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[1] Observations of Saturn’s ultraviolet and infrared aurora show structures that, when
traced along the planetary magnetic field, map to the inner, middle, and outer magnetosphere.
From low to high latitudes the structures seen in the UV are the Enceladus footprint, which
maps to an equatorial radius of 4 RS (Saturn radii); a diffuse emission that maps to a
broad equatorial region from 4–11 RS on the nightside; and a bright ring of emission that
maps to �15 RS. With the exception of the Enceladus spot, the magnetospheric drivers for
these auroral emissions are not yet fully understood. We apply a 1D spatial, 2D velocity
space Vlasov solver to flux tubes mapping from equatorial radii of 4, 6, 9, and 13 RS to
Saturn’s southern atmosphere. The aim is to globally characterize the field-aligned potential
structure and plasma density profiles. The ionospheric properties - the field-aligned current
densities at the ionospheric boundary, energy intensity profiles and fluxes of the electrons
precipitating into the ionosphere - are also determined. We then couple our results to an
ionospheric model to calculate the Pedersen conductances at the foot of the relevant flux
tubes. We find that for a zero net potential drop between the ionosphere and magnetosphere,
there exists a sharp potential drop at �1.5 RS along the magnetic field line as measured
from the planetary center. The strength of this potential drop is approximately equal to that
of the ambipolar potential resulting from the centrifugal confinement of the heavy, cold
magnetospheric ion population. We also find that the ionospheric properties respond to
changes in the magnetospheric plasma population, which are reflected in the nature of the
precipitating electron population. For the flux tube mapping to 9 RS (�70�), the incident
electron energy flux into the ionosphere resulting from a magnetospheric plasma population
with a small fraction of hot electrons is an order of magnitude less than that inferred
from observations, implying that significant high-latitude field-aligned potentials (up to
1.5 keV) may exist in the saturnian magnetosphere. Calculated ionospheric Pedersen
conductances range from 3.0–18.9 mho, and are thus not expected to limit the currents
flowing between the ionosphere and magnetosphere.
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1. Introduction

[2] Saturn is a planet with many types of auroral emissions
(see review by Kurth et al. [2009]); however, the extent
to which these emissions are caused by internally driven

magnetospheric processes is unknown. In ultraviolet wave-
lengths, the brightest of these emissions is the ‘main’ auroral
emission, which exists at �75� latitude [Badman et al.,
2006], varies in strength and position with solar wind con-
ditions [Clarke et al., 2009], and is magnetically conjugate
with equatorial radii of �18–23 RS (Saturn radii, 1 RS =
60280 km) [Bunce et al., 2008]. There are two proposed
magnetospheric drivers for this emission: the interaction of
the saturnian magnetosphere with the solar wind [Cowley
et al., 2004, 2008] and the breakdown in corotation of
plasma, created from neutral species generated at Enceladus,
being transported radially outwards [Sittler et al., 2006].
Equatorward of the main auroral emission, at ‘sub-auroral’
latitudes, there is a broad diffuse emission centered at 67�
with a width of 7� that maps to an equatorial range of �4–
11 RS [Grodent et al., 2010]. Inferred energy fluxes from
this diffuse emission are on the order 0.3 mW/m2 and
are consistent with that expected from pitch angle scatter-
ing assuming the magnetospheric parameters presented by
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Schippers et al. [2008]. Finally, an auroral emission located
at the magnetic footprint of Enceladus and driven by the
moon’s motion through the Saturnian magnetosphere is
present at �64� with an associated brightness in the UV
ranging from 1,550 � 340 to 450 � 290 Rayleighs (R)
[Pryor et al., 2011].
[3] In addition to UV emissions, Saturn has a wealth of

