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Abstract

While Jupiter’s gravity strongly binds the neutral atmosphere to the planet, energization in the auroral region can lead to

field-aligned upward transport and escape of electrons and ions. This field-aligned transport mechanism provides a way for

heavier ions like H2+ and H3+ to enter Jupiter’s magnetosphere. Formation of H3+ from H2+ occurs quickly in the collisional

ionosphere, so rapid field-aligned transport of H2+ is the most likely mechanism for H2+ ions present in Jupiter’s high-latitude

ionosphere and magnetosphere. We model these processes using the PWOM model for ionospheric field-aligned transport

and J-GITM providing the neutral atmosphere and lower ionospheric boundary. The ionosphere is formed and heated by a

combination of solar EUV flux and electorn precipitaiton. The effects of energization from electron precipitation and resonant

wave heating are also accounted for. We show the energy input that is needed to produce ion escape in both the fluid and

kinetic regimes, and we show the formation of ion conics in the kinetic PWOM model. We discuss what observations from

JUNO are needed to allow us to constrain and test our model results.
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Background
Recent JUNO results show ion conics escaping from Jupiter’s 
polar ionosphere [Clark et al., 2017] that indicate perpendicular 
ion acceleration leading to field-aligned upward transport and 
escape.

These processes at Earth allow ionospheric-origin ions to affect 
the composition of magnetospheric plasma and modify space 
weather processes in Earth’s magnetosphere.

At Jupiter, field-aligned transport and escape provides a way 
for heavier ions like H2+ and H3+ to enter the magnetosphere. 
Formation of H3+ from H2+ occurs quickly in the collisional 
ionosphere, so rapid field-aligned transport of H2+ is the most 
likely mechanism for H2+ ions present in Jupiter’s upper 
ionosphere and magnetosphere.

Polar Wind Outflow Model (PWOM)

Solves the field-aligned 
gyrotropic transport equations 
for multiple ion species along 
convecting field lines.
[Glocer et al., 2007, 2012]
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Field-aligned superthermal 
electron transport model by 
Solomon et al. [1988].

Coupled with PWOM through 
electron fluid equations and 
self-consistent ambipolar E-
field.

[Gombosi & Nagy, 1989]
adapted from Schunk & Sojka, 1997

[Glocer et al., 2014]
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courtesy of G. Collinson

+

neutral profiles from 
J-GITM

[Bell et al., 2013]

[12] These models have been developed for the Earth and
have yielded a wealth of information for understanding the
polar wind. The chemistry and plasma constituents are
different between the Earth and other magnetized planets,
but the fundamental physical processes remain the same.
Indeed, Nagy et al. [1986] show that the polar wind may be
a significant source of plasma to the Jovian magnetosphere.
Therefore the polar wind at Saturn may behave similarly to
the terrestrial polar wind.
[13] Only one study of the polar wind at Saturn exists.

Frey [1997] studies the polar wind at Saturn between 1400
and 8000 km above the 1 bar level. The study demonstrates
the dependance of the polar wind on the neutral atmosphere
and water and methane content. Notably, the larger neutral
temperature raise the density of CH4 at the lower boundary
and reduce the net plasma density. Furthermore, a flux of
polar wind plasma between 107 and 108 cm!2 s!1 is
estimated. Frey [1997] also considers the time variable
nature of the polar wind. Simulating a flux tube that crosses
from the dayside and convects to the nightside, they start
from a steady state solution and turn off photoionization for
a number of hours. Unfortunately, the altitude range is too
small to observe a realistic sonic transition, making the
plasma source difficult to characterize.
[14] Our study attempts to quantify the source of iono-

spheric plasma to the Saturnian magnetosphere. To do this,
we introduce the Polar Wind Outflow Model (PWOM), a
multifluid, first principles, model of Saturn’s polar wind.
The PWOM builds on previous work by extending the
altitude range, the parameter range, improving the numer-
ical scheme, and extending the physical validity of the
model. Moreover, we consider an altitude range from
1400 to 61,000 km above the 1 bar level and a variety of
possible neutral atmospheres. The neutral atmospheres,
described in section 4, correspond to a selection of neutral
temperatures ranging from 420 K to 1500 K. Examining
several possible parameters yields a range for the polar wind
source at Saturn.

