is also evidence of solar wind driven tail
reconnection. On the basis of these findings and the results
of other studies referring either to the Jovian system (e.g.
Southwood & Kivelson 2001; Woch et al. 2002) or to the
Saturnian one (e.g. Cowley et al. 2005; Jackman et al.
2009), it is clear that investigation on tail reconnection physics
at magnetospheric systems other than the Earth’s can provide
important feedback for a better understanding of the substorm
physical mechanisms at our own planet.

The study of planetary atmospheres other than the Earth’s,
and in particular the study of the role of plasma-neutral
interactions in their evolution, could contribute to our under-
standing of the long-term space weather (referred to also as
space climate) effects and finally the origins of life itself
(Yamauchi & Wahlund 2007). Titan is particularly interesting
in this respect, as its atmosphere is thought to resemble the
prebiotic Earth (Molina-Cuberos et al. 2001).

In the outer Solar System the interactions between solar
wind and planetary environment can be significantly
influenced by the interstellar pick-up ions hence a detailed
evaluation of the role of the latter at large distances from the
Sun could be of help in understanding better such processes
in the near-Earth space. In particular, the measurements of
the interplanetary magnetic field fluctuations together with
those of plasma and pick-up ion density variations, at different
distances from the Sun, can provide information on the origin
of turbulence in the solar wind and its evolution from its source
to the heliopause. Comparative planetology in the context of
planetary space weather will therefore allow to set constraints
on the processes of energy transfer in different regions of the
Solar System and hence to understand the mechanisms of
the energy dissipation also in the circum-terrestrial space.

As an example of how results obtained through studies in
planetary magnetosphere physics are essential for our under-
standing of terrestrial phenomena related to space weather,
we point to the study of the ring current at Saturn by Krimigis

et al. (2007). These authors analysed images of the ring current
at Saturn based on measurements from the magnetospheric
imaging instrument (MIMI) on-board Cassini and found that
the ring current can be highly variable with strong longitudinal
asymmetries that corotate nearly rigidly with the planet. This
result by Krimigis et al. (2007) contrasts with the Earth’s ring
current, where there is no rotational modulation and initial
asymmetries are organized by local time effects. A compara-
tive view, therefore, of the same phenomenon at two different
environments within the Solar System can be essential for our
in-depth understanding of the physical mechanisms which
govern it.

5. Summary and concluding remarks

In this article, we attempted to present the current state of
planetary space weather and to analyse future necessities.
We first discussed the definition of planetary space weather
and showed its in-depth relation to the interactions between
environments and fields. We then examined its special charac-
teristics at different regions of the Solar System, analysing the
effects of solar wind, solar energetic particles, UV flux, cosmic
rays, and magnetospheric populations, on planetary and lunar
atmospheres.

Starting with the outer Solar System, we discussed the
effect of a strongly tilted non-axial magnetic field in the case
of Uranus and Neptune, leading to a series of open questions,
including the one on the nature of the interaction of the
magnetospheres with the moons. In the case of the Saturn
system, our understanding on planetary space weather has been
essentially improved thanks to extended observations of the
Cassini mission. However, the interactions of Saturn’s giant
magnetosphere (and the associated currents) with the moons
have not been yet fully investigated. Titan constitutes of course
a major goal as its N2/CH4 atmosphere is dense hence subject
to a series of short- and long-term interactions with the
magnetospheric plasma and the UV environment. Moreover,
Enceladus, a major source of water-ions and ionized water-
products for the Saturn system, is expected to be a body of
major interest in the context of planetary space weather.
Approaching the Sun, Jupiter introduces a new step in the
complexity, as it adds the interaction between the planet’s
magnetosphere and a magnetized body (Ganymede) within
the same planetary system. Ganymede, the only known
satellite possessing an intrinsic magnetic field, is strongly
subject to space weather since variations in the plasma
environment in its vicinity result in different morphologies of
its sputter-induced exosphere. The radiolytically produced O2

exosphere, as at Europa, is expected to depend not only on
the plasma impacting the surface but also on the moon’s
illumination by the Sun (Plainaki et al. 2013, 2015). Therefore,
the overall result of variable plasma conditions at the vicinity
of these moons will be the effect of both space weather and
the body’s orbital motion. As a consequence, the Galilean
moons along their orbit around Jupiter are expected to have
exospheres with different morphologies which in any case
get dynamically configured by the plasma source and loss
processes (see for example Plainaki et al. 2013; Sittler et al.
2013). Some of the most intriguing open questions related to
space weather in the outer Solar System are the following:

– How does the solar wind determine the strength and
morphology of auroral features in the giant planets?
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– What is the dependence of the atmospheric energy balance
at giant planets on solar wind-magnetosphere coupling?

– What is the major plasma source at Neptune and which
are the factors determining its variability? Are magneto-
spheric plasma motions at the distance of ~30 AU
dominated by solar wind or planetary rotation?

– What are the global configurations of the magnetospheres
of Uranus and Neptune and how do they determine plasma
dynamics during different seasons and periods of solar
activity?

– How do the plasma-neutral interactions at Titan compare
with those at the Galilean satellites?

– How is space weather related to plasma-surface
interactions at Ganymede?

– What is the role of internal exosphere sources (e.g. ice
sputtering, gas plumes) in determining the actual space
weather conditions around Europa?