auroral H3
+ infrared (IR) emissions which span from the poles

to midlatitudes [e.g., Stallard et al., 2008, 2010; Badman
et al., 2011; Melin et al., 2011]. The intensity of the midlat-
itude auroral signature is 25% of that from the higher-latitude
main auroral emission and peaks at �62�N and �58�S,
which Stallard et al. [2010] map to a magnetospheric region
of 3–3.95 RS. Stallard et al. [2008, 2010] suggest that this
emission may be related to a lag in the plasma angular
velocity from corotation near the orbit of Enceladus.
[4] Just as the jovian magnetosphere is populated by

plasma from its moon Io, Saturn’s rapidly-rotating magne-
tosphere contains within it a large plasma population that
ultimately originates from the moon Enceladus. Although the
Saturnian magnetosphere is ultimately dominated by neutrals
[Delamere et al., 2007; Bagenal and Delamere, 2011], we
will focus here on the plasma interaction. Enceladus resides
deep inside Saturn’s magnetosphere at 3.9 RS and outgasses
�170–220 kg/s of neutral water based material [Hansen
et al., 2011]. This material is subsequently ionized, via
photoionization, electron impact ionization, and charge
exchange reactions, over a broad equatorial range in the
magnetosphere spanning 4–8 RS [Sittler et al., 2008]. The
newly created ions, which previously, as neutral particles,
orbited at the local Keplerian velocity, are picked up by the
planetary magnetic field and accelerated toward corotation
via a current system which runs upwards along the magnetic
field lines radially outwards in the equatorial plane, and
returns to the planet in a downward current region, finally
closing through the ionosphere. In the upward portion of the
current system electrons travel along magnetic field lines
toward the planet. Outside of 6 RS, tens of kg/s to 280 kg/s of
plasma are transported radially outwards through the Satur-
nian magnetosphere (see review by Bagenal and Delamere
[2011, and references therein]), drawing angular momen-
tum from the planet, via the global current system, to stay
near corotation. However, the plasma never reaches full
corotation. Rather, analysis of Cassini data shows a persistent
20% lag from corotation from 4 RS to 10 RS and a monotonic
decrease in the plasma angular velocity beyond 10 RS

[Wilson et al., 2008, 2009; Thomsen et al., 2010], indicating
that there exists a limitation to the transfer of angular
momentum from the planet to the magnetospheric plasma.
[5] At Jupiter, Hill [1979] equated the torque exerted upon

the radially outward-moving plasma in the magnetosphere
with that from the ion-neutral collisions in the planetary
atmosphere. This approach allowed the determination of the
radial angular velocity profile of the magnetospheric plasma.
He found that the transfer of angular momentum was limited
by the strength of the planetary magnetic field, radial mass
transport rate, and ionospheric Pedersen conductance. As a
result, outside a critical equatorial radius the planet would be
unable to enforce the rigid corotation of its surrounding
magnetospheric plasma. Investigating the 5% corotational
lag in the Io torus observed by Brown [1983], Pontius and
Hill [1982] balanced the magnetospheric and ionospheric

torques from the local ionization of Iogenic neutrals, deter-
mining that the corotational lag could be explained by con-
sidering newly charge exchanged ions, which did not change
the net plasma density but did change the plasma momentum
density, hence increasing the load on the magnetosphere. The
relationship of the above systems to Jupiter’s main auroral
emission and the Io wake emission, respectively, was
explored in detail twenty years later [Hill, 2001; Cowley and
Bunce, 2001; Hill and Vasyliūnas, 2002; Delamere et al.,
2003]. However, the models of the current system driving
the main auroral emission did not reconcile the radial mass
transport rate of �500–1600 kg/s with a magnetospheric
equatorial mapping location of 20–30 RJ (jovian radii) as
determined by observations [Clarke et al., 2004].
[6] Processes which affect the magnetosphere-ionosphere

coupling currents have been modeled extensively in the
jovian system, including but not restricted to, the subcorota-
tion of the neutral atmosphere, which effectively reduces the
ionospheric Pedersen conductance [Huang and Hill, 1989],
enhancements in electron precipitation which modify the
ionospheric Pedersen conductance [Nichols and Cowley,
2004; Ray et al., 2010], and field-aligned potentials that
develop at high magnetic latitudes [Nichols and Cowley,
2005; Ergun et al., 2009; Ray et al., 2010].
[7] Yet few studies investigating the limitations to the