2. Model Description

[15] The Polar Wind Outflow Model (PWOM) solves the
gyrotropic continuity, momentum, and energy equations

that describe the supersonic ion outflow along open mag-
netic field lines in the polar region. The PWOM can
simulate the polar winds of Earth and Saturn. At Earth the
behavior of three ion species, O+, H+, and He+ are consid-
ered, while at Saturn only two species, H+ and H3

+, are
considered. The model assumes a stationary neutral atmo-
sphere. Ranging in altitude from 250 km to 8000 km for the
Earth version, or 1400 to 61,000 km for the Saturn version,
the PWOM has its lower boundary set in a reservoir at
chemical and thermal equilibrium, while the top boundary is
at considerably lower pressure, thus creating a transonic
outflow to a low-pressure external medium. The consider-
able altitude range covers two different regimes; the colli-
sion and chemistry dominated low altitude, and the
expansion dominated high altitude. Furthermore, the ambi-
polar electric field is calculated at every time step and is a
major contributor to ion outflow. Other physical effects that
are included in the PWOM, are topside electron heating,
photoionization, and the expanding cross-sectional area of
the magnetic flux tube. The ability to include field-aligned
currents is present but not used in the current study.
Energetic particle precipitation is included in the Earth
version of the PWOM but has not yet been added to the
Saturn version.
[16] First developed to describe the Earth’s polar wind by

Gombosi et al. [1985], the PWOM has undergone many
improvements and has been used to investigate many
features of the polar wind over the years. First, Gombosi
[1988] added the ability to study field-aligned currents.
Then, Cannata and Gombosi [1989] used this model to
investigate the effect of solar cycle on the polar wind. These
results were latter found to be qualitatively consistent with
measurements taken by the Akebono satellite in a paper by
Abe et al. [2004]. Gombosi et al. [1991] included helium
ions into the model. More recently we have replaced the
first-order Godunov solver with a more accurate second-
order Rusanov solver, use point-implicit discretization for
the stiffest source terms, and expanded the model to work at
Saturn.
[17] Modeling the polar wind at Saturn requires modify-

ing the chemistry and collision routines as well as the
neutral atmosphere. We use the chemistry model described
in Table 1. Note that H+ is primarily due to photochemistry

Table 1. Chemistry in the Saturn Polar Wind Model

Reaction Reaction Rate Reference

H2 + hn ! H+ + H + e! 1.9 " 10!11s!1 [Moses and Bass, 2000]
! H2

+ + e! 9.9 " 10!10s!1 [Moses and Bass, 2000]
H + hn ! H+ 1.0 " 10!9s!1 [Moses and Bass, 2000]
H2O + hn ! H+ + OH + e! 4.2 " 10!10s!1 [Moses and Bass, 2000]
H+ + H2(n # 4) ! H2

+ + H see text -
H2

+ + H2 ! H3
+ + H 2.0 " 10!9cm3s!1 [Nagy, 1987], [Anichich, 1994]

H+ + H2 + M ! H3
+ + M 3.2 " 10!29cm6s!1 [Capone et al., 1977]

H+ + CH4 ! CH3
+ + H2 3.69 " 10!9cm3s!1 [Kim and Fox, 1994]

! CH4
+ + H 0.81 " 10!9cm3s!1 [Kim and Fox, 1994]

H3
+ + CH4 ! CH5

+ + H2 2.4 " 10!9cm3s!1 [Anichich, 1994]
H3

+ + H2O ! H3O
+ + H2 5.3 " 10!9cm3s!1 [Anichich, 1994]

H+ + H2O ! H2O
+ + H 8.2 " 10!9cm3s!1 [Anichich, 1994]

H+ + e! ! H + hn 1.91 " 10!10Te
!0.7cm3s!1 [Kim and Fox, 1994]

