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Abstract In July 2016, NASA’s Juno mission becomes the first spacecraft to enter polar
orbit of Jupiter and venture deep into unexplored polar territories of the magnetosphere.
Focusing on these polar regions, we review current understanding of the structure and dy-
namics of the magnetosphere and summarize the outstanding issues. The Juno mission pro-
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file involves (a) a several-week approach from the dawn side of Jupiter’s magnetosphere,
with an orbit-insertion maneuver on July 6, 2016; (b) a 107-day capture orbit, also on the
dawn flank; and (c) a series of thirty 11-day science orbits with the spacecraft flying over
Jupiter’s poles and ducking under the radiation belts. We show how Juno’s view of the
magnetosphere evolves over the year of science orbits. The Juno spacecraft carries a range
of instruments that take particles and fields measurements, remote sensing observations of
auroral emissions at UV, visible, IR and radio wavelengths, and detect microwave emis-
sion from Jupiter’s radiation belts. We summarize how these Juno measurements address
issues of auroral processes, microphysical plasma physics, ionosphere-magnetosphere and
satellite-magnetosphere coupling, sources and sinks of plasma, the radiation belts, and the
dynamics of the outer magnetosphere. To reach Jupiter, the Juno spacecraft passed close to
the Earth on October 9, 2013, gaining the necessary energy to get to Jupiter. The Earth flyby
provided an opportunity to test Juno’s instrumentation as well as take scientific data in the
terrestrial magnetosphere, in conjunction with ground-based and Earth-orbiting assets.

Keywords Jupiter · Magnetosphere · Juno

1 Introduction

1.1 Overview

The vast and complicated magnetosphere of Jupiter was first detected in 1954, before Van
Allen’s Explorer 1 discovery of the Earth’s radiation belts, via bursts of radio emission
at decameter wavelengths (Burke and Franklin 1955). Subsequent radio observations at
decimeter wavelengths revealed synchrotron emission from trapped electrons (Field 1959;
Drake and Hvatum 1959). These early radio measurements showed that Jupiter has a strong
magnetic field (opposite in polarity to the Earth’s) tilted about 10◦ from the spin axis and
that energetic (>MeV) electrons are trapped near the equator close to the planet (see for ex-
ample review by Carr et al. 1983). These very energetic particles pose a formidable hazard
for spacecraft exploring Jupiter’s inner magnetosphere.

The peculiar role of Io was first pointed out in the observations by Bigg (1964) that bursts
of radio emission were modulated by the position of the moon along its orbit around Jupiter.
The magnetometers and particle detectors on Pioneer 10 (1973) and Pioneer 11 (1974) ex-
posed the vastness of Jupiter’s magnetosphere and made in situ measurements of energetic
ions and electrons. The Voyager 1 fly-by in 1979 revealed Io’s prodigious volcanic activity,
thus explaining why this innermost Galilean moon plays such a strong role. Key information
about the Io plasma torus and Io-induced aurora came from a variety of Earth- and space-
based telescopes at wavelengths across the spectrum. Additional data came from subsequent
traversals of Jupiter’s magnetosphere by the Ulysses (1992), Cassini (2000) and New Hori-
zons (2007) spacecraft, but it was the 33 orbits of Galileo (1995–2003) around Jupiter that
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Fig. 1 (A) The magnetosphere of Jupiter extends 63–92 Jovian radii in the direction towards the Sun, with a
tail that stretches beyond the orbit of Saturn >4 AU, and occupies a volume over a thousand times that of the
Sun. (B) Intense auroral emissions are signatures of the coupling between the planet and the magnetospheric
plasmas. (C) The Juno spacecraft will fly through the regions where the auroragenerating particles are excited.
(D) The magnetosphere is dominated by a ∼1 ton/s source of plasma from Io’s volcanic gases that forms a
toroidal cloud around Jupiter. (E) Close to the planet are strong radiation belts comprising energetic (MeV)
electrons that emit synchrotron emission

mapped out the equatorial magnetospheric structures and monitored their temporal variabil-
ity.

Jupiter’s strong magnetic field makes the magnetosphere of Jupiter the largest ob-
ject within the heliosphere (Fig. 1), stretching in the direction towards the Sun for typi-
cal distances of 63–92 RJ (the radius of Jupiter, RJ = 71492 at the 1 bar level, see the
Appendix). Over a ton/second of Io’s SO2 atmosphere escapes the satellite. The escaping
neutrals are dissociated, ionized and trapped by the magnetic field. The resulting dense
(∼2000 particles/cm3) torus of plasma, roughly corotates with Jupiter’s ∼10 hour spin pe-
riod. The ions of sulfur and oxygen (Ti ∼100 eV) are excited by the ∼5 eV thermal elec-
trons and radiate ∼1.5 terawatts of UV emission. Rather than cooling on expansion, the
iogenic plasma is heated (by an as-yet-unknown process) to temperatures of ∼10 s keV
as it is transported radially outwards (via flux tube interchange motions) on timescales of
weeks. Coupling of the magnetospheric plasma to Jupiter’s rotating atmosphere dominates
the dynamics of the magnetosphere, the ensuing strong centrifugal forces producing an ex-
tended, equatorially-confined plasmadisk. Associated with the electrical currents that cou-
ple the magnetospheric and ionospheric plasmas are intense auroral emissions that span the
spectrum from X-rays to radio. The hot plasma in Jupiter’s plasmadisk inflates the magneto-
sphere, making it larger and more compressible than a magnetic dipole alone. While the vast
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Fig. 2 Magnetospheric structure and dynamics. While the equatorial plane (left, A) has been traversed multi-
ple times and is well mapped, the polar region (see noon-midnight plane on right, B) has barely been explored
and major questions remain. Blue lines show magnetic field, green lines indicate flows and red lines show
boundaries between plasma regimes. On the left, the green lines indicate averaged motions of material: mostly
corotating with the planet inside ∼50 RJ, outside of which the bulk of the plasma spirals outward, eventually
being lost down the tail or through the magnetopause. To conserve magnetic flux through the equatorial plane,
fluxtubes that are largely empty must circulate inwards and return flux to the inner magnetosphere. (Based on
Vasyliūnas 1983; Delamere and Bagenal 2010)

magnetosphere presents a substantial obstacle to the solar wind, the nature of the interaction
between the solar wind and magnetospheric plasma remains an issue of debate.

Figure 2 shows some current ideas of the global structure and dynamics of the magne-
tosphere comprising: a rotation-dominated inner/middle plasmadisk, magnetic coupling to
Jupiter’s atmosphere/ionosphere, slow diffusive radial transport, a sporadic x-line across the
magnetotail, plasmoids ejected down the tail and interaction regions in boundary layers on
the flanks. These components are discussed further in Sect. 3. While the equatorial plane has
been traversed multiple times and is well mapped, the polar region has barely been explored
and major questions remain.

The pre-Galileo understanding is presented in Dessler (1983)’s book Physics of the Jo-
vian Magnetosphere and the advances made by the Ulysses and Galileo missions are re-
viewed in seven chapters of Jupiter: The Planet, Satellites and Magnetosphere (edited by
Bagenal et al. 2004). In this paper we summarize the current understanding of Jupiter’s
magnetosphere, the outstanding issues and the methods Juno employs to address them. An
overview of the whole Juno mission is provided by Bolton et al. (2014, this issue). The Juno
instruments that make in situ magnetospheric measurements are the magnetometer MAG
(Connerney et al. 2014, this issue), the electric and magnetic wave detectors Waves (Kurth
et al. 2014, this issue), the electron and ion detectors JADE (McComas et al. 2014a, this
issue), and the energetic particle detectors JEDI (Mauk et al. 2014, this issue). Remote sens-
ing measurements of the aurora are carried out at UV wavelegths by UVS (Gladstone et al.
2014, this issue), in the IR by JIRAM (Adriani et al. 2014, this issue) and at visible wave-
lengths by JunoCam (Hansen et al. 2014, this issue). Emissions from the radiation belts are
detected via emissions in the microwave region of the spectrum by the MWR instrument
(Janssen et al. 2014, this issue).
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1.2 Comparative Magnetospheres

Reviews of planetary magnetospheres range in their approach to the subject from consider-
ing it a topic in space plasma physics (exploiting the breadth of planetary environments as a
laboratory to explore space plasmas) to a branch of planetary science (presenting the space
environment as a component of planetary objects). Basic, qualitative introductions are given
by Van Allen and Bagenal (1999) and by Kivelson and Bagenal (2007). Deeper studies of
comparative magnetospheres span from the abstract to the specific (Siscoe 1979; Vasyliūnas
2004, 2009, 2011; Kivelson 2007; Walker and Russell 1995; Bagenal 1992, 2009; Russell
2004, 2006; Kurth and Gurnett 1991).

The interaction between a planetary object and the surrounding plasma depends on the
properties of both the object and the plasma flow in which it is embedded. A planet with
a significant internal magnetic field forms a magnetosphere that extends the planet’s influ-
ence beyond its surface or cloud tops. The interaction of the supersonic solar wind with
a planetary magnetic field (either generated by an internal dynamo or induced externally)
produces a bow shock (BS) upstream of the planet. Behind the bow shock, the slowed,
heated magnetosheath plasma is deflected around the magnetospheric obstacle. The magne-
tospheric boundary—the magnetopause (MP)—has historically been regarded to first order
as an impenetrable boundary. However, the amount of mass, momentum and magnetic flux
exchanged across the magnetopause is an active area of research at Earth and other plan-
ets. The distance between the center of the planet and the magnetopause in the direction of
the Sun, RMP, is generally determined by a balance between the ram pressure of the solar
wind and the internal pressure of the magnetosphere (combining both magnetic and plasma
pressures). Whatever the details of the interaction, in all explored cases there is a “wake” or
“tail”—the magnetotail—that can extend at least several hundred times RMP downstream in
the solar wind.

Figure 3 illustrates the huge range in scale of planetary magnetospheres. The magne-
tospheres of the giant planets encompass most of their extensive moon systems, including
the four Galilean moons of Jupiter, many icy satellites (importantly Enceladus), and Titan at
Saturn. Earth’s Moon, however, resides almost entirely outside the magnetosphere, spending
less than 5 % of its orbit crossing the magnetotail. The RMP of Earth is about 10 RE which
is only a little larger than the radius of the planet Saturn. The RMP of Saturn is about 20 RS

which is about 17 RJ, a modest fraction of Jupiter’s magnetopause distance (RMP of Jupiter
ranges between typical scales of 63 and 92 RJ).

Table 1 lists the basic parameters characterizing the magnetospheres of Earth, Jupiter, and
Saturn. The classical scale of a planet’s magnetosphere, RCF, as derived by Chapman and
Ferraro (1930), comes from balancing the ram pressure of the solar wind with the magnetic
pressure of a dipole planetary field. A simple pressure balance between the ram pressure
of the solar wind (ρV 2)sw and the magnetic pressure of a dipole field (B2/2μ0) produces a
weak variation in the dayside magnetopause distance RMP such that RMP ∝ (ρV 2)

−1/6
sw (for

a solar wind mass density ρsw = mpnsw and speed Vsw). That is, a dipole magnetosphere is
very “stiff” with modest response to large changes in the solar wind.

As shown in Table 1 and illustrated in Fig. 3, this Chapman-Ferraro magnetopause
distance works well for Earth but underestimates the sizes of the giant planet magneto-
spheres, particularly for Jupiter. If the pressure of the energetic particle populations P in-
side the magnetosphere, dominates over the local magnetic field pressure (B2/2μ0), then
β = P/(B2/2μ0) > 1 and the particle pressure inflates and stretches out the magnetic field,
generating strong currents in the equatorial plasma disk. Figure 3 illustrates how the sub-
stantial internal plasma pressure at Jupiter (and to a lesser extent at Saturn) expands the
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Fig. 3 Comparison of the
magnetospheres of Earth, Saturn
and Jupiter. The green circles
show how the magnetosphere of
Earth scales to the planet Saturn
and how the magnetosphere of
Saturn scales to the inner 20 % of
Jupiter’s magnetosphere. The
dashed vertical line shows the
scale of each magnetosphere for
a pure dipole magnetic field with
no internal plasma

magnetosphere well beyond that of a dipole internal field. At Jupiter, values of β greater
than unity are found beyond ∼15 RJ, increasing to β > 100 by 45 RJ (Mauk et al. 2004).
Not only does the plasma pressure dominate the magnetic pressure, but the radial profile of
plasma pressure is also considerably flatter than the R−1/6 variation in magnetic pressure
for a dipole field. It is the high plasma pressure in the plasma disk that doubles the scale of
Jupiter’s magnetosphere from the dipolar stand-off distance of ∼42 RJ to over 90 RJ. Careful
statistical analysis (combined with modeling) of how the magnetopause standoff distance at
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Table 1 Comparison of magnetospheres of Earth, Jupiter and Saturn

Earth Jupiter Saturn

Radius, RP (km) 6,373 71,492a 60,268

Distance from Sunb (AU) 1 5.2 9.5

Spin period (hours) 24 9.92492 10.56c

Solar wind density, nsw (cm−3) 7 0.2 0.07

Magnetic momentd (ME) 1 20,000 600

Equatorial magnetic field, Bo (nT) 30,600 430,000 21,400

Plasma source (kg/s) 5 260–1400e 12–250e

Plasma source (ions/s) 2 × 1026 >1028 3–5 × 1026

Dipole RCF
f (RP) 10 RE 46 RJ 20 RS

Observed RMP (RP) 8–12 RE 63–92 RJ 22–27 RS

Plasma Transport Timeg hours-days 11–60 dayse 5–40 dayse

Auroral UV Emission Power (W) 1010 1012 1011

Auroral Radio Emission Power (W)h ∼4 × 107 8 × 1010 DAM 4 × 108

4 × 1010 HOM

5 × 108 bKOM

2 × 108 nKOM

5 × 109 QP

aWe define 1 RJ = 71,492 km (see discussion in the Appendix)

bSemi-major axis of orbit. 1 AU = 1.5 × 108 km
cVoyager value. The rotation rate of Saturn is an important issue of scientific debate

dMEarth = 7.9 × 1025 Gauss cm3 = 7.9 × 1015 Tesla m3

eSummarized by Bagenal and Delamere (2011)

fRCF is calculated using RCF = ξ(B2
o/2μoρswV 2

SW)1/6 for typical solar wind conditions of ρsw = mpnsw

given above and VSW ∼ 400 km s−1 and ξ an empirical factor of ∼1.4 to match Earth observations (Walker
and Russell 1995)
gTypical residence time in the magnetosphere. Plasma stays inside the Earth’s plasmasphere for days but is
convected through the outer magnetosphere in hours
hZarka et al. (2001a, 2004). DAM = decametric, HOM = hectometric, bKOM = broadband kilometric,
nKOM = narrowband kilometric emissions. QP = quasi-periodic bursts of emission

Jupiter varies with solar wind conditions by Joy et al. (2002) revealed a bimodal distribution
with high probabilities at 63 and 92 RJ. Furthermore, the observed magnetopause locations
indicate a variation in RMP with solar wind ram pressure RMP ∝ (ρV 2)−α

sw where α is found
to be between 1/3.8 and 1/5.5, a stronger function than for a dipole (Slavin et al. 1985;
Huddleston et al. 1998; Joy et al. 2002; Alexeev and Belenkaya 2005). Consequently, a fac-
tor 10 increase in ram pressure at Earth shrinks RMP to 70 % of the nominal value while
at Jupiter the tenfold variations in solar wind pressure often observed at 5 AU cause the
dayside magnetopause to move by a factor of ∼2. At Saturn the magnetospheric plasma
pressures are less than Jupiter but the plasma β is still greater than unity beyond 8 RS (e.g.
Sergis et al. 2010) and has values of β = 2–5 in the plasma sheet. The more modest values
of β at Saturn are consistent with the magnetopause stand-off distance varying as (ρV 2)

−1/5
sw

(Kanani et al. 2010).
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Saturn’s magnetosphere is similarly dominated by a satellite source of plasma (Ence-
ladus) and rotational dynamics. The major difference, apart from scale, is that the ma-
terial escaping Enceladus (mostly water products) remain largely neutral and forms an
extended corona. The densities of plasma in the Enceladus torus remain relatively low.
The modest size of Saturn’s magnetosphere also means that the solar wind has a stronger
influence on magnetospheric dynamics at Saturn. For reviews of the magnetosphere of
Saturn see chapters by Gombosi et al. (2009), Kurth et al. (2009), Mauk et al. (2009),
Mitchell et al. (2009) in Saturn from Cassini-Huygens (edited by Dougherty et al. 2009).
These reviews summarize our understanding after the primary phase of the Cassini mis-
sion to Saturn. In 2008 Cassini made the only traversal by a spacecraft of an auro-
ral radio source at a planet other than the Earth (Lamy et al. 2010; Mutel et al. 2010;
Schippers et al. 2011). The properties of the auroral plasma and microphysical processes
at a giant planet were uniquely documented. These studies serve as a reference for com-
parisons with Juno in-situ measurements at Jupiter. The later phases of the Cassini mission
involve a series of high latitude orbits that will hopefully elucidate structures and processes
in the polar magnetosphere, though not as polar Juno’s orbits around Jupiter and probably
not passing through the auroral acceleration regions.