magnetosphere-ionosphere coupling currents have been
similarly applied at Saturn, despite the wealth of satellite data
from Cassini, Voyager 1, and Voyager 2. Rather, models of
magnetosphere-ionosphere coupling in the saturnian system
use the magnetospheric angular velocity profiles derived
from in situ spacecraft measurements along with auroral
observations to constrain the ionospheric field-aligned cur-
rent densities and Pedersen conductances [Cowley and
Bunce, 2003; Cowley et al., 2008]. Cowley et al. [2008]
sets an upper bound for the effective ionospheric Pedersen
conductance in the southern hemisphere, under summer sol-
stice conditions, of 1–4 mho. These values for the conduc-
tance include the effect of the ‘slippage’ of the neutral
atmosphere, relative to the deep planetary rotation. Other
approaches specify the magnetospheric plasma angular
velocity profile to determine the local mass pickup and radial
mass transport rates as a function of the effective ionospheric
Pedersen conductance [Saur et al., 2004; Pontius and
Hill, 2006, 2009]. Saur et al. [2004] considers collisions
between the magnetospheric ions and neutrals in addition to
the radial transport of plasma to describe the magnetospheric
angular velocity profile, finding decent agreement with the
data for low ionospheric Pedersen conductances of the order
�0.01 mho. Inside of 12 RS the radial mass transport rates
employed in the Saur et al. [2004] model are based on the
plasma model of Richardson [1998]; outside of 12 RS a
transport rate of 40 kg/s was assumed. The analysis of
Pontius and Hill [2009] requires peak local plasma produc-
tion rates of �900 kg/s from charge exchange and radial
mass transport rates of 40 kg/s in order to match the observed
angular velocity profiles for an assumed ionospheric Ped-
ersen conductance of 0.1 mho.
[8] Independently, using electron density profiles from

Cassini Radio Space Science observations, Moore et al.
[2010] derived values for the ionospheric Pedersen con-
ductances ranging from �1–8 mho. While these values are
consistent with the upper bound predicted by Cowley et al.
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[2008], they are one to two orders of magnitude larger than
those used by Saur et al. [2004] and Pontius and Hill [2009].
As such, the predicted mass loading rates from the latter two
models would need to increase in order to satisfy the obser-
vational constraints for the ionospheric conductance. How-
ever, as mentioned earlier, the maximum local plasma source
rate inferred from models of the Enceladus neutral torus
range from �10s of kg/s to �300 kg/s.
[9] The aforementioned saturnian models do not con-

sider limitations to the magnetosphere-ionosphere coupling
system stemming from the centrifugal confinement of the
magnetospheric plasma [Hill and Michel, 1976]. The rapid
rotation of the saturnian magnetosphere, coupled with an
internal plasma source, results in a dense plasma sheet with
a scale height of �2 RS [Richardson and Jurac, 2004]. In
addition to the restricted ion mobility owing to the rapid
rotation of the magnetospheric plasma, there exists a tem-
perature anisotropy in the heavy magnetospheric water group
ions [Wilson et al., 2008] that further limits field-aligned
motion. Su et al. [2003] and Ray et al. [2009] showed that, in
the jovian system, the equatorial confinement of the cold,
heavy ions results in a field-aligned potential drop at high
magnetic latitudes, which ultimately limits the field-aligned
current density at the ionosphere and must be considered
when relating field-aligned current density to field-aligned
potentials, and mapping electric fields between the iono-
sphere and magnetosphere.
[10] Motivated to reconcile the 20% subcorotation of