The inner Solar System looks somehow more familiar.
The atmospheric escape (existent also in the outer Solar
System as well) is a major feature in need of a thorough
exploration. Moreover, the inner Solar System provides a set
of configurations (e.g. with or without a magnetic field, with
or without an atmosphere), which are easier to observe from
the Earth or from space. Mercury, the terrestrial planet that
up to now has been investigated to a lesser extent, offers an
excellent future possibility to study space weather in a region
very close to the body’s parent-star. Extreme conditions of
solar wind, UV flux and surface temperature, in combination
with patterns of plasma precipitation to the surface guided
by Mercury’s magnetic field, result in a dynamic exosphere
configuration. Solar events such as CMEs and/or SEP events
activate macroscopic planetary space weather phenomena; in
fact, they have a direct and strong impact on Mercury’s
environment inducing planet reaction generating surface
currents, induction effects, reconnection and flux transfer
events, with variability timescales much shorter than the ones
at the Earth’s case. In this context, the future BepiColombo
mission with two spacecraft and with its comprehensive
payload, and in particular with the SERENA experiment on
board the MPO spacecraft, will provide important feedback
for characterizing space weather in Mercury’s vicinity.
Moreover, the study of the relation between the environments
of Mercury and Venus with the Sun could be useful also for
the interpretation of the observations of exoplanets, which
are often located at close distances to their parent-star, hence
in conditions similar to the ones at these two terrestrial planets.
Some outstanding open questions related to space weather in
the inner Solar System are the following:

– What is the cause-effect relationship between solar wind,
surface-released particles and ions of planetary origin
quickly accelerated at Mercury?

– If the current system in Mercury’s magnetosphere closes
onto the surface, given the absence of an ionosphere,
which is the surface conductivity? Which is the role of
induction as a response to solar activity?

– What is the role of GCR and SEPs in Venus’ atmospheric
chemistry and cloud formation during different conditions
of solar activity?

In the current paper, we also discussed how feedback for
answering several open questions related to planetary space
weather can be obtained from the future ESA JUICE and

ESA/JAXA BEPI COLOMBO missions. As a conclusion,
we would like to list some of the possible scientific objectives
of hypothetical future missions related to space weather:

In the outer Solar System

– to determine the role of solar wind in auroral features in
planetary and lunar atmospheres;

– to determine the role of solar wind in configuring the plan-
etary magnetospheres, especially at large distances from
the Sun and to understand the atmospheric energy balance
and magnetosphere coupling at the giant planets;

– to understand plasma dynamics at different planetary
systems during different seasons and periods of solar
activity and to determine plasma sources and losses and
their variability at short and long term;

– to understand the role of internal exosphere sources (e.g.
ice sputtering, gas plumes) in determining the actual space
weather conditions at the giant planet satellites.

In the inner Solar System

– to determine the cause-effect relationship between solar
wind, GCRs, SEPs and surface-released (or atmosphere
escaping) particles at the terrestrial planets;

– to understand the role of GCR and SEPs in atmospheric
chemistry and possibly in cloud formation;

– to understand the role of space weather in the evolution
history of terrestrial planets.

The first goal related to the achievement of such objectives
could be the parameterization of both a series of physical
quantities (and of their variations) determining the range and
the intensity of space weather conditions and a series of
quantities describing the actual resulting space weather
phenomena at the vicinity of the Solar System body. Physical
quantities belonging to the first category could be related to
solar activity (SEP, CMEs, solar wind) and of course to the
physical characteristics of bodies and planetary systems
(e.g. dimension, dipole magnetic field, distance from the Sun
etc.). Instead, physical quantities of the second category could
be the body’s magnetosphere morphology, the plasma density,
composition and energy spectrum at the body’s vicinity, the
efficiency of surface-released material (in case of bodies with
an exosphere), and the efficiency of the escape (in case of
bodies with an atmosphere). The parameterized quantities of
both categories would help to provide a first-order
grouping of the related phenomena and to obtain feed-
back for determining the cause-effect relationship in space
weather.

A strategy for investigating space weather in the entire
Solar System is to select a series of instruments to send to
different planets and to different zones in the heliosphere, in
particular out of the ecliptic plane, in order to measure the
solar wind, IMF or electric field at different solar latitudes.
Due to the diversity of the planetary environments (e.g. in
terms of energy and intensity ranges for the expected ion
and electron populations), the best-suited instrument
performances should be considered during each mission.
Moreover, the payload instruments of a space mission devoted
to space weather investigations (e.g. ion sensors, spectrometers
etc.) should be selected in the best-suited configuration. Due to
possible budget constraints, the number of instruments on
board a spacecraft dedicated to planetary space weather
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investigations needs to be carefully considered. An indicative
payload could include the following instruments:

d ion and neutral mass spectrometer;
d ENA imager;
d energetic particle detector;
d plasma wave instrument;
d magnetometer and electric field detector;
d simple diodes to analyse some features of the solar

radiation and of the planetary emissions or, alternatively,
a UV spectrometer.

What is of crucial importance is to have the instruments
both calibrated and cross-calibrated. Moreover, it would be
useful to have these instruments operating at periods where
other missions are ongoing, in order to increase science output
and perform multi-spacecraft studies.

The most critical aspects for the success of a hypothetical
space weather mission in the outer Solar System are the
availability of radioisotope-powered energy sources and the
achievement of a decent data transfer rate. Solar panels for
energy generation have been proposed in the past but they
may not be feasible or practical at long distances from the
Sun (Turrini et al. 2014). Americium-based thermoelectric
generators are already under study in Europe (Ambrosi
2013). On-board data compression, installation of more
stations on the ground and calibration of the data volume to
be collected during different mission phases with an acceptable
downlink rate could provide solutions to the problem of
efficient data transfer rates.
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