As elaborated below, the giant, rotation-dominated magnetosphere of Jupiter is very dif-
ferent from the small, solar-wind-dominated magnetosphere of Earth. Nevertheless, we ex-
pect all magnetospheres to be governed by the same underlying plasma processes. Thus,
as Juno ventures into Jupiter’s polar regions we are also guided by the experience derived
from Earth missions such as IMP, ISEE, DE, POLAR and particularly the VIKING and FAST
missions (e.g., Bahnsen et al. 1989; Roux et al. 1993; McFadden et al. 1999) whose exten-
sive measurements have provided the basis of our understanding of the physical processes
in polar regions.

1.3 Polar Regions

Figure 1 (inset B) shows a UV image from the Hubble Space Telescope (Clarke et al. 2004)
that illustrates the complex structure of the Jovian aurora. As discussed below, the auroral
emissions at X-ray to radio wavelengths suggest that a variety of physical processes are oc-
curring in the polar magnetosphere, including beams of ions and electrons carrying electrical
currents, waves generated locally as well as traveling through the region, localized parallel
electric fields as well as many transient features (sketched in the top right inset C in Fig. 1,
loosely based on FAST observations at Earth).

Figure 4 shows the trajectories of the seven previous flyby missions (left) and the 33
orbits of Galileo (right) in the Jupiter system. Since the flyby missions used the orbital
momentum of Jupiter for a gravitational boost to their next target they all passed on the
dusk (or trailing) side of the planet except Ulysses that used Jupiter to get out of the ecliptic
plane. (Aside: note that Pioneer 11 left the Jupiter system moving towards the Sun rather
than away. The spacecraft took 4½ years to traverse the solar system and encounter Saturn
on the opposite side of the Sun as Jupiter.) As illustrated in the lower plots in Fig. 4, the
only spacecraft that passed close to Jupiter’s polar region was Pioneer 11. However, when
the Pioneer 11 trajectory is plotted in magnetic coordinates, it is clear that the spacecraft did
not traverse the region of auroral currents (Fig. 5 from Trainor et al. 1975). Thus, Juno is the
first spacecraft to explore the regions where auroral currents flow, particles are accelerated,
and radio emissions are generated.
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Fig. 4 Trajectories of (left) flyby missions and (right) orbiter Galileo. The top 4 plots show positions within
150 RJ of Jupiter. The bottom 4 are limited to within 9 RJ. Note that the Sun is to the right

Author's personal copy



F. Bagenal et al.

Fig. 5 Projection of the trajectories of Pioneer 10 and Pioneer 11 on a magnetic meridian plane of Jupiter
based on the (dipolar) D2 magnetic field model. The region sampled by Pioneer 10 was within 20◦ of the
magnetic equator, whereas the Pioneer 11 trajectory was at much higher latitudes, usually above 40◦ but less
than 80◦ (from Trainor et al. 1975). The dashed lines show the magnetic field lines that map from 10 and
20 RJ at the magnetic equator to the planet. Since the main aurora are generated around the L = 20 flux shell
and beyond, the Pioneer 11 barely entered these auroral field lines for a couple hours at distances of 4 to 6 RJ
from the planet, probably above the acceleration region

1.4 Outstanding Issues

Above we have provided a brief description of the magnetosphere of Jupiter that is based
primarily on observations made in the equatorial regions. The lack of in situ measurements
over the poles raises many outstanding issues about the polar magnetosphere:

• What is the high latitude structure of the magnetosphere? Is it fundamentally similar to
the Earth or radically different?

• Where and how are the particles that excite the aurora accelerated?
• Where and how is auroral radio emission generated?
• What causes the very transient polar aurora?
• How much of the planetary field connects to the solar interplanetary magnetic field? What

is the size and variability of Jupiter’s polar cap?
• How is the main aurora related to magnetospheric dynamics and/or changes in the solar

wind?
• What mechanisms accelerate particles to radiation belt energies? What processes control

the structure and dynamics of the radiation belts?
• How is the magnetosphere coupled to the solar wind? What are the mechanisms and

quantities of mass and momentum transfer across the magnetopause?
• What is the role of coupling of the solar wind to the magnetosphere in magnetospheric dy-

namics? How deep does the influence penetrate or is the interaction confined to a bound-
ary layer?

• How do the polar regions couple to the long magnetotail observed by Voyager 2 and New
Horizons?

In the rest of this paper we first address the geometry of Juno’s orbits in the Jovian magne-
tosphere and then describe how Juno addresses these scientific issues.
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Fig. 6 Geometry of Juno’s orbits viewed with the dawn flank on the left, (top) from the Sun with north up,
and (bottom) looking down on the system, the Sun below. The pink (purple) dashed lines show the average
positions of the magnetopause (bow shock) derived by Joy et al. (2002) with the corresponding shaded regions
showing the statistical ranges of their locations on the dawn terminator. The black shows where data will be
gathered on approach to Jupiter. After Jupiter orbit insersion, the green line (with daily tick marks) shows
the 107-day capture orbit. The smaller science orbits (3–33, in blue) precess both in local time and latitude at
about 1◦ per orbit. Orbits of Galilean moons Io, Europa, Ganymede and Callisto are shown in red. The Juno
spacecraft (not to scale) spins in an anti-clockwise direction as viewed in the top panel at 2 rpm

2 Juno’s Trajectory Through the Magnetosphere

2.1 Orbit Overview

The Juno spacecraft was launched on August 5, 2011 and, after an Earth flyby on October 9,
2013, arrives at Jupiter on July 5, 2016 (Bolton et al. 2014, this issue). After orbit insertion,
Juno spends the next 106 days on a capture orbit that takes Juno out to 180 RJ on the dawn
flank of the magnetosphere (Fig. 6).

After the second close pass of Jupiter on October 19, 2016, Juno starts a series of 33
highly eccentric 11-day period science orbits (apojove distance of 38 RJ, perijove of 1.05 RJ)
that last until October 2017. All orbits are close to polar, inclined less than a degree from
the poles. Jupiter’s motion around the Sun over the 1-year duration of the mission, results
in the apojoves of the Juno orbits moving earlier in local time from close to 0600 (dawn)
to 0400 LT. The rotational flattening (oblateness) of the planet Jupiter causes Juno’s or-
bit to precess, so that the semi-major axis tilt with respect to the equatorial plane shifts
progressively southward from −4.6◦ to −33.5◦, eventually bringing the spacecraft progres-
sively farther into the hazardous radiation belts. After each perijove there is an orbit trim
maneuver that is designed to bring Juno back to Jupiter at a precise time so that each succes-
sive pass is at a Jovian longitude displaced by 180 + 24 = 204◦ (S3LH or 156◦ S3RH, see
Appendix for description of coordinate systems) from the previous perijove. After spanning
once around the planet in 24◦ intervals there is a phase shift to fill in the coverage with a
final 12◦ longitude resolution. This allows instruments on the spacecraft to systematically
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Fig. 7 Three selected Juno orbits: early, (PJ3 2016 Nov. 10 16:46), middle (PJ17 2017 Apr. 13 07:27), end
(PJ31 2017 Sep. 13 21:49) showing precession of line of apsides relative to Jupiter’s geographic equator. The
orbits are numbered according to the sequence of perijoves (PJ), where PJ0 is the initial orbit insertion, with
the start/end of a numbered orbit about a day before perijove. The full orbit period is about 11 days. The black
dots indicate ±4 hours of perijove. High-cadence observations are planned for about 12 hours near perijove

map out longitude structures in the atmosphere and interior, as well as gravity and magnetic
fields (see Connerney et al. 2014, this issue; Anderson et al. 2014, this issue; Janssen et al.
2014, this issue).

Labeling orbits by perijove (where orbit insertion is PJ0), we show the geometry of sci-
ence orbits 3, 17 and 31 in Fig. 7 to illustrate typical early, middle and late orbits. A time
for the start/stop of a numbered orbit is chosen about a day before perijove. The perijove
distance of ∼1.05 RJ is ∼5000 km above Jupiter’s cloud deck. The black dots (at ±4 hours
of perijove) illustrate how Juno passes very quickly from pole-to-pole (moving ∼60 km/s
around perijove, ∼20 km/s over the poles), gathering data at high rates. The high-rate data
are stored on the spacecraft and then transmitted to Earth over the remaining days of the
∼11-day orbit. The orbit precession driven by Jupiter’s oblateness not only produces a ∼1◦

increased tilt per orbit but also brings the (non-perijove) equatorial crossing distance closer
to Jupiter by ∼0.9 RJ per orbit. Figure 8 shows how Juno’s northward crossing of Jupiter’s
geographic equator of (plane of Galilean satellite orbits) moves inwards, crossing each satel-
lite orbital distance only once over the duration of the mission. Juno crosses the orbit of
Callisto between orbits 11 and 12, the orbit of Ganymede between orbits 23 and 24, and
the orbit of Europa at the very end of the nominal mission between orbits 33 and 34. The
planned prime mission for Juno has the spacecraft entering Jupiter on PJ34 with the result
that Juno does not come close to the orbit of Io. Hansen et al. (2014, this issue) show when
the Galilean satellites can be imaged by JunoCam.
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Fig. 8 Distance that the Juno orbits cross the equatorial plane with the orbits of Callisto (26.33 Rj),
Ganymede (14.97 Rj), Europa (9.38 Rj) being crossed on the orbits before perijoves 12, 24 and 34. The
planned prime mission for Juno has the spacecraft entering Jupiter on PJ34 with the result that Juno does not
come close to the orbit of Io (5.89 Rj)

2.2 Boundary Crossings

Figure 6 shows the locations of the magnetopause (MP) and bow shock (BS) derived by Joy
et al. (2002) based on combining previous spacecraft measurements and an MHD model.
The average MP and BS distances (close to the equator on the dawn flank) are 105 RJ and
165 RJ respectively with the 10th to 90th percentile ranges shaded (85–145 RJ for the MP
and 130–230 RJ for the BS). Comparing these distances with Juno’s approach to Jupiter and
capture orbit, we can expect the spacecraft to spend ∼80 days (∼20 on approach and ∼60
days during capture) in the boundary regions of the magnetosphere and bow shock.

Typical solar wind conditions based on Ulysses data obtained near Jupiter’s orbit during
the declining phase of the solar cycle, appropriate for Juno’s arrival at Jupiter in July 2016,
are summarized in Table 2 (based on Ebert et al. 2010). Note that because the distributions of
solar wind and interplanetary magnetic field (IMF) properties are far from a simple Gaussian
distribution, we show the 10 % and 90 % percentiles, and median, as well as the mean
(± standard deviation). The presence of a tail at higher values is particularly noticeable
for the cases of solar wind speed, density and temperature. Variability in density and flow
speed produce more than a factor of 10 variation in the dynamic pressure between 10 % and
90 % percentiles and correspondingly strong variations in the compressible magnetosphere.
Joy et al. (2002) derived a bimodal distribution of magnetopause stand-off distance (with
peaks at 63 and 92 RJ). McComas et al. (2014a, 2014b) explain this bimodal distribution
based on observed solar wind pressure causing the magnetosphere to expand and compress
as rarefaction and compression regions move through the heliosphere.

By contrast, the solar wind flow direction is very tightly constrained to within a few
degrees of radial. Of importance for the dynamics of Jupiter’s magnetosphere is the direction
of the IMF. Table 2 shows that the angle of the IMF out of the ecliptic plane (meridional
angle) has a standard deviation of only 30◦ and 10/90 % percentiles of ±40◦. Unlike at
Earth, there are very rare occasions when the IMF is anti-parallel to the internal (southward-
pointing) field, likely contributing to the low rates of steady, large-scale reconnection at
Jupiter (Walker and Russell 1985; Desroche et al. 2012). Similarly, by 5.2 AU the Parker
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Table 2 Statistical properties of the interplanetary medium around the orbit of Jupitera

10 %b Meanc Standard Deviationc Median 90 %b

Proton speed (km/s) 369 451 ±71 438 557

Solar wind azimuthal
deflection (deg)

−3.1 −0.3 ±2.1 −0.2 2.0

Solar wind meridional
deflection (deg)

−2.6 −0.16 ±2.1 −0.16 2.1

Proton temperature (eV) 0.55 2.8 ±3.8 1.4 6.8

Proton density (cm−3) 0.036 0.22 ±0.27 0.13 0.50

Alpha particle
composition (% by
density)

2.6 3.1 ±3.3 3.1 3.1

Dynamic pressure (nPa) 0.014 0.084 ±0.11 0.045 0.20

B-field strength (nT) 0.18 0.69 ±0.63 0.45 1.5

B-field azimuthal angle,
Bt > 0 (deg)

46 95 ±35 98 137

B-field azimuthal angle,
Bt < 0 (deg)

−134 −81 ±38 −79 −31

B-field meridional angle
(deg)

−40.4 0.37 ±31.1 0.49 40.8

Plasma βd 0.12 0.66 ±1.6 0.38 1.2

Alfvén Mach Numbere 7.4 17.7 ±11.5 16 29

aThese values are based on 1-hour averages of Ulysses data obtained between 2003 (Day Of Year 340) and
2005 (Day Of Year 008) at heliocentric distances of 5.273 to 5.403 AU within 10◦ of Jupiter’s inclination at
the time. These data were obtained around the phase of the solar cycle (descending from maximum) that Juno
is expected to arrive at Jupiter. Based on Ebert et al. (2010)
b10th and 90th percentiles of the solar wind distribution
cMean and standard deviation of the distribution

dRatio of proton thermal pressure to magnetic field pressure
eRatio of solar wind speed to Alfvén speed

spiral of the IMF has wound up to nearly azimuthal. That is, fields originally pointed away
vs. towards the Sun have become wound up so they are close to ±90◦ from radial at Jupiter.
This means that the field changes direction a few times per solar rotation, but remains within
45◦ of azimuthal for 80 % of the time. Included in Table 2 are a couple of parameters that
are useful for characterizing the solar wind interaction with the magnetosphere as discussed
further in Sect. 3.4: the plasma beta (ratio of thermal pressure to magnetic field pressure)
and the Alfvén Mach number (ratio of flow speed to Alfvén speed). Note that over the Juno
capture orbit we expect the polarity of the IMF to change dozens of times during this >3
month period.

Using the Joy et al. (2002) model of how these boundaries vary with solar wind dynamic
pressure and 1-hour averages of Ulysses SWOOPS solar wind data (Bame et al. 1992), we
predict that Juno will cross the BS 64 ± 9 times and the MP 42 ± 9 times. To illustrate the
frequent crossings of these boundaries that Juno might expect, we have plotted the MP and
BS distances based on 2500 hours of SWOOPS solar wind pressure data and superimposed
a sample trajectory of Juno over its capture orbit in Fig. 9. The pattern of recurring com-
pression regions (responsible for sharp decreases in magnetospheric size shown in Fig. 9)
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Fig. 9 Illustration of anticipated
statistical variations in
magnetopause (blue line) and
bow shock (red line) distances on
the dawn flank of the
magnetosphere based on
empirical dependence on solar
wind pressure (Joy et al. 2002)
and measurements from the
Ulysses SWOOPS instrument at
∼5 AU (Ebert et al. 2010).
A sample Juno trajectory (black
line) shows the frequent crossings
Juno is expected to make of these
boundaries on its capture orbit

is characteristic of the declining phase of the solar cycle experienced by Cassini at Saturn
in 2004-8 (Jackman et al. 2004) and by Juno a solar cycle later. McComas et al. (2013)
point out long-term trends of decreasing solar output from which McComas et al. (2014a,
2014b) conclude that the BS and MP will likely be farther than indicated here. Ebert et al.
(in preparation) examine the properties of the solar wind at ∼5 AU in further detail, making
quantitative predictions of the statistics of Juno crossings of these boundaries under these
weaker solar wind conditions.

Observations of the solar wind, aurora and magnetospheric conditions during this phase
of the mission provides an excellent opportunity to explore the nature of the solar wind
interaction with Jupiter’s dawn magnetosphere (see discussion in Sect. 3.4 below).

2.3 Magnetospheric Models

In order to relate the Juno orbits to structures of the magnetosphere we need a magnetic field
model. The detailed history of models of Jupiter’s magnetic field is reviewed by Connerney
(2007) and Connerney et al. (2014, this issue). The VIP4 and VIT4 models of Connerney
et al. (1998) and Connerney (2007) combine spacecraft measurements of the in situ field
with the location of the localized auroral emission associated with Io (which must map along
the magnetic field to the known location of Io’s orbit) to constrain up to 24 coefficients of the
internal field. Grodent et al. (2008) noted that both the Io and Ganymede auroral footprints
required a region of anomalously strong magnetic field. They add a small dipole field (∼1 %
of primary field) located about 3/4 of the planet’s radius from the planet’s center in the
northern hemisphere. Hess et al. (2011) modified the VIP4 model to match both the latitude
of the Io footprints as well as the longitude, assuming a propagation lead angle from the
Alfvén wing model of the Io interaction. Hess et al. (2011)’s VIPAL model produces a good
match to the measurements of Io-triggered radio emission such as maximum frequency and
arc shape (see discussion in Sect. 3.1).