H3
+ + e! ! H2 + H 7.62 " 10!7Te

!0.5cm3s!1 [Kim and Fox, 1994]a

! H + H + H 9.7 " 10!7Te
!0.5cm3s!1 [Kim and Fox, 1994]a

aThe net dissociative recombination of H3
+ was also measured by Jensen et al. [2001] to be approximately 1.7 " 10!6 T!0.5 cm3 s!1, which is in

agreement with the values given by Kim and Fox [1994].
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[12] These models have been developed for the Earth and
have yielded a wealth of information for understanding the
polar wind. The chemistry and plasma constituents are
different between the Earth and other magnetized planets,
but the fundamental physical processes remain the same.
Indeed, Nagy et al. [1986] show that the polar wind may be
a significant source of plasma to the Jovian magnetosphere.
Therefore the polar wind at Saturn may behave similarly to
the terrestrial polar wind.
[13] Only one study of the polar wind at Saturn exists.
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and 8000 km above the 1 bar level. The study demonstrates
the dependance of the polar wind on the neutral atmosphere
and water and methane content. Notably, the larger neutral
temperature raise the density of CH4 at the lower boundary
and reduce the net plasma density. Furthermore, a flux of
polar wind plasma between 107 and 108 cm!2 s!1 is
estimated. Frey [1997] also considers the time variable
nature of the polar wind. Simulating a flux tube that crosses
from the dayside and convects to the nightside, they start
from a steady state solution and turn off photoionization for
a number of hours. Unfortunately, the altitude range is too
small to observe a realistic sonic transition, making the
plasma source difficult to characterize.
[14] Our study attempts to quantify the source of iono-

spheric plasma to the Saturnian magnetosphere. To do this,
we introduce the Polar Wind Outflow Model (PWOM), a
multifluid, first principles, model of Saturn’s polar wind.
The PWOM builds on previous work by extending the
altitude range, the parameter range, improving the numer-
ical scheme, and extending the physical validity of the
model. Moreover, we consider an altitude range from
1400 to 61,000 km above the 1 bar level and a variety of
possible neutral atmospheres. The neutral atmospheres,
described in section 4, correspond to a selection of neutral
temperatures ranging from 420 K to 1500 K. Examining
several possible parameters yields a range for the polar wind
source at Saturn.

2. Model Description

[15] The Polar Wind Outflow Model (PWOM) solves the
gyrotropic continuity, momentum, and energy equations

that describe the supersonic ion outflow along open mag-
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ered, while at Saturn only two species, H+ and H3

+, are
considered. The model assumes a stationary neutral atmo-
sphere. Ranging in altitude from 250 km to 8000 km for the
Earth version, or 1400 to 61,000 km for the Saturn version,
the PWOM has its lower boundary set in a reservoir at
chemical and thermal equilibrium, while the top boundary is
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major contributor to ion outflow. Other physical effects that
are included in the PWOM, are topside electron heating,
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currents is present but not used in the current study.
Energetic particle precipitation is included in the Earth
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[12] These models have been developed for the Earth and
have yielded a wealth of information for understanding the
polar wind. The chemistry and plasma constituents are
different between the Earth and other magnetized planets,
but the fundamental physical processes remain the same.
Indeed, Nagy et al. [1986] show that the polar wind may be
a significant source of plasma to the Jovian magnetosphere.
Therefore the polar wind at Saturn may behave similarly to
the terrestrial polar wind.
[13] Only one study of the polar wind at Saturn exists.