magnetospheric plasma, ionospheric Pedersen conductances
of 1–8 mho, and mass loading rates of 10s of kg/s for radial
transport and 100s of kg/s for local charge-exchange pro-
cesses, we apply a steady state Vlasov code to Saturn’s inner
and middle magnetosphere to investigate the field-aligned
currents running between the ionosphere and magnetosphere.
Our goal is to identify any limitations to the currents that
transport angular momentum from Saturn to its magneto-
spheric plasma. Inputs to the model are the ionospheric and
magnetospheric plasma populations based on those derived
from Cassini data. The outputs are the field-aligned potential
structure, ionospheric field-aligned current density, electron
intensity profile in energy, and incident electron energy
flux, which we then compare to that derived from auroral
observations. In order to further explore restrictions to
magnetosphere-ionosphere coupling, the derived electron
intensity profiles in energy are used to drive an ionospheric
model which then calculates the ionospheric Pedersen con-
ductance in the presence of electron precipitation from the
magnetospheric plasma population.
[11] Section 2 describes the models used along with our

initial assumptions and boundary conditions. Section 3
details the boundary conditions specified at each magneto-
spheric radius and presents our model outputs. Finally,
in section 4 we discuss possible implications of our results
and compare with observations before summarizing the key
findings in section 5.

2. Model Description

2.1. Vlasov Model

[12] We employ a steady state kinetic Vlasov code [Ergun
et al., 2000; Su et al., 2003; Ray et al., 2009] to determine
a large-scale, self-consistent solution of the field-aligned

potential structure along a magnetic flux tube assuming the
following conditions: (i) Zero net potential drop between
Saturn’s ionosphere and magnetosphere; and (ii) A pre-
scribed plasma composition at each end of the corresponding
field line. The field-aligned current density and associated
electron energy flux at the top of the ionosphere are also
determined.
[13] The Vlasov solver is one-dimensional in space and

two-dimensional in velocity space. The spatial domain,
which is defined along a magnetic flux tube, is divided into
NS grid points that are evenly spaced along the field line.
Similarly the velocity domain is split into vk and v?, where
the? and k subscripts denote the components of the velocity
perpendicular and parallel to the planetary magnetic field,
respectively. For magnetospheric equatorial radial distances
(req) of 4, 6, 9, and 13 RS, we focus on the segment of the
magnetic flux tube running from the equatorial plane to
Saturn’s southern hemisphere. The flux tubes with these
equatorial locations intersect the planet at latitudes of
�62.1�, �67.2�, �70.0� and �71.6�, corresponding to
lengths of �4.6, 7.2, 10.5, and 15.7 RS, respectively.
The large flux tube lengths justify a simple treatment of
the altitude of the ionosphere: considering Saturn’s oblate-
ness, the ionospheric conducting layer is located at r =

RS 1� cos 90� qj jð Þ
11:1

� �
where q is planetary latitude. We apply

the Cassini internal magnetic field [Dougherty et al., 2005]
model, which is aligned with the spin axis and includes the
0.037 RS northward displacement of the dipole, to determine
the shape of the magnetic flux tube. To capture the effect of
the magnetospheric plasma on the field, we also include the
distortion of the magnetic field owing to the ring current
[Bunce et al., 2007] for a fixed average value of the sub-solar
magnetopause distance of 25 RS [Achilleos et al., 2008].
[14] The Vlasov solver includes gravitational and centrif-

ugal forces, which dominate at the ionospheric and magne-
tospheric ends of the flux tube, respectively, and magnetic
mirror forces along the flux tube. To calculate the centrifugal
forces, we assume that the plasma rotates Saturn at the
planetary rotation rate. In actuality, spacecraft measurements
show a 20% subcorotating plasma; however using perfect
planetary corotation provides an upper limit to restrictions
to the field-aligned current density stemming from the
centrifugal confinement of the plasma. Figure 1 shows the
gravitational (dotted lines) and centrifugal (dashed lines)
potentials as a function of distance along the flux tube for
water group ions at req = 9 RS. The solid line is the sum of the
two potentials which has a minimum at �2 RS kronographic
along the flux tube. The left- and right-hand sides are the
ionospheric and magnetospheric boundaries, respectively.
[15] The boundary conditions for the Vlasov code are the