Figure 10 (from Hess et al. 2011) illustrates the magnetic field at Jupiter’s cloud tops
(∼1 bar level of the atmosphere) from three magnetic field models (VIP4, Grodent, VIPAL)
as well as the predicted and observed location of Io’s magnetic footprint on the planet.
The differences between these models are important for planning Juno observations of the
auroral regions (see Sect. 3.1 below). The close passage of Juno to the planet and extensive
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Fig. 10 Surface magnetic field strength, observed Io’s UV aurora (crosses), and modeled locus of footprints
(continuous line) of field lines that connect Io to Jupiter. All models include the 1/15.4 oblateness of the
planet to define the planetary “surface” (∼1 bar level). Left: The VIP4 model of Connerney et al. (1998) for
(a) the northern hemisphere and (b) the southern hemisphere; Center: The empirical model of Grodent et al.
(2008) for the (c) the northern hemisphere; Right: The VIPAL model of Hess et al. (2011) for (d) the northern
hemisphere and (e) the southern hemisphere. From Hess et al. (2011)

coverage in both latitude and longitude allows the MAG team to determine the internal
magnetic field of Jupiter in greater detail and to much higher accuracy (Connerney et al.
2014, this issue).

Models of magnetospheric structure that include external currents as well as the inter-
nal magnetic field, are generally of 3 types: empirical formulations based on matching in
situ magnetic field measurements; models that use observed distributions of particle pres-
sure to derive equilibrium solutions for the equatorial plasma sheet; and numerical MHD
models. While a global MHD model is desirable, the global models to date have tended to
concentrate on the outer magnetosphere, ignoring the dipole tilt and higher order moments.
Furthermore, current MHD models do not have the necessary heating of magnetospheric
plasma and hence have not managed to match the observed plasma pressures in the plasma
sheet (Walker and Ogino 2003; Fukazawa et al. 2005, 2006, 2010; Chané et al. 2013). Hence
current global MHD models are not very useful for predictions of what Juno measures in
the plasma sheet. Models of the plasma sheet that do fold in realistic pressure distributions
either assume axisymmetry (Caudal 1986; Caudal and Connerney 1989; Cowley et al. 2005,
2008b; Nichols 2011) or again concentrate on the outer magnetosphere (Belenkaya 2004;
Alexeev and Belenkaya 2005; Belenkaya et al. 2005, 2006). A useful model for global mag-
netic field structure has been that of Khurana (1997) and Khurana and Schwarzl (2005),
which combines internal magnetic field components (e.g., VIP4 of Connerney et al. 1998),
an equatorial current sheet that varies with local time, plus currents in the magnetotail and
on the magnetopause. The parameters of the model have been derived by matching magnetic
field data, primarily from Galileo.
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Figure 11 shows examples of the magnetic field structures in the extended magneto-
sphere of Jupiter. The top panel shows a sketch of the current and field configurations. The
equatorially stretched magnetic flux tubes are associated with the strong azimuthal currents
(jϕ) that flow in the plasma sheet. Radial currents through the plasma sheet (jr) are closed
into/out of the ionosphere via field-aligned currents (j‖). It is the upward (or outward) cur-
rents that are likely carried by the downward-precipitating electrons that excite the main
auroral oval (reviewed by Clarke et al. 2004). The true locations of the necessary down-
ward (or inward) currents that close the current system are not known. Some argue that
they flow at least partly at the magnetopause (Cowley and Bunce 2001; Bunce et al. 2004;
Kivelson et al. 2002; Cowley et al. 2005), while others suggest that the downward currents
are interspersed with the upward currents in the interior of the plasma sheet (Mauk and Saur
2007). The middle two panels of Fig. 11 shows the currents and magnetic fields from the
axisymmetric model of Cowley et al. (2008b) for the coupling of Jupiter’s plasma disk to
the ionosphere. The model field is the sum of the planetary dipole and the field from a 5-
RJ-thick equatorial current sheet (following Connerney 1981). The magnetic field lines that
map to the ionosphere at co-latitudes of 5–25◦ relative to the northern and southern mag-
netic poles, are shown at steps of 5◦. In both panels the green lines, also magnetic field lines,
show the regions of upward-directed field-aligned current, the solid lines show the central
field line of the current layer and the dashed lines the approximate boundaries on either side.
Specifically, the current regions shown by the outer pair of green solid lines in the northern
and southern hemispheres map to the model open-closed field line boundaries at 10.7◦ with
respect to both poles with the dashed green lines showing the ∼0.4◦ expected width of these
currents. Similarly the green lines in the equatorial region correspond to the center and range
of the upward currents that couple the ionosphere and plasma sheet. The left panel shows
positive and negative contours (±2, ±5, ±10, ±20, and ±50 nT) of the azimuthal B field
produced by the magnetosphere-ionosphere coupling current system. In the right panel the
contours show the tilt angle of the field out of magnetic meridian plane.

Extensive analysis of the Galileo magnetometer data show that there are strong asym-
metries in the magnetic field with local time (Khurana and Kivelson 1989; Khurana 2001).
The effects of local asymmetries in the magnetic field (illustrated in the bottom two plots
of Fig. 11) are included in the model of Khurana and Schwarzl (2005). They show that the
bend-back (i.e. deviation from the meridian plane) is much stronger on the dawn side than
the dusk side. This local time variation in field bend-back must be due to non-axisymmetry
of the radial currents, as illustrated in Fig. 11B.

2.4 Science Orbits

To illustrate the effect of Jupiter’s tilted magnetic field, Fig. 12 shows orbit 3 at two different
phases of Jupiter’s rotation ∼5 hours apart. Around apojove (when the spacecraft moves
slowest), the plasma sheet flaps every 5 hours over the spacecraft. As the spacecraft passes
over the poles, the phase of the tilt is critical for predicting when the spacecraft crosses the
field-aligned currents that couple the plasma sheet to the planet.

To further illustrate the effect of the tilt, Fig. 13 shows the orbits of perijoves 3, 17 and
31 in a magnetic coordinate system that is aligned with a 9.515◦ tilt of the dipole approx-
imation to Jupiter’s internal field. The magnetic field model, equatorial current sheet and
field-aligned current systems are derived from the azimuthally symmetric model of Cowley
et al. (2008b) illustrated in the center panel of Fig. 11. Note how these “wiggle plots” illus-
trate how the spacecraft trajectory crosses the current systems, both in the equator and over
the poles. In the early orbits the inbound and outbound trajectories each cross both equa-
torial and polar regions. But as the orbit precesses the inbound segment crosses the north
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Fig. 11 Top: Main plasmadisk currents. Middle: Axisymmetric magnetic field model of Cowley et al. (2008a,
2008b). Bottom: Three-dimensional magnetic field model of Khurana and Schwarzl (2005) that includes the
VIP4 model for the interior field plus external magnetospheric currents. In C, D black solid lines show field
lines mapping to the ionosphere at magnetic colatitudes of 5–25◦ in steps of 5◦. The equatorial current sheet
is restricted to the black dotted rectangle. The green lines show the regions of upward-directed field- aligned
currents. Red and blue lines (C) show contours (±2, ±5, ±10, ±20, ±50 nT), of the azimuthal field, and (D)
show the tilt angle of the field out of magnetic meridian plane (from left to right the contours are for tilt angle
magnitudes of 0.1◦ , 0.2◦, 0.5◦, 1◦, 2◦ , and 5◦)

Author's personal copy



Magnetospheric Science Objectives of the Juno Mission

Fig. 12 The ∼9.5◦ tilt of Jupiter’s magnetic field from the planet’s rotation axis causes Juno to pass many
times through the plasmadisk, particularly during apojove of the early orbits. The blue line shows orbit of
PJ3 (as shown in Fig. 7). The top and bottom graphics illustrate the orientation of the field and plasmasheet
∼5 hours apart. The red dots are located on Juno’s trajectory approximately ±4 hours around perijove

polar currents very close to the planet while the outbound segment makes multiple cross-
ings of the southern polar currents. This evolution of the orbit means that Juno traverses
the important polar regions at a range of heights above Jupiter’s atmosphere. Sometimes,
the spacecraft seems to move parallel to a magnetic L-shell for several hours which allows
Juno’s instruments to map structure along the field (e.g. locate potential structures such as
double-layers, the radio emission generation region, etc.; see Hess et al. 2007a, 2009, Mot-
tez et al. 2010 and discussion in Sect. 3.1.4). At other times, the spacecraft rapidly crosses
a range of magnetic latitudes providing an opportunity to measure latitudinal structures. For
example, note that the inbound trajectory on orbit 3 makes multiple crossings of the (up-
ward) current structures that couple the planet to the magnetospheric plasma sheet and the
outbound trajectory on orbit 17 makes multiple crossings of the (downward) currents that
couple to the outer magnetosphere.

2.5 Polar Region Coverage

In Figs. 7 and 12 the dots on the trajectory illustrate the location of Juno ±4 hours of per-
ijove. Considering each of these points as examples, one can see that at any moment in
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Fig. 13 The current and magnetic field model of Cowley et al. (2008a, 2008b) is azimuthally symmetric and
centered in a tilted (dipole) frame in which the spacecraft appears to “wiggle” up and down. Model field lines
(black) are shown in a magnetic meridian plane with the spacecraft trajectory (red) superposed. Blue dots
show the start of each day, with red dots at 12 hour intervals between. The black dot close to the planet shows
perijove, while the two black dots either side show perijove ±4 hours. The black dotted lines delineate the
region of the equatorial azimuthal current sheet. The green solid and dashed lines, show field lines that mark
the centers and cross-field extent of field-aligned currents in each hemisphere, as in panels C and D of Fig. 11

time (or location) along the Juno trajectory, a magnetic field model allows one to extrapo-
late along the magnetic field (say from the approaching, northern red dot 4 hours out) and
project down onto the planet the instantaneous magnetic footprint of the spacecraft. For the
same instant, it is possible to calculate, using the same magnetic field model, where the
conjugate field line intersects the planet at the opposite hemisphere of the planet. We have
carried out this exercise using the VIP4+Khurana magnetic field for each of the orbits and
Fig. 14 shows orbits 3, 17 and 31. Since we are not confident in the models beyond 80 RJ

we cut off the conjugate mapping if the field line goes beyond 80 RJ. The left projections
are the shortest path for the inbound/northern hemisphere (above) and outbound/southern
hemisphere (below). On the right we show the footprint path mapped to the corresponding
conjugate hemispheres. The fact that the planet rotates (every 9.925 hours) under the space-
craft produces a curled path in the System III coordinate system rotating with Jupiter (see
Appendix for description of coordinate systems). This means that Juno is likely to make
multiple crossings of the region mapping to the main auroral oval during a single orbit.
Mapping the magnetic field to the outer magnetosphere becomes increasingly unreliable at
larger distances and gaps in the conjugate footprint path reflect times when the field line
from the spacecraft maps to distances beyond 80 RJ. Note that as the orbit precesses, the
inbound footprint spends increasingly more time outside the main oval (for both north/local
and south/conjugate hemispheres) while the outbound footprint spends increasingly more
time in tighter curls well inside the main auroral oval (as also illustrated in magnetic coor-
dinates of Fig. 13).

We are not only interested in where a field line being traversed by the Juno spacecraft
maps to the planet, but also how far the field maps out into the magnetosphere. Figure 15
shows the mapping along the field line from the spacecraft to the point that is farthest from
Jupiter. Note that the 10◦ tilt of the magnetic dipole from the rotation axis means that the
farthest crossing point oscillates twice per ∼10 hour rotation period. Also note that because
the magnetic field models are not able to reliably map to large distances from Jupiter, we
have cut off the plots at 80 RJ from Jupiter. As the orbits precess to greater southern latitudes,
an increasing fraction of the orbit maps to such large distances. Since the ratio of magnetic
field strength between the poles and equator is very large (>105), the loss cone for particles
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(a)

Fig. 14 (a) Perijove 3, (b) Perijove 17, (c) Perijove 31. Locations of the footprints at each ends of the
magnetic field passing through the spacecraft, mapped onto the “surface” of Jupiter using the VIP4+Khurana
magnetic field. The north and south polar regions are shown fixed in System III longitude (0◦ towards the
bottom of the page for the north, and towards the top for south). The curled path is due to the planet spinning
under the spacecraft. The gray contours show the surface magnetic field strength. The white lines show
the average location of the main aurora. The timescale corresponds to the time when R < 10 RJ and the
trajectory lines are colored corresponding to the timeline. The numbers on the trajectories correspond to the
radial distance of the spacecraft at the time of the mapping. Top: The inbound trajectory mapping to the
closest, north polar region (A) and conjugate, south (B) region. Bottom: The outbound trajectory mapping to
the closest, south polar region (C) and conjugate, north (D) region

originating at the distant equatorial regions is very small (<10−3 degrees). Therefore, the
only particles that can reach high latitudes (and the Juno spacecraft as it traverses the polar
region) must be very closely aligned with the magnetic field at the equator, unless they are
accelerated close to the planet by strong electric fields parallel to the local magnetic field.

2.6 Synchrotron Belt Coverage

The first two flyby missions, Pioneer 10 and 11, passed relatively close to Jupiter and
the energetic particle detectors on board measured intense fluxes of both ions and elec-
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(b)

Fig. 14 (Continued)

trons (Fig. 5 and Fig. 16). Ground-based and space-based radio receivers have mapped and
monitored the associated synchrotron emission (see reviews by Schardt and Goertz 1983;
Bolton et al. 2004). The subsequent Voyager flybys and the Galileo orbits largely avoided
the intense radiation belts close to the planet because of the hazard they pose to instrumen-
tation. Similarly, Juno’s orbit is designed to avoid the regions with the most intense fluxes
for as much of the mission as possible. The orbit precession, however, eventually brings
the spacecraft into the hazardous regions later in the mission (as illustrated by orbit 31 in
Fig. 16). Meanwhile, on each of Juno’s orbits, the MWR instrument detects emissions from
these radiation belts at 6 microwave wavelengths, mapping out the radiation belt structure
over the duration of the mission (Janssen et al. 2014, this issue).

3 How Juno Addresses the Scientific Issues

In Sect. 1.4 above, we listed the outstanding issues of Jupiter’s magnetosphere, particularly
of the unexplored polar regions. Having described the Juno trajectory, we next delve further
into these science issues and discuss how Juno addresses them.
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(c)

Fig. 14 (Continued)

3.1 Auroral Processes

Auroral processes at Jupiter generate emissions at wavelengths across the spectrum—from
radio to x-rays—that are reviewed by Clarke et al. (2004) and in nine chapters of Auroral
Phenomenology and Magnetospheric Processes edited by Keiling et al. (2012). Remote ob-
servations of radio emissions and in situ measurements of plasma waves are indications of
the processes that accelerate electrons and, less often, ions (reviewed by Carr et al. 1983;
Zarka 1998, 2000). When these accelerated particles bombard the atmosphere they excite the
atmospheric constituents (mostly hydrogen) that then re-radiate their energy. While visible
auroral emissions were observed by the Galileo spacecraft (Vasavada et al. 1999), and New
Horizons (Gladstone et al. 2007), most of the emissions are in the UV (H and H2 Lyman
and Werner bands) or IR (H+

3 emissions). X-rays have also been observed (see reviews by
Elsner et al. 2005a, 2005b; Branduardi-Raymont et al. 2007a, 2007b, 2008; Hui et al. 2010;
Cravens and Ozak 2012) and are thought to be excited when very energetic (10 MeV) oxy-
gen and sulfur ions bombard the atmosphere (Ozak et al. 2010). A model based on the in-
tense field-aligned currents expected on Jupiter’s dayside cusp has been discussed by Bunce
et al. (2004).
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(a)

Fig. 15 (a) Perijove 3, (b) Perijove 17, (c) Perijove 31. Mapping from the spacecraft along the Khurana
magnetic field model to the farthest point from Jupiter for the orbit around perijove 3. Top: The spacecraft
trajectory is shown in the (vertical) meridian plane with dots showing the location of the point farthest from
the planet along the flux tube that instantaneously intersects Juno’s trajectory. Below: the distance of the
trajectory (color) and farthest crossing points (black curve) vs. time

Figure 17 presents an overview of Jupiter’s auroral emissions at different wavelengths.
Most of the emission remains within ∼15◦ of the magnetic poles, and while much more
powerful than the terrestrial aurora (see Table 1), the main emissions are far less variable
in size and strength. The steady, narrow (∼1◦ or ∼1500 km wide) main aurora comprises
∼70 % of the emission and is a signature of Jupiter trying to spin the magnetospheric plasma
up to corotation with the planet’s 10-hour rotation period (Cowley and Bunce 2001; Hill
2001). Equatorward of the main auroral emission are three small regions of emissions that
are associated with the moons Io, Europa and Ganymede. No emission has been detected
associated with Callisto, but this may be because such emission would be hard to separate
from the main auroral emissions. Poleward of the main aurora is the remaining ∼30 % of
the emission that is highly variable both in time and space.
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(b)

Fig. 15 (Continued)

Auroral emissions are often described as providing the television screen that reveals mag-
netospheric structures and processes. But, in practice, without in situ measurements at high
latitudes it is hard to directly relate what is seen in the aurora to magnetospheric dynam-
ics, especially in the polar regions where the magnetic field mapping from the planet to the
(outer) magnetosphere is very uncertain. Spectroscopic studies of emissions, combined with
measurements of brightness above the planet’s limb have been modeled to diagnose the en-
ergy of precipitating particles as well as atmospheric composition and structure (Bonfond
et al. 2009; Tao et al. 2011, 2012; Gustin et al. 2013). The mean electron energy is ∼100 keV
for the main emissions. However this energy varies both with time and location. For exam-
ple, the Io footprint occurs at a higher altitude than the main emissions and is generated
by electrons with a broad energy distribution and a mean energy of ∼1 keV. On the other
hand, during dawn storms, the mean electron energy could reach ∼460 keV (Gustin et al.
2006). Nevertheless, lacking in situ measurements at high latitudes, ideas about processes
that generate aurora are largely based on experience at Earth and are untested at Jupiter.
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(c)
Fig. 15 (Continued)

Figure 18 shows an example of the view of the aurora on a sample Juno pass over the
north pole. Since the spacecraft is spinning at 2 rpm, the UVS and JIRAM slit-shaped fields-
of-view scan swaths over the planet. In this case, the UVS slit passes over the Io footprint
wake aurora and roughly half of the main aurora. The location of the spacecraft footprint
(S/C FP) for the VIP4 and VIPAL magnetic field models are shown about ∼5◦ apart. JIRAM
will make observations of the aurora on the planet and at its limb. The instrument will be able
to map the aurora and take spectral measurements and possibly retrieve the temperatures at
which the H+

3 is emitting as well as provide an estimate of the column density of the H+
3 .