Frey [1997] studies the polar wind at Saturn between 1400
and 8000 km above the 1 bar level. The study demonstrates
the dependance of the polar wind on the neutral atmosphere
and water and methane content. Notably, the larger neutral
temperature raise the density of CH4 at the lower boundary
and reduce the net plasma density. Furthermore, a flux of
polar wind plasma between 107 and 108 cm!2 s!1 is
estimated. Frey [1997] also considers the time variable
nature of the polar wind. Simulating a flux tube that crosses
from the dayside and convects to the nightside, they start
from a steady state solution and turn off photoionization for
a number of hours. Unfortunately, the altitude range is too
small to observe a realistic sonic transition, making the
plasma source difficult to characterize.
[14] Our study attempts to quantify the source of iono-

spheric plasma to the Saturnian magnetosphere. To do this,
we introduce the Polar Wind Outflow Model (PWOM), a
multifluid, first principles, model of Saturn’s polar wind.
The PWOM builds on previous work by extending the
altitude range, the parameter range, improving the numer-
ical scheme, and extending the physical validity of the
model. Moreover, we consider an altitude range from
1400 to 61,000 km above the 1 bar level and a variety of
possible neutral atmospheres. The neutral atmospheres,
described in section 4, correspond to a selection of neutral
temperatures ranging from 420 K to 1500 K. Examining
several possible parameters yields a range for the polar wind
source at Saturn.

2. Model Description

[15] The Polar Wind Outflow Model (PWOM) solves the
gyrotropic continuity, momentum, and energy equations

that describe the supersonic ion outflow along open mag-
netic field lines in the polar region. The PWOM can
simulate the polar winds of Earth and Saturn. At Earth the
behavior of three ion species, O+, H+, and He+ are consid-
ered, while at Saturn only two species, H+ and H3

+, are
considered. The model assumes a stationary neutral atmo-
sphere. Ranging in altitude from 250 km to 8000 km for the
Earth version, or 1400 to 61,000 km for the Saturn version,
the PWOM has its lower boundary set in a reservoir at
chemical and thermal equilibrium, while the top boundary is
at considerably lower pressure, thus creating a transonic
outflow to a low-pressure external medium. The consider-
able altitude range covers two different regimes; the colli-
sion and chemistry dominated low altitude, and the
expansion dominated high altitude. Furthermore, the ambi-
polar electric field is calculated at every time step and is a
major contributor to ion outflow. Other physical effects that
are included in the PWOM, are topside electron heating,
photoionization, and the expanding cross-sectional area of
the magnetic flux tube. The ability to include field-aligned
currents is present but not used in the current study.
Energetic particle precipitation is included in the Earth
version of the PWOM but has not yet been added to the
Saturn version.
[16] First developed to describe the Earth’s polar wind by

Gombosi et al. [1985], the PWOM has undergone many
improvements and has been used to investigate many
features of the polar wind over the years. First, Gombosi
[1988] added the ability to study field-aligned currents.
Then, Cannata and Gombosi [1989] used this model to
investigate the effect of solar cycle on the polar wind. These
results were latter found to be qualitatively consistent with
measurements taken by the Akebono satellite in a paper by
Abe et al. [2004]. Gombosi et al. [1991] included helium
ions into the model. More recently we have replaced the
first-order Godunov solver with a more accurate second-
order Rusanov solver, use point-implicit discretization for
the stiffest source terms, and expanded the model to work at
Saturn.
[17] Modeling the polar wind at Saturn requires modify-

ing the chemistry and collision routines as well as the
neutral atmosphere. We use the chemistry model described
in Table 1. Note that H+ is primarily due to photochemistry

Table 1. Chemistry in the Saturn Polar Wind Model

Reaction Reaction Rate Reference

H2 + hn ! H+ + H + e! 1.9 " 10!11s!1 [Moses and Bass, 2000]
! H2

+ + e! 9.9 " 10!10s!1 [Moses and Bass, 2000]
H + hn ! H+ 1.0 " 10!9s!1 [Moses and Bass, 2000]
H2O + hn ! H+ + OH + e! 4.2 " 10!10s!1 [Moses and Bass, 2000]
H+ + H2(n # 4) ! H2

+ + H see text -
H2

+ + H2 ! H3
+ + H 2.0 " 10!9cm3s!1 [Nagy, 1987], [Anichich, 1994]

H+ + H2 + M ! H3
+ + M 3.2 " 10!29cm6s!1 [Capone et al., 1977]

H+ + CH4 ! CH3
+ + H2 3.69 " 10!9cm3s!1 [Kim and Fox, 1994]