For further discussion of the JIRAM observations see Adriani et al. (2014, this issue).
Figure 19 illustrates the morphology of various radio emissions that have been de-

tected coming from Jupiter (reviewed by Zarka 1998, 2000, 2004). The Io decametric emis-
sion is Io-DAM, while Io-independent emission (non-Io-DAM) merges with the hectome-
ter component (HOM). The auroral broadband kilometric component (bKOM) is associ-
ated with the main aurora while the narrowband kilometric emission (nKOM) is gener-
ated by unidentified torus inhomogeneities at the outer regions of Io’s torus. The cones
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Fig. 16 Top: Coverage of the inner magnetosphere by missions previous to Juno. On the left the colored con-
tours show fluxes of energetic electrons. On the right the innermost contours show the sychrotron emission,
neutral cloud (red lines) and thermal plasma (blue-yellow contours). Bottom: Coverage of the proton (left)
and electron (right) inner radiation belts by Juno on orbits of perijoves 3, 17 and 31. The (integral) particle
fluxes are calculated from the GIRE model and are in units of (cm s)−1. The white dots on the trajectories
are shown with 1-hour tick marks for ±10 hours around perijove. Note that the spacecraft appear to move in
“wiggle” orbits in this coordinate system that is based on the magnetic dipole

emphasize the radiation pattern of the high-latitude emission sources (via the Cyclotron
Maser Instability, largely accepted as the generation mechanism of high latitude radio emis-
sions), which exist in both northern and southern hemispheres. Radio emissions labeled
bKOM, HOM and DAM are generated near the local electron gyrofrequency fce and are
beamed in widely opened hollow cones aligned on magnetic field lines with L ∼ 6 (Io-
DAM, see e.g; Queinnec and Zarka 1998; Zarka et al. 2001b), L = 7–9 (HOM), L > 10
(bKOM, Ladreiter et al. 1994), and L > 7 (non-Io-DAM) where L refers to the radial dis-
tance of the farthest point along the magnetic flux tube that is emitting the radio emis-
sion. The inset shows the correspondence of these radio sources with UV emissions:
main aurora with non-Io-DAM and bKOM, and Io’s spots and trail with Io-DAM. Quasi-
periodic emissions (QP) may originate from auroral latitudes (Hospodarsky et al. 2004;
Kimura et al. 2010), while non-thermal-continuum (NTC) is thought to be produced at den-
sity gradients near the magnetopause (Kurth 1992), or alternately may be the low frequency
end of QP bursts having been reflected by magnetospheric density gradients.

At the same time that the remote sensing instruments are making these measurements, the
MAG instrument measures the planet’s magnetic field and small-scale perturbations due to
the auroral currents that couple the planet to the magnetosphere. The JADE instrument suite
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Fig. 17 Auroral emissions at different wavelengths: (A) UV from the HST (NASA/John Clarke, BU); (B) IR
(ESO/Tom Stallard, U. Leicester); and (C) X-ray wavelengths from the Chandra Space Telescope (Elsner
et al. 2005). (D) Morphology of the three main types of Jovian aurora (Clarke et al. 2004). (E) Schematic
illustration of charged particles sprialling along the magnetic field and the various emissions they generate as
they approach the atmosphere in the north polar region (from Connerney 1992)
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Fig. 18 Polar projection of the predicted northern aurora on Jupiter for orbit 4 on 21 November 2016 at
14:56:00 UT. The 0◦ meridian is shown as a solid black line. The dashed circles are the Juno horizon at the 1
bar level (thick dashed line) and 1000 km above the surface (thin dashed line). The grey shape is the averaged
UV aurora for February 2007 from HST. The red contour highlights the statistical auroral oval for this month.
The swath and the slit of the Juno-UVS instrument are drawn in green, assuming a pointing mirror angle of
+10◦ . The field of view of the JIRAM instrument is shown in blue along with its swath (thin black line). The
predicted latitude and longitude of the spacecraft is represented by a cross (+). The tick marks indicate the
longitude of the four Galilean satellites, with predicted location of footprints (IFP, EFP, GFP, CFP). The foot
of the field line passing through Juno has been computed with two magnetic field models: VIP4 (thick X) and
VIPAL (∗)

includes three electron sensors (JADE-E) arrayed to instantaneously observe essentially all
pitch angles and one ion composition sensor (JADE-I) (McComas et al. 2014a, this issue).
JADE-E provides complete electron distribution measurements from ∼0.1 to 100 keV with
detailed electron pitch-angle distributions at a 1 s cadence. JADE-I measures ions from
∼0.005 to ∼50 keV over an instantaneous field of view of 270◦ × 90◦ each 4 seconds, with
observations over all directions in space each 30-second rotation of the Juno spacecraft.
JADE-I also provides ion composition measurements from 1 to 50 amu with m/�m ∼ 2.5,
which is sufficient to separate the heavy and light ions, as well as oxygen vs. sulfur ions, in
the Jovian magnetosphere. The JEDI instruments cover wide fields of view to allow them to
measure the electrons and ions moving along the magnetic field. For further discussion of
the Juno JADE experiment see Mauk et al. (2014, this issue).

Figures 13, 14 illustrate how the ∼9.5◦ tilt of the magnetic dipole axis and ∼10 hour spin
of the planet produces multiple crossings of auroral structures. Figure 7 shows that the alti-
tude at which Juno crosses the polar regions varies as the orbit precesses over the mission.
This means that Juno likely passes directly through the regions where auroral particles are
accelerated and allows the MAG and Waves instruments to measure the local magnetic and
electric field perturbations. The Waves instrument measures the electric and magnetic com-
ponents of waves in the frequency range from 50 Hz to 20 kHz and the electric component,
only, from 20 kHz to ∼40 MHz. In survey mode, Waves acquires a complete spectrum from
both electric and magnetic sensors at a nominal rate of once per second within a few hours
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Fig. 19 (A) Morphology of the types of Jovian radio emissions from Zarka (2000). (B) Frequency-time
spectrogram of radio emissions obtained by Cassini when it flew past Jupiter in 2000 (from Zarka et al.
2001a, 2001b). (C) Power of emissions (as received at Earth) for Jovian radio emissions versus frequency.
Kilometric radiation from Saturn, Earth, Uranus and Neptune are indicated as S-, T-, U-, and NKR. Note that
the decimetric synchrotron emission (DIM) is over four orders of magnitude weaker than the high latitude
radio bursts. From Zarka (2004)
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of perijove. Burst data comprising waveforms from 50 Hz through 150 kHz and a 1 MHz
band including the local electron cyclotron frequency are also acquired for a limited number
of ∼minute-long intervals triggered by large amplitudes in the band below 150 kHz. For
further discussion of the Juno Waves experiment see Kurth et al. (2014, this issue).

While the locations of the auroral features are relatively well known, the different mag-
netic field models (as illustrated in Fig. 10) produce slightly different mappings of the in-
stantaneous footprint of the field line passing through the Juno spacecraft. Such uncertainties
in field have to be considered for planning Juno observations but also for analysis of the data
returned, at least for the initial orbits, until the magnetic field is updated using Juno MAG
data. This uncertainty is what drives the need for Waves onboard event detection to retain
the most interesting (most intense) time periods.

Below we look at the three source regions of aurora, summarize current understanding
of how they are generated and describe the issues that Juno addresses.

3.1.1 Main Aurora

Figures 20A, 20B illustrate the location of the main aurora obtained by averaging images
from the Hubble Space Telescope and mapping them onto Jupiter’s rotating coordinates.
The figure shows averages of HST STIS images from Dec. 2000–Jan. 2001 projected to
views from above the (A) north and (B) south hemispheres from Grodent et al. (2003a).
This main emission remains fairly stable in both location (variations of < few degrees)
and intensity (variations of factor ∼few) with limited response to variations in the solar
wind (Nichols et al. 2009b). Note that because the northern magnetic pole is tilted farther
towards the equator than the south, more of the northern auroral region can be imaged than
the south. The “kidney-bean” shape of the northern emission (Pallier and Prangé 2001) is
thought to be due to a region of weak magnetic field—a magnetic anomaly—that is located
at about 75◦N and 115◦ System III longitude that pushes the main aurora poleward and
the tail of the Io-related emission equatorward. The possibility that Jupiter’s magnetic field
has an anomalous region was first proposed by Dessler and Vasyliūnas (1979) to explain
longitudinal variations in the Io torus (see review by Hill et al. 1983). Figure 20C compares
the dayside UV emissions (observed from Earth orbit by HST, Grodent et al. 2008) with
the nightside optical emissions (observed by Galileo, Vasavada et al. 1999). The persistence
of the kink shows that it is internal rather than a feature of local time. Figure 10 illustrates
different attempts to model this high-order structure in Jupiter’s magnetic field (Grodent
et al. 2008; Hess et al. 2011). The fact that Ganymede’s auroral emission usually lies outside
the main auroral oval tells us that these auroral field lines (and the associated currents) map
to distances beyond Ganymede’s 15 RJ orbit, though an exceptional occasion in 2007 is
noted by Bonfond et al. (2012).

The idea that Jupiter’s auroral current system is driven by rotational energy combined
with the production and outward transport of iogenic plasma was first proposed by Hill
(1979) and further developed by many authors (Pontius and Hill 1982; Huang and Hill 1989;
Hill 2001; Cowley and Bunce 2001, 2003; Nichols and Cowley 2004; Ray et al. 2010, 2012,
2014; Nichols 2011). A consequence of the current closure is that the rotation of the iono-
sphere is coupled to the rotation of the equatorial plasmas, and the equatorial plasmas are
accelerated to a substantial fraction of the rigid rotation speed. Hill (1979) pointed out that
these coupling-currents (and corresponding aurora) are stronger where the plasma begins
to slip behind rigid corotation. Voyager measurements showed the plasma departing sig-
nificantly from corotation around ∼17–20 RJ (McNutt et al. 1979). Models gained greater
sophistication with improved current sheet models but the primary differences between the
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Fig. 20 Top: Jupiter’s main auroral emission in the (A) north and (B) south hemispheres (Grodent et al.
2003a, 2003b). Grid lines indicate System III longitude and planetocentric latitude with respect to the spin
axis. The arcs at the lowest latitudes are from Io footprint emissions on different days. Bottom: (C) Optical
emissions observed by Galileo (Vasavada et al. 1999) projected onto the same grid as A, with lines illustrating
locations of the main emissions and the Io footprint. (D) The Iogenic magnetospheric plasma is coupled to
the rotating planet via electrical currents (brown dashed lines) that flow along magnetic field lines (blue solid
lines) to the auroral regions of Jupiter’s atmosphere (adapted from Cowley and Bunce 2001)

various studies cited above are whether the coupling between the planet’s rotation and the
magnetospheric plasma is limited by the transfer of angular momentum from the deep at-
mosphere to the ionosphere (e.g. Huang and Hill 1989); the ionospheric conductance (e.g.
Nichols and Cowley 2004); or the lack of current-carrying electrons at high latitudes be-
tween the ionosphere and plasma sheet, modifying the relation between current and the
voltage along the magnetic field (e.g. Ray et al. 2010). Resolving this issue requires mea-
surements of particles and fields at high latitudes.

Experience at Earth, however, cautions us not to take the sketch in Fig. 20D, nor the
plots in Figs. 13 and 14, too literally and that auroral currents are likely much more struc-
tured and variable than suggested. Mauk and Saur (2007)’s analysis of data in the plasma
sheet indicates there are multiple pairs of upward and downward currents. Saur et al. (2003)
suggested that the structuring is so pervasive on multiple scales that turbulent processes may
be the prime energy conversion mechanism for the generation of Jupiter’s aurora and argue
that there is sufficient energy in the magnetic turbulence to power Jupiter’s main aurora.
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This is perhaps similar to Earth’s “Alfvénic aurora”. Juno not only takes field and plasma
measurements at high cadence at polar latitudes but also makes multiple passes through the
equatorial plasma sheet (illustrated by Figs. 12 and 13 in Sect. 2.4 above) to test such ideas.

Figure 19 illustrates the wide variety of radio wave phenomena (non-Io-DAM, HOM,
b-KOM) expected on main auroral field lines based on our understanding of Earth’s auroral
region. Figure 24 illustrates the range of plasma waves in the auroral region, such as au-
roral hiss which should highlight the field lines that connect to the main auroral emissions
from Jupiter’s atmosphere. These are the types of emissions considered when the Waves
instrument was designed. For example the electron solitary waves, or phase space holes,
were identified in the near-equatorial middle magnetosphere by Barbosa et al. (1981) on
field lines directed nearly parallel to the equator. In 1981 this phenomena was known as
broadband electrostatic noise as the Fourier-transformed appearance of the solitary waves
before the detailed waveforms were identified. Based on the occurrence of broadband elec-
trostatic noise at Earth, Barbosa et al. (1981) used this phenomenon as a connection from
the plasmasheet boundary layer to the auroral region. This was the first identification of the
mapping of the middle magnetosphere back to the main auroral which was confirmed by
the subsequent identification of the H+

3 Io footprint aurora located well equatorward of the
main oval (Connerney et al. 1993). At higher frequencies we expect Juno to traverse the
DAM and/or HOM source regions, hence, we target the Waves experiment at a 1-MHz band
including the local electron cyclotron frequency in order to make high spectral resolutions
of the cyclotron maser instability emissions and compare in-situ measurements to detailed
predictions on mode and propagation angle by Mottez et al. (2010).

A correlation of the auroral emitted power with the solar wind pressure has been re-
ported by Nichols et al. (2007), Clarke et al. (2009), Nichols et al. (2009a). Southwood and
Kivelson (2001) predicted that solar wind compressions would increase the angular veloc-
ity of the equatorial plasma, decrease the currents related to the corotation lag, and thus
result in a dimmer aurora. Contrary to these expectations, Nichols et al. (2007) reported a
brightening of the main emission corresponding to a period when the magnetosphere first
modestly shrunk and then expanded, based on images acquired in 2000 while Cassini was
upstream of Jupiter. Clarke et al. (2009) compared the brightness of the whole Jovian au-
rora with the solar wind conditions during the large 2007 HST campaign and came to a
similar conclusion, i.e. a correlation of the auroral brightness with the solar wind pressure.
Using the same 2007 data set, Nichols et al. (2009a) separated the aurora into distinct re-
gions: the low latitude emissions, the main emissions, and the high latitude emissions, in
order to identify the component of the aurora which responded the most to the solar wind
input. The outer region does not appear to be correlated with the solar wind condition, but
enhancements of the main emissions and, to a lesser extent, of parts of the polar emis-
sions were associated with solar wind compressions, as in Nichols et al. (2007). It should
be noted that estimates of the solar wind conditions at Jupiter relying on Earth-based mea-
surements have always been challenging, the trickiest part being the accurate prediction of
the arrival time of the shocks. The delay between the arrival of a compression region at the
sub-solar magnetopause and the auroral response is thus unclear with the current dataset.
The emission region of the main aurora is buried deep in the magnetosphere and is gener-
ally agreed to be primarily associated with field-aligned currents that couple the 20–30 RJ

plasma disk to the ionosphere. On the other hand, there is evidence for a solar wind con-
nection in non-thermal radio emissions (Prange et al. 1993; Zarka 1998; Echer et al. 2010;
Hess et al. 2012) and energetic particle events couple variations in auroral, Io torus, and the
distant magnetosphere, despite their widely disparate locations (Louarn et al. 2000).

As illustrated in Figs. 13 and 14, Juno crosses regions of these main auroral currents
many times and at a range of altitudes. The MAG, Waves, JEDI and JADE instruments
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make in situ measurements of fields and particles (measuring currents, electric fields, par-
ticle fluxes, etc.) at the same time that UVS, JIRAM and JunoCAM instruments measure
auroral emissions on the planet (characterizing the location, altitude profile and spectra of
the auroral emissions). Moving at ∼20 km/s over the poles of Jupiter, Juno takes only a
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few minutes to cross the narrow width of the main aurora. The opportunity to observe the
whole aurora for various orientations of the dipole will help disentangle local time effects
from System III longitude effects, in term of brightness and location of the main emissions.
Juno will also reveal the relative importance of the internal parameters, such as variations
of plasma sheet density, versus the external parameters, such as the solar wind dynamic
pressure, in determining the morphology and brightness of the main aurora.

Without an upstream monitor of the solar wind, Juno will have to rely on extrapola-
tion from Earth of solar wind properties to Jupiter. Nevertheless, Waves, UVS, JIRAM and
JunoCam will measure the auroral emissions as MAG, JEDI and JADE measure particle
fluxes as the Juno spacecraft makes multiple traversals through magnetic flux tubes con-
nected to the main auroral regions (e.g. see Figs. 14 and 18).

3.1.2 Polar Aurora

Figure 21 shows observations of UV, x-ray and IR emissions from the polar regions of
Jupiter. The major issues with interpreting the polar data include (a) variations in space and
time on a range of scales, and (b) difficulties in mapping to regions of the magnetosphere.
Moreover, these polar regions map to the outer magnetosphere where there is debate about
the magnetospheric dynamics (discussed in Sect. 3.4 below).

Perhaps the most comprehensive study of the polar aurora was completed by Grodent
et al. (2003b) who showed that the polar emissions contribute ∼30 % of the total auro-
ral brightness and show bursts lasting ∼100 seconds. Combining these UV images with IR
spectroscopy of H+

3 emissions (Stallard et al. 2001, 2003), defines three main regions: a dark
region on the dawn side, polarward of the main aurora that may be connected to regions of
magnetospheric flow in the middle to outer magnetosphere where plasma is moving inward
and sunward; an active region around noon and into the dusk side where there are bright
flares and arc-like structures (Nichols et al. 2009a) and a “swirl” region of variable emission
with slow/stagnant flows which may be the region of magnetic flux that connects to the solar
wind. Mapping observed magnetic flux at the equator to the polar regions supports the idea
that the swirl region contains flux tubes that are connected to the planet at one end and are
open to the solar wind at the other (Vogt et al. 2011). Deep in the magnetotail (50–100 RJ),
blobs of plasma—plasmoids—have been observed to disconnect from the plasma sheet and
leave down the magnetotail (Woch et al. 2002; Kronberg et al. 2007; Vogt et al. 2010;
Kasahara et al. 2013). Grodent et al. (2003b, 2004) and Radioti et al. (2008, 2010, 2011)
have associated small bursts of polar emission on the dusk and nightside with these plasma

� Fig. 21 Top: (A) HST image (14 Dec. 2000) illustrates the auroral features poleward of the main oval—the
polar aurora. Arrows point to the dark region and the active region where “flares” and “arcs” are often ob-
served. From Grodent et al. (2003a, 2003b). Middle: Polar projections of X-rays seen by Chandra and si-
multaneous HST UV images. The mapped locations of individual X-ray photons (crosses) are overlaid on
averages of several northern (B) and southern (C) auroral images made with HST-STIS during 10–20 UT
on 18 December 2000. Contours show the surface VIP4 model magnetic field strength, the Io footprint path
(green) and L = 30 (yellow). The size of each cross gives an approximate indication of the uncertainty in
location of the corresponding X-ray photon. The HST-STIS images made with the 25MAMA filter are dis-
played in false colour with auroral H2 emission brightnesses in mega-rayleighs (MR) as indicated by the
colour bar. From Gladstone et al. (2002). Bottom: (D) Spectroscopic IR diagnostics of Jupiter’s polar region.
The typical H+

3 line-of-sight velocity (bold line) and normalized intensity (thin line) plotted against the coro-
tation rate (dashed line). The velocity profile is divided into regions with patterned backgrounds and letters,
directly relating to the lettered sections in the (E) map of ion flow in the northern auroral regions of Jupiter
(at a CML of 160◦): a is low latitude emission; b is the main auroral region; c is the dark region; d is the
active, variable region; e is the stagnant/low speed region. From Stallard et al. (2012)
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ejections. On the dayside, a bright auroral spot has often been seen around noon in a region
that may map to the magnetospheric cusp (Pallier and Prangé 2001, 2004; Waite et al. 2001;
Bonfond et al. 2011).

X-ray emissions from Jupiter have been observed since 1979. Most recent observations
are by the Chandra and XMM-Newton telescopes in Earth orbit (reviewed by Elsner et al.
2005a, 2005b; Branduardi-Raymont et al. 2010). Careful modeling of the interaction of
energetic (10 MeV) oxygen and sulfur ions with Jupiter’s atmosphere suggest that these x-
rays are produced by high-charge-state ions—such as O6+ and O7+—that are stripped of
electrons as they bombard the atmosphere (Hui et al. 2010; Ozak et al. 2010). This begs
the question of where the 10 MeV ions come from. Cravens et al. (2003) suggest high
voltage (million volt) potential drops in regions of downward currents. Bunce et al. (2004)
suggest such accelerations could be produced via reconnection at the dayside magnetopause
in regions of intense downward field-aligned current.

Juno’s MAG, Waves, JEDI and JADE instruments make in situ measurements of fields
and particles, measuring currents, electric fields, particle fluxes, etc., at the same time that
UVS, JIRAM and JunoCAM instruments measure the rapidly varying locations and spectra
of polar auroral emissions on the planet. But the transient and small-scale nature of these
polar emissions likely makes such structures harder to resolve. However, the unique point
of view offered by Juno will allow observations of the whole polar region, including mid-
night emissions poorly visible from Earth, for a complete range of sub-solar longitudes. The
Waves instrument covers the polar auroral region with 1-s cadence full spectra coupled with
burst mode observations as described above for the main auroral oval.

3.1.3 Satellite Aurora

The interaction of magnetospheric plasma with Io, Europa and Ganymede all excite Alfvén
waves that travel along Jupiter’s magnetic field towards the planet (see reviews by Kivel-
son et al. 2004; Saur et al. 2004; Jia et al. 2009). Because of the dense plasma between the
moons and Jupiter, the travel time between these moons and the planet is longer than the
time it takes the corotating plasma to flow past the moon. This means that there is not a
fixed current system connecting the moon to the planet (sometimes described as a “unipolar
inductor”) but rather there is a stream of Alfvén waves that are reflected at the edges of the
Io plasma torus or Jupiter’s ionosphere. The possible exception might be Io where Hill and
Pontius (1998) argue that the stagnated flow close to the moon might allow a closed current
system. We have known for many decades that moons, particularly Io, trigger radio emis-
sions (see Io-DAM in Fig. 19). There are theories proposed for how disturbances generated
by the moons accelerate radio-emitting electrons (reviewed by Hess et al. 2010a, 2010b).
Furthermore, the bright auroral spots (Fig. 17) tell us that fluxes of these electrons bom-
bard the atmosphere. Specifically, Hess et al. (2007a) calculated a typical energy of ∼4 keV
for electrons producing Io-induced fast radio bursts, whereas Bonfond et al. (2008, 2009)
showed that the vertical distribution of aurora above Jupiter’s limb suggests a mean energy
of the electrons of ∼1 keV and that the spacing of multiple auroral spots indicates that elec-
tron beams reflect between hemispheres, which is also consistent with the time-frequency
drift of radio bursts.

Figure 22 shows the characteristic frequency-time arcs of Io-triggered radio emissions
that have been observed with Earth-based radio telescopes since 1964. Such shapes are
well-matched by the recent model of Hess et al. (2008a) that uses current magnetic field
models and assumes that electrons with unstable loss-cone distributions generate the emis-
sion via the cyclotron maser instability. Figure 23 illustrates some of the auroral process
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Fig. 22 Top (a, b, c) Dynamic spectra of typical Io-Jupiter arcs observed by Wind/Waves and the Nancay
decameter array (adapted from Queinnec and Zarka 1998). The various symbols superimposed along the arcs
were used to identify their line of maximum intensity in the frequency-time plane. Bottom (d, e, f) Dynamic
spectra of Io-Jupiter emission for the same time intervals as above simulated using loss-cone cyclotron maser
instability where the black arcs are generated in the northern hemisphere and grey arcs are in the south. From
Hess et al. (2008a, 2008b)

associated with Io, but similar processes are expected to be responsible for auroral spots
produced by Europa and Ganymede. There may be a weak interaction at Callisto but any
auroral emission is probably swamped by the main aurora. Bonfond et al. (2008) used
combinations of electron beams and Alfvén waves to explain the spacing of Iogenic au-
roral spots. While the Io spots and associated radio bursts are associated with electrons
accelerated by Alfvén waves (such as modelled by Su et al. 2003; Hess et al. 2007b;
Jones and Su 2008), Ergun et al. (2009) argues that the auroral emission produced down-
stream of Io (an auroral “wake” sometimes stretching half the way around the planet) is
produced by a steady system of upward and downward currents. Hill and Vasyliūnas (2002)
argue that the Pedersen conductivity of the ionosphere limits the currents and dictates the
length of the wake. Ergun et al. (2009) suggest that the wake extends far behind Io be-
cause the lack of current-carrying electrons at high latitudes limits the currents that can flow
between the mass-loaded plasma behind Io and Jupiter’s ionosphere, implying that poten-
tial structures develop at high latitudes (as sketched in Fig. 20). Parallel potential drops of
∼ keV energy were nevertheless detected in radio above the Io flux tube footprints (Hess
et al. 2007a). Bonfond et al. (2009) questions these two hypotheses since the altitude profile
of the main Io spot and the tail are very similar, suggesting that a similar process (Alfvén
wave acceleration of electrons) generates both features.

The Juno orbits have been designed to systematically map the planet, so it is unlikely
that the spacecraft passes directly through the flux tubes connected to the satellites (e.g.
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Fig. 23 Satellite aurora, shown here for Io, but similar processes are expected to be responsible for auroral
spots produced by Europa and Ganymede. Top: The Alfvén waves generated by the Io-plasma interaction
accelerate electrons. Some of these electrons bombard the atmosphere of Jupiter and excite aurora. But some
of the electrons are reflected between the hemispheres. Bonfond et al. (2008) used combinations of electron
beams and Alfvén waves to explain the spacing of Iogenic auroral spots. Bottom: The disturbance at Io is
coupled to the planet via Alfvén waves that propagate along the magnetic field. It takes some time for the
additional material added to the torus to be brought up to corotation with the surrounding plasma resulting in
a quasi-steady upward and downward current system in the “wake” downstream of Io (Hill and Vasyliūnas
2002). From Ergun et al. (2009)

Fig. 18). But Juno likely crosses at least the wake of the Io auroral emission. We expect that
the UVS and JIRAM instruments will make multiple observations of the satellite auroral
emissions. The location of the different spots, their relative distance as well as the altitudinal
profiles will be observed. Moreover, spectral measurements will provide further information
about the energy of the precipitating electrons and the atmospheric response to this localized
energy input.

As with the main aurora and polar aurora, Waves will use 1-s spectral cadence and its
burst mode to collect detailed waveforms to acquire information on plasma waves contribut-
ing to the presumably Alfvénic-driven aurora and how they compare to the other types of
auroras. The variety of phenomena summarized in Fig. 24 represents the differences one
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Fig. 24 The three types of
auroral zones based on
experience from Earth: upward
currents, downward currents and
Alfvénic regions. Adapted from
Carlson et al. (1998)

would expect from our understanding of Earth’s auroras, hence, we will have an opportunity
to see if a similar menu of phenomena can be attributed to the various Jovian auroras.

3.1.4 Auroral Physics

The obvious advantage of studying auroral processes at Earth comes from both the long
and extensive coverage of observations from the ground, from several decades of spacecraft
observations from a range of altitudes, including inside the Earth’s AKR sources (Viking,
FAST). As in many areas of science, detailed knowledge tends to change basic questions
into more complex questions. Studies of aurorae at other planets, such as Jupiter, requires
us to return to the more basic issues (what are the driving forces, how do the processes
work, what factors modulate auroral behaviors, etc.) and test our understanding of the un-
derlying physics under rather different conditions. In their introductory chapter to Keiling
et al. (2012)’s recent monograph of auroral studies, Mauk and Bagenal (2012) note that
“A central question of planetary space science in general and auroral physics in particular
is: What aspects are universal and what aspects are specific to the conditions that prevail at
any one planet?” The current understanding of auroral processes at Earth is summarized in
Paschmann et al. (2002) as well as in Keiling et al. (2012) where several chapters compare
Earth with other planets.
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A traditional view of the generation of auroral phenomena consists of (1) the generation
of electrical currents and voltages within the magnetized plasma of the magnetosphere, (2)
the diversion of those electrical currents along magnetic field lines toward the polar auroral
regions, (3) the generation of parallel electric fields along the magnetic field lines close to
the planet as a result of the low density of charge carriers in the regions just above the iono-
sphere, (4) the acceleration of charged particles out of the regions of parallel electric fields
onto the upper atmosphere as well as out into the distant magnetosphere, (5) the excitation
and ionization of atoms and molecules within the upper atmosphere by the accelerated elec-
trons resulting in strong auroral emissions and enhancements in the electrical conductivity of
the ionosphere, (6) the closure of the up-going and down-going electric current through the
partially conducting ionosphere, and (7) the associated heating through ohmic dissipation
in the upper atmosphere through the collision of current-carrying ions and neutral atmo-
spheric constituents. These are all general processes that Earth and Jupiter probably share.
The differences are likely found in the relative importance of each process and in the local
properties of the plasma where these processes are operating.

Based on experience at Earth, Fig. 24 (from Carlson et al. 1998) outlines the electric
current structures for different types of auroral zones: upward current regions, downward
current regions and regions of time-varying current. The goal of the FAST satellite was
to gather particles and fields data at a rate fast enough to be able to resolve these auroral
structures as it flew through them (Carlson et al. 1998). Figure 25 (from Paschmann et al.
2002) shows example data obtained by the FAST satellite. At the bottom of Fig. 23 there
is an image from the Polar satellite that shows ultraviolet aurora (measured by the UVI in-
strument) and the projected trajectory footprint of the FAST satellite (similar measurements
were obtained by Viking, see Bahnsen et al. 1989). While FAST took the data in Fig. 25,
it was moving poleward across the nightside auroral oval. The top panel of data shows the
magnetic field perturbation relative to Earth’s reference field, with the inferred field-aligned
currents indicated in green (downward), blue (upward) and the Alfvénic currents in red. The
DC electric field fluctuations in the second panel show the electrostatic shock structures as-
sociated with the auroral acceleration region. The next four panels show ion and electron
spectrograms versus energy and pitch-angle. The bottom three panels show integrated ion
outflow, and wave activity ranging from near-DC to MHz frequencies.

Note that the whole of Fig. 25 covers a duration of only seven minutes during which the
spacecraft traverses at least five different regions. Terrestrial auroral structures are observed
from ∼1000 km in scale down to <1 km and probably extend to smaller scales, below
current observational limits. To observe small scale structures, the FAST mission included
instruments that operated at very high cadence for short-durations—in burst mode. Specif-
ically, ion and electron spectra were sampled every 78 ms while electron fluxes could be
sampled as fast as once every 1.6 ms (Carlson et al. 2001). The FAST spacecraft, over its
>50,000 orbits of Earth, could gather data at rates of 8 Mbits/sec, store and process data
onboard and deliver data to the ground at rates of 2 Mbits/sec (few Gbits/day).

At Jupiter, pre-Juno observations of the auroral structures are limited to remote sensing
either from Earth or from distant spacecraft. In radio at decameter wavelengths the very
high temporal and spectral resolutions achieved from the ground allow to study the source
microphysics (see e.g. Hess et al. 2007a, 2008a, 2008b; Ryabov et al. 2007), but this is
not the case for other waves and particles measurements. Typical width-scales of auroral
structures are on the order of 1◦ or 1500 km in Jupiter’s atmosphere. To scale such widths
to the location of Juno at distance R from the center of Jupiter we use a relationship of
R3/2 corresponding to a dipole field. For example, we find that when Juno is 2 RJ from the
center of Jupiter, it crosses a distance of ∼4000 km corresponding to the width of the main
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Fig. 25 FAST data obtained as the spacecraft passed through the 3 types of coupling regions illustrated in
Fig. 24. Below: UV image of the aurora taken by the Polar satellite. The projection of the FAST trajectory
shows the spacecraft crossing the night side auroral region. From Paschmann et al. (2002)
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aurora. Since Juno is moving at ∼20 km/s over the poles and ∼60 km/s around perijove, this
distance is covered in a few minutes, a couple of Juno spin periods. Thus, the JADE highest
resolution (burst-mode data rate) of 1 sec for electrons and 4 sec for ions (further detailed in
McComas et al. 2014a, this issue) resolves the main auroral and possible sub-structures that
are to be expected if Jupiter’s aurora follows our experience at Earth.

At 10 s keV to MeV energies the JEDI instrument (further detailed in Mauk et al. 2014,
this issue) resolves these structures with ∼second sampling. JEDI detects energetic elec-
trons (above 40 keV to over 500 keV) and energetic ions (about 20 keV to >1 MeV for
protons, and 50 keV to >1 MeV for oxygen) with high energy, time, and angular resolu-
tion. It comprises three nearly identical sensors, two fans covering 12◦ × 160◦ and one that
covers 12 × 148◦. They are mounted on the spinning spacecraft with no moving parts. Two
of the sensors view almost entirely in the plane perpendicular to the high-gain antenna. The
third fan is perpendicular to this plane so that, with the spacecraft spin rate of about 2 RPM,
nearly the whole sky is sampled every 30 s. Within each sensor there are six look direc-
tions to provide angular coverage. At high enough energies, ions and electrons will pass into
the collimator, through a series of foils, and into solid-state detectors. Secondary electrons
liberated in the foils by the passage of the ions also provide a time-of-flight measurement.
Together with the energy detection in the SSD, the ion energy and species can be calculated.