! CH4
+ + H 0.81 " 10!9cm3s!1 [Kim and Fox, 1994]

H3
+ + CH4 ! CH5

+ + H2 2.4 " 10!9cm3s!1 [Anichich, 1994]
H3

+ + H2O ! H3O
+ + H2 5.3 " 10!9cm3s!1 [Anichich, 1994]

H+ + H2O ! H2O
+ + H 8.2 " 10!9cm3s!1 [Anichich, 1994]

H+ + e! ! H + hn 1.91 " 10!10Te
!0.7cm3s!1 [Kim and Fox, 1994]

H3
+ + e! ! H2 + H 7.62 " 10!7Te

!0.5cm3s!1 [Kim and Fox, 1994]a

! H + H + H 9.7 " 10!7Te
!0.5cm3s!1 [Kim and Fox, 1994]a

aThe net dissociative recombination of H3
+ was also measured by Jensen et al. [2001] to be approximately 1.7 " 10!6 T!0.5 cm3 s!1, which is in

agreement with the values given by Kim and Fox [1994].
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Magnetic field-aligned transport is driven by 
pressure gradients and enhanced by the electric 
fields set up by electron pressure.
Additional forces such as wave heating will be 
added in future work.

Sub-auroral  
 
auroral

Conclusion
We can self-consistently model magnetic field-aligned 
ion and superthermal electron transport at Jupiter.
Escape from EUV alone is not enough to explain 
observations of H2+ and H3+ in Jupiter’s 
magnetosphere that indicate a planetary source of 
plasma (e.g. Hamilton et al., 1980).
Electron precipitation and topside heating transport ions 
to higher altitudes but are still not enough to produce 
escape.

Add wave heating that can produce ion conics (already 
done at Earth).

JUNO observations JADE-E 
can help us constrain, and JADE-I and JEDI can help us test 
the model results.EL
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Outflow Above the Cusp

Thermospheric changes at sub-auroral vs auroral latitudes have little effect compared to the effects of photoionization.

Results of Kinetic 
PWOM at Earth 
show the formation 
of ion conics.
[Glocer et al., 2017]

averaged over all energies, which are ~50 keV to 2MeV for protons, ~30 keV to 1MeV for electrons, and
~170 keV to 5MeV for heavy ions. JEDI is unable to distinguish oxygen from sulfur at energies below
~0.5MeV, which happens to be the energy range where most of the heavy ions are observed around
09:30UT; however, the nonprocessed, raw data (not shown here for brevity) do suggest an admixture of the
two species.

This event appears to be superimposed on a background of isotropic energetic protons and heavy ions. The
isotropy in the heavy ions is clearly evident in Figure 1h; however, it is less clear in the protons because of the
two processes occurring simultaneously. Isotropy in the protons is clearer if only data confined to times that
abut the region of interest (ROI), which is represented by the red bar in the top bar of Figure 1, are considered.
The background energetic ions appear to be of magnetospheric origin, which is supported by the energy
spectra (intensity versus total ion energy) shown in Figure 2. Energy spectra of protons, oxygen, and sulfur
from both Juno JEDI and the Galileo Energetic Particle Detector (EPD) are shown. Galileo was an equatorial

Figure 1. Charged particle observations on 2016-240 from the Juno JEDI-90 sensor. Energy and pitch angle versus time
spectrograms for (a and c) energetic protons, (d and e) energetic electrons, (g and h) energetic heavy ions, (i and j) and
helium ions. The azimuthal profile of energetic protons and electrons are shown in Figures 1b and 1f, respectively. The
colored bar at the top of the figure illustrates the various regions magnetically connected to Juno during its trajectory. The
region of interest (ROI) is represented by a red horizontal bar that spans from ~08:45 UT to 09:45 UT. The ion conic is best
illustrated by the angular distribution of energetic protons during the ROI (see Figures 1b and 1c).
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Future Work

Observations of ion 
conics with JUNO
[Clark et al., GRL, 2017]
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