In the polar regions, JEDI has excellent coverage of precipitating and upwardly moving
energetic particles. Dense, heavy ion plasma is centrifugally confined at Jupiter, but particles
at the JEDI energies can mirror at high latitudes and even reach the planetary atmosphere.
It is expected that fluxes of particles that generate the planetary aurora and heat and ion-
ize Jupiter’s upper atmosphere will be obtained with very high time and spatial resolution.
Outside the polar regions, JEDI will detect the electron and ion radiation belts of Jupiter.
Furthermore, by shielding some detectors on one of the sensors, JEDI measures the flux of
>1 MeV electrons hitting the detector.

At high latitudes along the Juno orbit, JEDI makes very coarse measurements of ener-
getic neutral atoms (ENAs) emitted from the inner regions. These are neutrals created when
energetic ions undergo charge-exchange collisions with neutral populations. The resulting
ENA has approximately the same energy as its parent ion. ENAs in Saturn’s magnetosphere
have been invaluable in understanding some polar processes and magnetospheric activity
in general. They are a tool for inferring the presence of neutral distributions and also for
illuminating temporal magnetospheric processes.

The MAG investigation measures the vector magnetic field throughout periapsis at a
rate of 64 vector samples per second, with a vector accuracy of 100 parts per million in
magnitude and direction referenced in inertial space (via the ASC star cameras co-located
with the MAG sensors) to some tens of arcseconds. This should allow us to resolve auroral
current sheets with a characteristic dimension of about a km (further detailed in Connerney
et al. 2014, this issue).

Associated with the main aurora are broadband kilometric (bKOM), and hectometric
(HOM), and decameteric (DAM) radio emissions (Fig. 19, Zarka 2000). The Juno Waves
experiment measures AC electric fields between frequencies of 50 Hz and >40 MHz, not
only detecting radio emissions along much of the orbit but also directly measuring the elec-
tric fields in high latitude regions where these emissions are thought to be generated (further
detailed in Kurth et al. 2014, this issue). These measurements allow us to study the mi-
crophysics of the radio sources in situ, as done at Saturn with Cassini (Lamy et al. 2010;
Mutel et al. 2010). But the Waves experiment will also detect the Jovian radio emissions
along much of the orbit. Modeling the time-frequency morphology of these emissions
has proved to provide efficient remote sensing of their source region (Hess et al. 2008a,
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2008b, 2010a, 2010b). Although DAM emissions are not detected above 40 MHz by a near-
equatorial observer, today’s magnetic field models permit an emission at slightly higher
frequencies, that could be beamed only toward high latitudes. Juno will settle this question.

Just as Fig. 25 shows an Earth auroral image taken by Polar while FAST gathered in situ
data, the Juno UVS, JIRAM and JunoCam instruments image the Jovian aurora in UV, IR
and visible wavelengths while Juno’s in situ detectors measure the local particles and fields.
The cadence of the remote sensing data is largely dictated by the 30 second spin period
of the spacecraft. As with FAST, it is key to arrange the Juno data sets together to allow
identification of the types of auroral regions from combined plots such as shown in Fig. 25.

3.2 Synchrotron/Radiation Belts

The radio emissions at decimeter wavelengths (DIM, see Fig. 19) are known to be syn-
chrotron emission from energetic (∼MeV) electrons that are trapped in Jupiter’s strong
magnetic field within a few Jovian radii (see reviews by Carr et al. 1983; Bolton et al.
2004). Spacecraft traversals of the Jovian magnetosphere have also measured strong fluxes
of energetic particles much farther from Jupiter in an outer radiation region (6–20 RJ) is be
discussed in Sect. 3.3 below.

Figure 26 presents synthetic images of Jupiter’s inner radiation belts obtained via remote
sensing of electromagnetic radiation via high frequency (DIM) radio emission and models
of electron fluxes based on these emissions plus a few in situ measurements obtained when
Pioneer 11 and Galileo passed through this region. Note that Fig. 26A shows a ground-
based observations intensity at 1400 MHz made at the Very Large Array (VLA) and shows
emission from particles at both the magnetic equator as well as at high latitudes. Figure 26B
shows linear polarization recorded by the Cassini spacecraft (when it flew past Jupiter in
2000), and only shows emission from the particles concentrated at the equator. Santos-Costa
et al. (2008) show less than factor of ∼2 variation in total radio flux between 1962 and 2002.
The bottom of Fig. 26 shows a sketch of the processes that affect the radiation belt particles
as they diffuse inwards toward Jupiter, interact with moons and dust, and lose energy via
radiating synchrotron emission (Santos-Costa and Bourdarie 2001; Santos-Costa and Bolton
2008).

Synchrotron emission from Jupiter’s inner radiation belt is a foreground “noise” source
for microwave observations of the atmosphere, but also provides valuable information about
the distribution of high-energy electrons trapped in Jupiter’s inner magnetosphere. Ground-
based measurements have been used to adjust models of the radiation belts (Garrett et al.
2005), but the spatial resolution is limited. Furthermore, synchrotron emission is beamed in
the direction of electron motion, which is inextricably linked to the Jovian magnetic field,
and the strength of synchrotron emission is dependent on both the energy of the electrons and
the strength of the magnetic field. From Earth, we can only observe Jupiter from a limited
range of angles, all within ∼10 degrees of the magnetic equator. As an electron spirals
up and down the magnetic field, it spends most of its time near the ”mirror point”, where
it reverses direction with a pitch angle of 90 degrees. The synchrotron emission taps the
perpendicular energy of the electrons and the bulk of the Jovian synchrotron emission seen
from Earth comes from electrons mirroring on magnetic field lines that are perpendicular to
the line of sight. Thus, information about the energy distribution of the electrons is entangled
with information about their pitch-angle distribution, and complicated by the structure of
Jupiter’s magnetic field. The MWR on Juno (Janssen et al. 2014, this issue) does not suffer
from this limitation.

With each spin of the spacecraft, MWR observes the synchrotron emission at each of
six frequencies, over a wide range of angles, from a unique vantage point. Furthermore,
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Fig. 26 Jupiter’s synchrotron/radiation belts. Top: Images of radio emission at (A) 1400 MHz obtained by
the VLA (total intensity); (B) 2.2 cm obtained by the Cassini spacecraft (horizontal linear polarization). From
Bolton et al. (2004). Middle: Models of omni-directional differential electron fluxes in a meridian plane for
three energies (from Bolton et al. 2004). Bottom: Schematic of electron transport, energization, and loss
processes at Jupiter that contribute to the spatial and spectral characteristics of the synchrotron emissions
from Jupiter’s inner magnetosphere. From Santos-Costa and Bolton (2008)

the magnetometer experiment on Juno will be making a greatly improved map of the Jo-
vian magnetic field (B). The different frequencies pick out different electron energies (ε)
because the peak frequency of the synchrotron spectrum is proportional to ε2B . As shown
in Fig. 26A, observations with the Very Large Array (VLA) show strong emission near the
equator, implying a “pancake” distribution of electrons with equatorial pitch angle close to
90 degrees, plus high-latitude lobes which require a component with a more isotropic distri-
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bution of pitch angles near L = 2. The relative absence of emission at intermediate latitudes
adds complexity, requiring either a more complicated pitch-angle distribution or an energy
distribution that depends on both pitch angle and L-shell. Juno’s trajectory takes it over the
poles, and close to the planet at the equator, allowing both the high latitude and the equatorial
regions to be observed at a wide range of angles with respect to the magnetic field, including
both parallel and perpendicular to the field lines. Observations at multiple frequencies from
this wide range of vantage points, combined with a precise map of the magnetic field, allows
us to disentangle the energy and pitch angle distributions from the line-of-sight effects. This
is because the source is optically thin, allowing tomographic reconstruction.

The JEDI instrument (Mauk et al. 2014, this issue) makes in situ measurements of the
radiation belts, characterizing electron spectra up to 0.5 MeV. However, there is informa-
tion about electron intensities at higher energies that is provided in two different forms.
(1) JEDI includes “witness detectors” that reside within the FOV of JEDI that are covered
with enough shielding to prevent <1 MeV electrons from hitting them. By comparing the
response of these witness detectors to the identical detectors within the JEDI FOV that do
not have the shielding, JEDI measures the integrated flux of >1 MeV electrons. (2) The
overall shielding to the JEDI SSD detectors is sufficient to keep penetrating electrons with
energies greater than a threshold value (∼12 MeV) of electrons from reaching the detectors.
This means that all of the solid-state detectors could be impacted by electrons with energy
>12 MeV. Since both the >1 MeV and the >12 MeV electrons that reach the detectors also
penetrate the detectors, modeling these responses should be able to provide a measure of the
in situ fluxes of electrons in this energy range.

In addition to the inner electron radiation belts mentioned above, there is also an inner
radiation belt of energetic protons. The source of these ions is likely the CRAND process
(cosmic ray albedo neutron decay). Here cosmic rays impact Jupiter or its ring; the cosmic
rays are able to liberate neutrons from material and these decay in a very short time. If this
decay occurs close enough to the planet, the proton becomes trapped by the magnetic field.
From studying the proton radiation belts of Saturn, Cassini has clarified the pathway from
cosmic rays to the intense proton belts. Roussos et al. (2011) correlated the protons in the
Saturn belts with the solar cycle phase and suggest that during times of high solar activity,
the cosmic rays are impeded from entering the solar system and the proton belts are weaker.

3.3 Plasma Sheet

The magnetosphere of Jupiter extends well beyond the orbits of the Galilean satellite system.
These moons provide most of the plasma that forms a disk around the planet (see list of
properties in Table 3 and reviews by Thomas et al. 2004; Khurana et al. 2004; Krupp et al.
2004). In particular, Io loses about one ton per second of atmospheric material (mostly
SO2 and dissociation products), which, when ionized to sulfur and oxygen ions, becomes
trapped in Jupiter’s magnetic field (Fig. 1D). Compared with the local plasma, which is
nearly corotating with Jupiter at 74 km/s, the neutral atoms are moving slowly, close to
Io’s orbital speed of 17 km/s. When a neutral atom becomes ionized (largely via electron
impact) it experiences an electric field, resulting in a gyromotion of 57 km/s. Thus, new
S+ and O+ ions gain 540 eV and 270 eV in gyro-energy, respectively. The new “pick-
up” ion is also accelerated up to the bulk speed of the surrounding plasma. The necessary
momentum comes from the torus plasma, which is in turn coupled, via field-aligned currents,
to Jupiter—the Jovian rotation being the ultimate source of momentum and energy for most
processes in the magnetosphere. About one-third to one-half of the neutral atoms are ionized
to produce additional fresh plasma while the rest are lost via reactions in which a neutral
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Table 3 Flow of mass and energy through the magnetosphere of Jupitera

Magnetosphere of Jupiter

Mass of neutrals ∼70 kton

Mass of plasma 1.5 Mton

Plasma production 260–1400 kg/s

Neutral production 600–2600 kg/s

Fast neutral loss 320–1740 kg/s

Plasmoid lossb ∼30 kg/s

Solar wind fluxc 230 ton/s

Total Kinetic Energyd 7.5 × 1018 J

Power: Kinetic Energyd 1.4–7.8 TW

Total Thermal Energye 1 × 1018 J

Power: Plasma Thermal Energye 0.3–1.4 TW

Total Energetic Ion Energyf 1.4 × 1019 J

Power: Energetic Ion Energyf 2.7–15 TW

Net Heating of Plasma Disk 3–16 TW

Power: Atmosphere/ionosphereg ∼200–300 TW

Power: Solar Windh ∼200 TW

Power: UV Torus Emission 1.2–2.5 TW

Power: Aurora 200–800 GW

Power: Magnetotail Flows 1 TW

Power: Satellite Interaction 1 TW

Power: Satellite Aurora 6 GW

aFrom Bagenal and Delamere (2011)

bBased on estimate of one plasmoid per day, from Bagenal (2007)

cFlux of solar wind onto area of πR2
T where RT is magnetopause distance at terminator (∼150 RJ)

dRotational kinetic energy of plasma. Power estimate assumes a range in time scales of 11–60 days
eTotal thermal energy of the plasma in plasma disk. Power estimate assumes a range in time scales of 11–60
days
fTotal energy of the supra-thermal component of plasma in the plasma disk, from Mauk et al. (2004). Power
estimate assumes a range in time scales of 11–60 days
gPower transferred from the thermosphere/ionosphere to the magnetosphere for models of Cowley et al.
(2005) and of Yates et al. (2012)
hAbout 1 % of the kinetic energy flux of solar wind onto area of πR2

T where RT is the magnetopause distance
at terminator (∼150 RJ)

atom exchanges an electron with a torus ion. When neutralized, the previously charged,
corotating particle is no longer confined by the magnetic field and, since the corotation speed
is well above the gravitational escape speed from Jupiter, flies off as an energetic neutral
atom. This charge-exchange process adds gyro-energy to the ions and extracts momentum
from the surrounding plasma, but it does not add more plasma to the system.

Strong centrifugal forces confine the plasma near the equator. Thus, the densest plasma
forms a torus around Jupiter near the orbit of Io. A lighter population of H+ ions (with a
relative concentration of a few % and a temperature of a few 10 s eV), less confined near
the equator, has been inferred from radio (DAM) measurements (Zarka et al. 2001b). The
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Io plasma torus has a total mass of ∼2 megaton, which would be replenished by a source
of ∼1 ton/s in ∼40 days. Multiplying by a typical energy (Ti ≈ 60 eV, Te ≈ 5 eV) we ob-
tain ∼6 × 1017 J for the total thermal energy of the torus. The observed UV power is about
1.5 TW, emitted via more than 50 ion spectral lines, most of which are in the EUV. This
emission would drain all the energy of the torus electrons in ∼7 hours. Ion pickup replen-
ishes the energy, and Coulomb collisions feed the energy from ions to electrons, but not at
a sufficient rate to maintain the observed emissions. A source of additional energy, perhaps
mediated via plasma waves and/or Birkeland currents, seems to be supplying hot electrons
and a comparable amount of energy as ion pickup. The ∼40 day time scale (equivalent to
∼100 rotations) for the replacement of the torus indicates surprisingly slow radial trans-
port that maintains a relatively strong radial density gradient. Flux tubes laden with denser,
cooler, plasma move outwards while relatively empty flux tubes containing hotter plasma
from the outer magnetosphere move inwards—a process called flux tube interchange (re-
viewed in Thomas et al. 2004).

Voyager, Galileo, and, particularly, Cassini observations of UV emissions from the
torus show temporal variability (by about a factor of a few) in torus properties (see re-
view by Thomas et al. 2004 for earlier papers and more recent work with Cassini data
by Steffl et al. 2004a, 2004b, 2006). Models of the physical chemistry of the torus match
the observed properties in regard to the production of neutral O and S atoms, radial
transport time, and source of hot electrons (Delamere and Bagenal 2003). A population
of supra-thermal electrons is essential for producing both ionization states (the average
ionization state of ions in the torus is between 1.6 and 1.9) and the terrawatts of UV
emissions. Steffl et al. (2008) showed that a small (<1 %) hot electron population that
varies with longitude and drifts by a few percent with respect to corotation could ex-
plain modulations in ionization state and emissions. This is supported by the subcorotat-
ing nKOM sources identified as plasma inhomogeneities in Io’s torus (Reiner et al. 1993;
Zarka 1998). Rotation dominates the plasma flows observed in the Jovian magnetosphere out
to distances of ∼70 RJ. Yet, the presence of sulfur and oxygen ions in the middle magneto-
sphere, far from Io, indicates that plasma is transported outwards, transverse to the magnetic
field. The net radial transport is thought to be slowest near Io’s orbit (∼15 m/s) and to speed
up farther out (∼50 m/s beyond 10 RJ). Plasma from the Io torus spreads out from Jupiter
as a ∼5 RJ-thick plasma sheet throughout the magnetosphere.

Figure 27 shows an overview of conditions in the Jovian plasma sheet and Table 3 lists
estimates of the mass, energy and flows of these quantities through the Jovian system. The
distribution of plasma is based on Voyager and Galileo data, combined with simple mod-
els for the distribution of plasma along magnetic field lines (see discussion in Bagenal and
Delamere 2011). The total plasma density (Fig. 27A) is fairly well measured in the Jovian
plasma sheet by different instruments and has a profile that seems fairly constant (to a fac-
tor of ∼2) with time. On the other hand, the measurement of the temperature of the ions
(Fig. 27B) is complicated by (a) the mixture of ions of O and S in a range of ionization states,
dominated at the ∼80 % level by O+ and S++ ions which both have a mass/charge ratio of
16 amu/e; (b) ion distributions with non-Maxwellian supra-thermal tails; and (c) plasma
instruments with different upper limits to their measurement range in E/q (∼6 keV for Voy-
ager, ∼50 keV for Galileo). For example, as illustrated in Fig. 27B, there are clearly times
when the Voyager PLS instrument (data shown in black) measured pockets of plasma con-
taining a cold population of ∼10 eV ions in the plasma sheet out to >40 RJ (Belcher 1983).
At the same time, the Galileo PLS instrument (green data points) showed that, because of
the high energy tail of the ion distribution, typical ion energies average from ∼200 eV at
10 RJ, up to 1000 eV beyond 20 RJ. The smooth curve of temperature in Fig. 27B is con-
sistent with the latitudinal distribution of density measured as the plasma sheet flapped over
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Fig. 27 Radial profiles along the equator of electron density (A), ion temperature (B), and particle pressure
(C), based on Galileo and Voyager data (Bagenal and Delamere 2011). (D) shows the ratio of particle pressure
to magnetic field pressure (plasma beta) from Mauk et al. (2004). (E) By combining mass density and the
Connerney (1992) O+

4 -current sheet magnetic field model, a local Alfvén speed can be estimated

the spacecraft (see discussion in Bagenal and Delamere 2011). Considering the Voyager and
Galileo plasma measurements together provides a picture of a dense central plasma sheet
with ∼100 eV heavy ions plus a less-confined supra-thermal >1 keV population (perhaps
combining both protons and heavy ions) that increasingly dominates the plasma pressure at
larger radial distances.

The important conclusion, however, is that as the plasma moves radially outwards
through the plasma sheet, it heats up. This is contrary to expectations that the plasma would
cool on expansion into a larger volume. The nature of the heating mechanism has remained
a puzzle since the first Pioneer flybys of Jupiter in the 1970s (Dessler 1983). Figure 27C
shows plasma pressure (directly proportional to energy density) as a function of distance
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from Jupiter in the plasma sheet. The green line shows the thermal pressure of the bulk of
the plasma (the thermal core of the ion distribution), the blue dotted curve shows the supra-
thermal population of ions (10s keV energies), while the dark red long-dashed line shows the
ratio of these pressures. The pressure of the energetic ions dominates over the torus plasma
except very close to the orbit of Io where the profile drops precipitously. This drop is due
to the inward-diffusing energetic ions charge exchanging with the cloud of neutral particles
that surround the orbit of Io and, to some extent, Europa. Apart from the region close to
Io, the energetic particles not only dominate over the pressure of the thermal plasma but
beyond about 15 RJ the ratio of particle pressure to the pressure of the magnetic field (char-
acterized by the parameter β) is greater than unity, rising to over a hundred beyond 40 RJ.
The consequence of this high-β plasma is the stretching of the plasma sheet (Sect. 2.3) and
compressibility of the magnetosphere, as discussed in Sect. 2.2 above.

As noted by Northrop and Birmingham (1982), there is plenty of rotational energy in the
atmosphere of Jupiter. Estimates of the power transferred from the thermosphere/ionosphere
to the magnetosphere are on the order of 200–300 TW (Hill et al. 1983; Cowley et al. 2005;
Yates et al. 2012). The issue is how to transfer the bulk motion of rotation into heating
the plasma. Kivelson and Southwood (2005) proposed that the expansion of fluxtubes on
the dusk side of Jupiter’s magnetosphere could be sufficiently rapid to violate the second
adiabatic invariant, leading to ion heating. Preliminary studies by Vogt et al. (2013) suggest
this could be a viable mechanism.

Combining the plasma mass density with a magnetic field model, in this case the Con-
nerney (1992) O6-plus-current sheet model, we get an estimate of the local Alfvén speed
(Fig. 27E). Note that the speeds are quite slow in the plasma sheet (<300 km/s) but ap-
proach the speed of light off the magnetic equator, closer to the planet where the magnetic
field is very strong and the density very low. Since Alfvén waves are how stresses are con-
veyed between the magnetospheric plasma and Jupiter’s ionosphere, it is these high Alfvén
speeds that make numerical models of the Jovian magnetosphere so demanding. At the same
time, the very large scales of the Jovian magnetosphere produce large timescales for Alfvén
waves to travel between the equator and ionosphere. For example, at 100 RJ the one-way
Alfvén travel time is about 100 minutes, during which time Jupiter’s ionosphere has rotated
60◦ and the plasma sheet has rotated about 30◦. The Alfvén speed would be further de-
creased if, as Vogt et al. (2013) suggest, the ions develop high thermal anisotropy. Thus, as
the plasma moves radially away from the planet we expect it to be increasingly de-coupled
from the rotating ionosphere.

Table 3 lists quantities that illustrate the flow of mass and energy through the system. The
distribution of mass for typical conditions in the plasma sheet is shown in Fig. 28. Variation
in torus emissions observed over several months by Cassini reflect the observed changes in
the output of Io’s volcanic plumes of about a factor of 5 (between 600 kg/s and 2600 kg/s of
neutral material). Note that these are sources of neutral material. Physical chemistry models
matching the Voyager and Cassini data suggest that between 1/2 to 2/3 of this material
is lost through charge exchange reactions as neutrals that escape the Jovian system. This
means that only 1/3 to 1/2 of the neutral production rate (260 to 1400 kg/s) becomes
plasma that is transported radially outwards through the plasma disk. Taking these val-
ues of plasma production/transport (∼=) and the observed density profile, gives radial trans-
port speeds of ∼50 to ∼200 km/s (Fig. 28B). The corresponding range in torus residence
time varies inversely with the source strength, from 14 to 64 days (Delamere et al. 2004;
Bagenal and Delamere 2011). This produces relatively minor (factor ∼2) variations in den-
sity with time.

The status of understanding of the structure and dynamics of the Jovian magnetosphere
at the end of the Galileo mission are summarized by Khurana et al. (2004) and Krupp et al.
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Fig. 28 Radial properties of the
Jovian plasma disk. (A) Mass per
unit radial distance outwards
through the disk and cumulative
mass of the disk, based on the
density and temperature profiles
in Fig. 27. (B) Radial transport
speed and cumulative time for
radial transport assuming high
(1.4 tons/s) and low (0.26 tons/s)
rates of mass production and
transport (From Bagenal and
Delamere 2011)

(2004) respectively. More recent studies can be categorized as those which concentrate on
the structure of the magnetodisk with simplified assumptions about the coupling to the ther-
mosphere/ionosphere (Nichols and Cowley 2004, 2005; Cowley et al. 2005, 2007; Nichols
2011), vs. models which simplify the magnetospheric structure and concentrate on the
thermosphere-ionosphere structure and dynamics (Smith and Aylward 2009; Tao et al. 2009;
Yates et al. 2012). Figure 29 provides an example, from Nichols (2011), of the magnetic field
and current sheet structures for a steady-state axisymmetric model. They assume the plasma
sheet content has a constant value of 8×1021 ions per Weber for three values of the quantity
(Σ∗

P/ ∼=) where Σ∗
P is the effective conductivity of the ionosphere and ∼= is the mass flux

through the plasma sheet.
Estimates of the potential power supply from the thermosphere/ionosphere to the mag-

netosphere for the model of Cowley et al. (2005) are about 200 to 300 TW (Table 3).
Yates et al. (2012) find similar numbers with a similar model with more sophisticated treat-
ment of the atmosphere/ionosphere. Studies by Ergun et al. (2009) and Ray et al. (2010,
2012, 2014) point out that the lack of plasma between the plasma sheet and the ionosphere
leads to small-scale regions of parallel electric fields (“double-layers”) a few RJ above the
ionosphere. They argue that the linear approximation to Knight’s current-voltage relation
(Knight 1973), commonly assumed for ionosphere-magnetosphere coupling, breaks down
and that the currents flowing between the two regions become saturated, modifying the
coupling between the magnetosphere and ionosphere. There is clearly plenty of energy in
the atmosphere/ionosphere to both accelerate and heat the Jovian plasma sheet (see power
estimates in Table 3). The outstanding questions of the dynamics of the Jovian plasma
sheet are (a) what specific processes control the momentum transfer from the planet to
the magnetosphere—as well as how/when these processes fail to transfer momentum—and
(b) how processes convert rotational momentum into heat in the plasma sheet. Vasyliūnas
(1994) developed a general description of how the magnetospheric plasma will decouple
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Fig. 29 Magnetic field and
current sheet structures computed
using three values of the quantity
(Σ∗

P/M), (A) 10−5, (B) 10−4,

and (C) 5 × 10−4 mho s kg−1.
The black lines indicate magnetic
field lines, and the colors indicate
the density jψ (in nA m−2).
From Nichols (2011)

from the ionosphere where the acceleration time (in its simplest form proportional to the
ionospheric Pedersen conductivity times the magnetic field divided by the flux tube content)
becomes comparable to or exceeds the radial out flow time scale. This is a generalization of
Hill (1979)’s inertial limit to corotation. But, as we have mentioned above, the complicating
factors of finite Alfvén travel time between the plasma disk and the ionosphere, plus the
possibility of double-layers and current saturation, leaves the question of what controls the
de-coupling of the magnetosphere from the ionosphere poorly determined.

A major scientific goal of the Juno mission is to explore the key high latitude regions
for the first time as well as make multiple traversals of the plasma sheet to quantify the
conditions and discriminate between different theories of how the magnetosphere couples
the planet’s angular momentum to the plasma sheet. The trajectories shown in Figs. 12
and 13 illustrate that Juno traverses the plasma sheet many times during the outer sec-
tions of the science orbits, making many passes through the region on the left-hand half
of the plots in Fig. 27. The JADE instrument makes extensive measurements (density, tem-
perature, flows, composition) in the energy range of ∼0.1 to 100 keV for electrons and
∼0.005 to ∼50 keV for ions; electron pitch angle distributions can be returned as rapidly
as a 1 s cadence and complete ion measurements are made over the 30s spacecraft rotation
(for details see McComas et al. 2014a, this issue). At the same time, the JEDI detectors
measure the 10 s–100 s keV ions and electrons (for details see Mauk et al. 2014, this is-
sue). The MAG instrument provides measurements of the magnetic field, both the internal
field and perturbations due to currents flowing in the plasma sheet, and also derive an es-
timate of the coupling currents between the planet and the magnetosphere. The Waves in-
strument provides measurements of plasma waves that could be heating the plasma as well
as an estimate of the total electron density. For specific plasma sheet crossings selected by
the MWG, Waves will increase its cadence from the nominal 1 spectrum per 30 seconds
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to one per 10 seconds. Presently, no burst data are planned for these, but such observa-
tions are possible if deemed to be important. These combined particles and fields mea-
surements allows us to characterize the plasma properties and their variations with radial
distance, latitude and longitude. Over the ∼12 months that Juno is in the Jupiter system
we will improve the estimates of mass and energy flow through the system (e.g. the quan-
tities in Table 3) as well as describe any variations with time due to either volcanic output
of Io or solar wind disturbances passing the Jovian magnetosphere. We will also moni-
tor the location of the main emissions and the Ganymede footprint, since they also vary
as a function of the mass outflow rate and the plasma sheet density (Grodent et al. 2008;
Bonfond et al. 2012).

Furthermore, key for our understanding of atmosphere-ionosphere-magnetosphere cou-
pling is the region of low plasma density between the plasma sheet and ionosphere (Fig. 13).
Juno makes in situ measurements of the thermal plasma (JADE) and energetic particle pop-
ulations (JEDI) as well as detect perturbations in the electric (Waves) and magnetic (MAG)
fields in these regions where, if experience at Earth applies, we expect to see potential
structures—transient or steady-state—as illustrated in Figs. 20, 23 and 24.

3.4 Outer Magnetospheric Dynamics

As plasma moves radially outwards in the plasma sheet, the coupling to the rotating iono-
sphere weakens, and the influence of the solar wind increases. Beyond about 50 RJ the ra-
dial outflow becomes comparable to the azimuthal (rotational) speed and the plasma spirals
outwards (see Fig. 2). The high-beta plasma sheet (Fig. 27D) is very compressible as mani-
fested by the observed weaker power law dependence of the magnetopause standoff distance
on solar wind ram pressure (nominally, RMP ∝ (ρV 2)

−1/4.5
sw ) than the −1/6 power law that

one expects for a magnetic dipole alone (discussed in Sect. 1.2 above). On the dayside of the
magnetosphere the ram pressure of the solar wind compresses the magnetosphere. Inward
motion on the dawn side reduces the load on the ionosphere, producing a correspondingly
dark region in the dawn polar aurora (Fig. 21A). On the dusk side the plasma expands out-
wards and strong currents try to keep the magnetospheric plasma corotating. These strong
currents produce the active dusk polar aurora. Kivelson and Southwood (2005) argued that
the rapid expansion of flux tubes in the afternoon to dusk sector means that the second adi-
abatic invariant is not conserved, which results in the heating and thickening of the plasma
sheet (Vogt et al. 2013).

As pointed out in his seminal article (in which the dynamics of the outer magneto-
sphere was first addressed in a substantial fashion) Vasyliūnas (1983) argued that at some
point centrifugal forces take over from rotational coupling to the planet, stretching out
the plasma sheet and magnetic field to the point where the plasma disconnects from the
planet as blobs of plasma—plasmoids—that are ejected down the tail. Vasyliūnas (1983)
presented a sketch of magnetospheric structure that looks similar to the left hand of Fig. 2
except that the line of plasmoid disconnections—the x-line—is tilted away from the Sun
on the dawn side rather than sunward. Analysis of plasma and magnetic field data led
several authors to conclude that the x-line is sporadic and is tilted sunward on the dawn-
side (Woch et al. 2002; Kronberg et al. 2005, 2008; Vogt et al. 2010; Ge et al. 2010;
Kasahara et al. 2013). The flow lines in the outer magnetosphere shown in Fig. 2A were cal-
culated by combining an empirically-derived azimuthally symmetric spiral (roughly equal
rotation and outward transport), with anti-solar stresses associated with coupling of the solar
wind (via small-scale, intermittent reconnection at the magnetopause boundary layer) to the
magnetosphere (Delamere and Bagenal 2010, 2013). Alternative views (e.g. Cowley et al.
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2007; Kivelson and Southwood 2005; Badman and Cowley 2007) combine the Vasyliūnas
rotationally-driven ejection of plasmoids with a cycle of large-scale opening reconnection on
the dayside and closing reconnection (entraining flux from the lobes) in the tail driving mag-
netospheric convection, as first proposed for the Earth by Dungey (1961). One problem with
invoking a substantial role for a Dungey-style reconnection-driven convection system is that
there is very little evidence of much dayside reconnection, making the Dungey reconnection
potential small compared with the planetary corotation potential (Walker and Russell 1985;
Badman and Cowley 2007). While the involvement of lobe reconnection remains debated,
the presence in the post-midnight local time sector of an x-line (likely variable in both time
and space) is generally accepted, with plasmoids ejected tailward and sun-ward, depolariz-
ing flows on the Jupiter side of the x-line. For the foreseeable future the dusk side of the
Jovian magnetotail remains terra incognita and, unfortunately, will not be explored by Juno.

Pursuing evidence for Vasyliūnas’ argument that plasmoids are ejected down the Jovian
magnetotail, Grodent et al. (2003b, 2004) found spots of auroral emission poleward of the
main aurora connected to the nightside magnetosphere that lasted for a few 10s of minutes.
Such events appear to recur every 2 to 3 days (Radioti et al. 2008). These flashes seemed to
occur from the dusk sector to the dawn sector, and they are probably coupled to a region of
the magnetotail that was about 5 RJ to 50 RJ across and located further than 100 RJ down
the tail (Grodent et al. 2004, Radioti et al. 2010, 2011). Studies of in situ measurements
(Russell et al. 2000; Woch et al. 2002; Kronberg et al. 2005; Vogt et al. 2010; Ge et al. 2010;
Kasahara et al. 2013) led to the conclusion that plasmoids on the order of ∼25 RJ in scale
were being ejected every 4 hours to 3 days, with a predominance for the post-midnight
sector at distances of 70 RJ to 120 RJ. Using radio signatures, it was shown that global
perturbations affect the whole disk, from Io torus to 100–120 RJ, on time scale of a few
hours and quasi-periodic variations of 3–10 days (Louarn et al. 1998). Interestingly, these
major disturbances are closely related to phases of thickening/thinning of the disk and, thus,
likely to sequence of plasma loading/unloading of the disk (Louarn et al. 2000, 2001).

Could such plasmoids account for most of the plasma loss down the magnetotail? Bage-
nal (2007) approximated a plasmoid as a disk of plasma sheet 2 RJ thick having diameter
25 RJ and density of 0.01 cm−3, so that each plasmoid has a mass of about 500 ton. Ejecting
one such plasmoid per day is equivalent to losing 0.006 ton/s. Increasing the frequency to
once per hour raises the loss rate to 0.15 ton/s. Thus, on the one hand, even with optimistic
numbers the loss of plasma from the magnetosphere due to such plasmoid ejections cannot
match the canonical plasma production rate of 0.5 ton/s. On the other hand, a steady flow
of plasma of density 0.01 cm−3, in a conduit that is 5 RJ thick and 100 RJ wide, moving at
a speed of 200 km/s would provide a loss of 0.5 ton/s. Such numbers suggest that a quasi-
steady loss rate is feasible. The question of the mechanism remains unanswered. Bagenal
(2007) proposes a diffusive “drizzle” across weak, highly stretched, magnetotail fields, or
perhaps a quasi-steady reconnection of small plasmoids, below the scale detectable via au-
roral emissions and limited spacecraft measurements.

In the spring of 2007 the New Horizons spacecraft flew past Jupiter, getting a gravita-
tional boost on its way to Pluto, and made an unprecedented passage down the core of the
Jovian magnetotail, exiting on the northern dusk flank. For over three months, while cover-
ing a distance of 2000 RJ, the spacecraft measured a combination of iogenic ions and iono-
spheric plasma (indicated by H+ and H3+ ions) flowing down the tail (McComas et al. 2007;
McNutt et al. 2007). The fluxes of both thermal and energetic particles were highly variable
on time scales of minutes to days. The tailward fluxes of internally generated plasma led Mc-
Comas and Bagenal (2007) to argue that perhaps Jupiter does not have a complete Dungey
cycle but that the large time scale for any reconnection flow suggests that magnetic flux
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that is opened near the sub-solar magnetopause re-closes on the magnetopause before it has
traveled very far down the tail. They suggested that the magnetotail comprises a pipe of
internally generated plasma that disconnects from the planetary field and flows away from
Jupiter in intermittent surges or bubbles, with little or no planetward Dungey return flow.
Cowley et al. (2008a) argue otherwise (see also McComas and Bagenal (2008) response).
At issue is not so much “Vasyliūnas vs. Dungey” cycles (Cowley et al. (2003) showed they
are not incompatible), but rather how much steady-state reconnection opens flux on the
dayside, how much open (lobe) flux is closed within the magnetotail, and whether there is
significant sunward flow driven by this flux closure.

While the magnetosphere of Saturn is much smaller than that of Jupiter and there
is stronger evidence of the solar wind influencing magnetospheric dynamics (see re-
views by Zarka 1998; Gombosi et al. 2009; Mitchell et al. 2009; Kurth et al. 2009;
Mauk et al. 2009), the substantial data gathered by the Cassini spacecraft in the Saturn
system have stimulated ideas about processes at Jupiter. Specifically, observations as the
Cassini spacecraft traversed the boundary regions of the dayside magnetopause suggest that
velocity shears drive Kelvin-Helmholtz instabilities (KHI), as first proposed based on Voy-
ager data by Goertz (1983), substantiated by Galopeau et al. (1995) and further pursued with
Cassini data by Masters et al. (2009, 2010, 2011a, 2011b, 2012), and Delamere et al. (2011,
2013). Such observations are consistent with large-scale reconnection being suppressed due
to higher Alfvén Mach number of the incoming solar wind in the outer heliosphere com-
pared with Earth at 1 AU (though see also Grocott et al. 2009), and a large change in plasma
beta across the magnetopauses of Jupiter and Saturn (Masters et al. 2012; Desroche et al.
2012, 2013).

Delamere and Bagenal (2010) argue that, due to such KHI—effectively viscous
processes—on the magnetopause boundary, there is a substantial mixing of solar wind
plasma and magnetospheric plasmas. Simple estimates (Table 3) show that it is possible
to lose much of the iogenic ∼ton/sec of plasma across the magnetopause on the flanks of
the magnetosphere and that an equivalent amount of wind plasma (primarily protons with a
few percent alpha particles) could enter and mix with the iogenic plasma (primarily sulfur
and oxygen ions). The transfer of momentum from the solar wind to the magnetospheric
plasma through such viscous processes would slow down the magnetosheath plasma, drap-
ing the interplanetary magnetic field (IMF) around the magnetotail. Desroche et al. (2012)
shows that if the magnetosphere of Jupiter is flattened due to the extended equatorial plasma
disk, then the IMF is carried over the polar regions and draped vertically on the sides,
enhancing KHI activity on the flanks. Note that with the exchange of plasma across the
magnetopause boundary layer there will also be concomitant exchange of magnetic flux.
It is this penetration of the IMF that allows the transfer of stresses, mass-loading the solar
wind and accelerating magnetospheric plasma down the tail (Delamere and Bagenal 2013).

In reality, we have very little information about the polar regions of Jupiter’s magneto-
sphere and the sketch on the right of Fig. 2 is guesswork. In particular, a primary issue is
how large, if at all, is the polar cap region where magnetic flux tubes are connected to the
planet on one end and extend out into the solar wind. Some argue that the magnetosphere is
nearly closed (McComas and Bagenal 2007) while others suggest there is a substantial and
changing polar cap (Vogt et al. 2010). Studies of the aurora plus conditions in the upstream
solar wind suggest a relatively modest (∼15–20 GWb/day or 17–23 kV) rate of flux opening
and closing (Nichols et al. 2006).

While Juno’s orbits are limited in their coverage of local time (largely confined to dusk
at perijove and dawn at apojove), they take the spacecraft over the polar regions where the
particles and fields instruments are gathering a wide range of data that will be tested against
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the ideas discussed above for the dynamics of the outer magnetosphere. Since this is the first
time measurements are made in these regions, the approach is to keep the operations simple
for observation of any eventuality. A major opportunity for Juno to explore the dynamics
of the outer magnetosphere is on approach to Jupiter and during the capture orbit (Fig. 6)
when the spacecraft spends several months in the dawn flank of the magnetosphere and is
expected to make many crossings of the magnetopause and bow shock as the fluctuating
solar wind buffets the compressible magnetosphere (Sect. 2.2, Fig. 9). During the science
orbits, while remaining within 38 RJ of Jupiter, the spacecraft crosses magnetic field lines
that connect to the outer magnetosphere (Fig. 15). The absence of energetic electrons has
often been used as an indicator of whether such field lines have recently been—or continue
to be—open to the solar wind (Goertz et al. 1976; Krimigis et al. 1979; Krupp et al. 2004;
Delamere and Bagenal 2010). Finally, as Juno flies over the poles it looks down on the polar
aurora (Figs. 14, 18) and observes polar emissions in UV, IR and optical wavelengths. While
Fig. 18 illustrates that Juno will probably rarely be connected to the very magnetic field lines
in the locations of these small-scale, transient polar emissions, the chances are reasonable
that over the whole mission Juno will pass several times through a few such polar auroral
structures and may be able to map out, in a statistical sense at least, the environment above
the planet that maps to the distant, dynamic regions of the outer magnetosphere.

4 Earth Flyby

The original launch by an Atlas V rocket on August 5, 2011 was not able to carry the
Juno spacecraft directly out to Jupiter. Consequently, on October 9, 2013 Juno returned
to the Earth and made a close flyby in order to gain sufficient additional velocity to carry
the spacecraft to the orbit of Jupiter. Several of the science instruments operated during
the flyby, and the Juno mission took advantage of this flyby to simulate operations on the
spacecraft. For example, Juno was programed to make similar changes in the instrument
data rate as those that are used during subsequent perijove passes once Juno is inserted into
orbit around Jupiter. Other Earth-orbiting spacecraft operated during the time of the flyby,
and coordinated measurements made, which will enable calibration of the Juno instruments.

The orbit of Juno mapped onto the surface of the Earth is shown in panel A Fig. 30.
Closest approach occured on the nightside around 19:22 UT at an altitude of 559 km. The
orbit of Juno through the Earth’s magnetosphere, shown in panels B and C, approached the
Earth in the early afternoon local time sector and passed through the nominal magnetopause
just before 18:00 UT. Juno only spent about 4 hours within the Earth’s magnetosphere before
exiting on the dawn side on its way to Jupiter.

During the flyby Juno passed directly through the most intense regions of the Earth’s ra-
diation belts, offering a unique opportunity to test the sensitivity of some of the Juno instru-
ments (especially UVS, JIRAM, the star trackers cameras) to energetic penetrating particles.
The passage through the energetic electron belts is illustrated in Fig. 31, based on the AE8
statistical model for electrons with E > 3 MeV. The most intense relativistic electron flux
is found in the outer radiation belts near L ∼ 4. Juno passed through the outer belt on both
the inbound and outbound orbits. However, the flux of energetic electrons in the outer radi-
ation belt can vary by up to three orders of magnitude over timescales less than a day, so the
model distributions shown in Fig. 29 are substantially larger than those present at the time of
the flyby. Two Earth-orbiting Van Allen Probes (Fig. 32) made observations of the radiation
environment during the time of the Juno flyby and we coordinated the measurements made
with the Relativistic Electron and Proton Telescope (REPT) with simultaneous observations
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Fig. 30 Juno flyby of Earth on October 9, 2013. Top: The orbit of Juno projected onto the Earth within
plus or minus 12 hours of closest approach. Bottom: The orbit of Juno with markers each hour in Earth
solar-ecliptic (GSE) coordinates during passage through the Earth’s magnetosphere, in (B) the X–Y plane
and (C) the X–Z plane. A nominal average magnetopause boundary with a sub-solar distance of 10 RE is
shownto illustrate the brief time spent within the magnetosphere

of penetrating particles on Juno. The lower energy MagEIS instrument on each of the Van
Allen Probes covers a similar range as the JEDI instrument on Juno, so we intend to use
the coordinated observations to calibrate JEDI. Juno also passed through the inner electron
radiation belt and the more intense energetic (>30 MeV) ion belt near L ∼ 1.5 soon after
closest approach. This offered an opportunity to test the sensitivity of various Juno instru-
ment to energetic penetrating ions, which are simultaneously measured by the REPT and
RPS instruments on the Van Allen Probes.

In addition to coordinated observations on the two Van Allen Probes, there are several
other spacecraft that were operational during the time of the flyby, including three THEMIS
spacecraft and the four Cluster spacecraft. These spacecraft are all equipped with instru-
ments similar to the particles and fields instruments on Juno, and Juno makes measurements
and performs additional instrument cross-calibration during the flyby. During October 2013
the main science targets of these missions are related to the magnetotail (THEMIS) and both
the magnetotail and the auroral acceleration regions (Cluster) due to the respective space-
craft geometries during this epoch. In addition to the spacecraft measurements discussed
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Fig. 31 The orbit of Juno through the Earth’s energetic electron radiation belts (with time markers every 10
minutes) shown in Earth magnetic (GSM) coordinates using the AE8 radiation model

above, ground-based facilities such as EISCAT/Millstone Hill and the SuperDARN global
network of high latitude HF radars (located in both the northern and southern hemisphere)
were also operating. This radar network provides global-scale observations across the polar
ionosphere, and as such offers a global picture of magnetospheric dynamics.

Once in the magnetosphere, Juno was on magnetic field lines that map into the Super-
DARN network’s field of view in both hemispheres, while the THEMIS and Cluster space-
craft were situated in the magnetotail/inner magnetosphere. Science opportunities on the
inbound portion of the Juno trajectory include observations of dayside processes e.g. recon-
nection/flux transfer events. The SuperDARN observations of the ionospheric flows during
this interval determine the global electric field and global reconnection rate.

5 Conclusions

Juno is the first spacecraft to fly over the polar regions of Jupiter’s magnetosphere. The
spacecraft trajectory and instrument complement make Juno an excellent mission to tackle
the key issues of the Jovian aurora (spatial and temporal structure, generation processes,
relationship to magnetospheric processes), the synchrotron radiation belt (spatial and tem-
poral structure, source and loss processes) and plasma sheet (spatial and temporal structure,
relationship to aurora, particle acceleration processes). Moreover, the approach and capture
orbit provide valuable opportunities for Juno to quantify the solar wind interaction with
boundary layers on the dawn side. Finally, the gravity assist flyby of Earth in October 2013
provided an opportunity to test some of the Juno instruments in the Earth’s magnetosphere
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Fig. 32 The orbits of the two Van Allen Probes within ±3 hours of closest approach of the Juno spacecraft
to the Earth (at the time shown in red). (A) and (B) are looking down on the ecliptic plane. (C) and (D) are
looking from the dusk terminator

as well as compare Juno observations with those taken from the ground and many spacecraft
in Earth orbit.
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Appendix: Jovian Magnetospheric Coordinate Systems

Below we describe the five main coordinate systems of potential use by the Juno MWG. But
first we need to clarify the fiducial value of the radius of Jupiter. Dessler (1983) declared use
of the value RJ = 71400 km in the appendix of Physics of the Jovian Magnetosphere. A full
description of the planetary parameters and coordinate systems is provided in Appendix 2 of
Jupiter: Planet, Satellites, Magnetosphere (Bagenal et al. 2004) where the equatorial radius
at the 1-bar level is given as RJ = 71492 ± 4 km (Lindal et al. 1981). The JPL navigation
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(a) (b)

Fig. 33 (a) Jupiter System III (1965) coordinates (S3LH). The Z-axis is defined by the spin axis of Jupiter.
The X-axis is defined by 0◦ latitude on the System III longitude λIII = 0◦ (prime meridian). The Y -axis
completes the orthogonal left handed system. Latitude (θIII) is defined from the equator. X = 0◦ latitude,
Prime Meridian, Y = X × Z, Z = Jupiter spin axis. (b) Right-handed System III. This coordinate system has
the same basis as the left-handed System III except that longitude is (λRH) decreases with time and co-latitude
(θRH) is used. X = 90◦ colatitude, Prime Meridian, Y = Z × X, Z = Jupiter spin axis

team that provides Juno trajectory information uses RJ = 71492 km, the value we propose
for all Juno MWG activities throughout the mission. Note that because of the rapid rotation
of the planet, the polar radius of Jupiter is much less (66854 km).

A.1 Jupiter System III (S3LH, S3RH)

This system rotates with the planet at the sidereal System III (1965) spin period of 9h 55m
29.711s = 9.92492 hours (or angular velocity of 1.76 × 10−4 rad/s = 870.536◦/day). This
spin period was originally based on ground-based radio observations and the longitude (λIII)
was defined to increase with time, as observed from Earth. The problem with this system
is that it is a left-handed coordinate system (which we label S3LH). Since many prefer
right-hand coordinate systems, we also define a RH system (S3RH) where the longitude
(λRH = 360◦ − λIII) decreases with time as viewed from Earth. These two variations on
Jovian System III are shown in Fig. 33. The location of the Prime Meridian (the meridian
plane in both systems and where both longitudes are zero) is defined in terms of the Central
Meridian Longitude (i.e. Earth-Jupiter vector) on a specific date in 1965. S3LH uses latitude
(θIII) while S3RH uses colatitude (θRH).

Note that Higgins et al. (1996, 1997) proposed, based on 35 years of radio observations
of Jupiter, that the rotation rate of the planet interior maybe ∼25 ms shorter than the System
III (1965) rotation rate (see also discussion in relation to magnetic field models by Russell
et al. 2001; Yu and Russell 2009; Hess et al. 2011). A 25 ms shorter spin period amounts to
just 0.2◦/yr which is negligible over the duration of the Juno mission but is significant for
comparing Voyager and Juno epochs. Since this is a minimal change in the rotation rate the
IAU and the Juno project have decided not to change the official System III rotation rate to
limit confusion between systems and to allow easy comparison of data sets from different
epochs.

Please also note that the rotation rate stated in appendix of the Bagenal et al. (2004)
Jupiter book is incorrect.
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Fig. 34 Jupiter magnetic
coordinates. This system rotates
with Jupiter but has the Z-axis
aligned with the magnetic dipole,
M . The X-axis is aligned with
the intersection of the magnetic
and geographic equators at
λIII = 290.8◦ or λRH = 69.2◦ .
X = 69.2◦ from Prime Meridian
(where λIII = λRH = 0),
Y = Z × X, Z = Jupiter dipole
axis

Fig. 35 This system has the
Z-axis aligned with Jupiter’s spin
axis but does not spin with the
planet. Instead the X-axis is fixed
in the plane containing the spin
axis and the Jupiter-Sun
vector (S). X = Y × Z,
Y = S × Z (i.e. in the equator),
Z = Jupiter’s spin axis

Fig. 36 This system has the
X-axis towards the Sun (S) and
the Z-axis perpendicular to
Jupiter’s orbital vector (Vorb).
This puts Z normal to Jupiter’s
orbital plane. X = S, Y = Z × X,
Z = Vorb × X

A.2 Jupiter Magnetic (JMAG)

This system is the System III (RH) but is tilted by the 9.5◦ of the dipole approximation to the
magnetic field of Jupiter, tilted towards λIII = 200.8◦ or λRH = 159.2◦ (Fig. 34). This tilt is
based on the VIP4 model (Connerney et al. 1998, 2014, this issue). The magnetic longitude
is defined with respect to the meridian where the magnetic and geographic equators cross
(where θIII = 0◦ and θRH = θMAG = 90◦) at λIII = 290.8◦ or λRH = 69.2◦. Since most models
tend to work in right-handed coordinates, we only have a right-handed magnetic system.

A.3 Jupiter-Sun-Equator (JSE)

This system is Jupiter-centered, with the Z-axis aligned with the planet’s spin axis but does
not spin with the planet (Fig. 35). The X-axis is in the half-plane containing the spin axis
and the Jupiter-Sun vector.
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A.4 Jupiter-Sun-Orbit (JSO)

This system aligns the X-axis with the Jupiter-Sun vector. The Y -axis is in the plane con-
taining the Jupiter-Sun vector and the orbital vector of Jupiter (Fig. 36).

A.5 Jupiter Heliospheric (JH)

Since Juno measures solar wind conditions surrounding Jupiter’s magnetosphere we need a
coordinate system that is based on heliospheric properties. This system is Jupiter-centered
and the X-axis is the Jupiter-Sun vector, the Y -axis is the solar equator, and the Z-axis
completes the system. This is the heliocentric system centered on Jupiter.
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