plasma populations at the ionosphere and equatorial mag-
netosphere as well as the net potential drop between the
two regions. The ionospheric plasma population, described
in Table 1, is prescribed as a fluid and held fixed for all runs.
The magnetospheric boundary conditions vary with equato-
rial distance from Saturn as illustrated in Table 2. Magneto-
spheric plasma species are assigned as either Kappa or
Maxwellian velocity distributions based on Cassini obser-
vations. Magnetospheric protons are described as a spatial
Boltzmann distributions for ease of computation.
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[16] Kappa and Maxwellian velocity distribution functions
are broken into Nv � Nv velocity space elements (Nv = 100),
each of which are then propagated along the flux tube. The
maximum velocity considered is user selected and affects the
runtime of the Vlasov solver. We find that the solutions do
not change significantly for maximum velocities above 6vth,

vth =
ffiffiffiffiffiffiffiffiffi
2T
m

� �q
where T is the average thermal energy of the

distribution and m is the mass of the species. We use this
value to initialize our cold electron and heavy ion distribution
functions. The maximum velocity of the hot electrons cor-
responds to an energy of 50 keV. An estimated field-aligned
potential structure, F0(s), initializes the model and then,
using conservation of energy and the first adiabatic invariant,
m = mv?

2B , the velocity space distributions of the plasma are
calculated at each spatial step along the flux tube. Species
defined as Boltzmann distributions are spatially treated with
the density varying as nBoltzmann(s) = n0e

(�FTot(s)/T 0) where T0

and n0 are the temperature and density of the species in the
equatorial plane, and FTot(s) is the field-aligned potential
structure given by the sum of the gravitational, centrifugal,
and electric potentials.
[17] The model solves Poisson’s equation along the field

line, calculating the error, x(s) at each spatial step

x sð Þ ¼ r2F sð Þ þ e

�0
ni sð Þ � ne sð Þ½ � ð1Þ

where e is the charge of the electron, �0 is the permittivity of
free space, and ni(s) and ne(s) are the ion and electron den-
sities along the flux tube as calculated from the distribution
functions. We iteratively adjust the electric potential, F(s), to

minimize the total error
R
sx(s), yielding a steady state solu-

tion along the field line. The gravitational and centrifugal
potentials are dictated by the planetary mass, rotation rate,
and distance from the center of the planet; and spin axis,
respectively, and hence fixed for a given flux tube and
particle species. Therefore changing the electric potential is
equivalent to adjusting the ambipolar field-aligned potential.
The spatial size of the grid (ds � 10000 km) is significantly
larger than the Debye length (lD < 1 km); hence the first term
on the right-hand side of equation (1) is negligible, essen-
tially resulting in a quasi-neutral solution.
[18] The net potential drop is held at zero, and thus the

resulting potential structure along the magnetic field line is
that of the ambipolar potential that develops owing to the
charge separation caused by the differing degrees of centrif-
ugal confinement of the ions and electrons. The quasi-neutral
density structures are then used to calculate the field-aligned
current density. Here, we cite the field-aligned current den-
sity at the ionospheric boundary. The electron flux profile
of the precipitating electrons, in particles s�1 cm�2 eV�1,
is given by Ie(E) = pneM e

v2

me
f ~vð Þ where neM is the density of

magnetospheric electrons at the ionospheric end of the flux
tube; e = 1.6022 � 10�19 J/ev is the conversion from Joules
to eV; me = 9.11 � 10�31 kg is the mass of the electron; f ~vð Þ
is the distribution function of the electrons, and ~v is the
velocity of the precipitating electrons. The factor of p reflects
that we approximate the precipitating particles as isotropic
over the upward hemisphere (from a magnetospheric point

Table 1. Composition and Temperature of the Ionospheric Plasma
[Kliore et al., 2009] (Left Boundary)

Species Density (cm�3) Temperature Type

H+ 2 � 104 0.059 eV fluid
e� 2 � 104 0.059 eV fluid

Table 2. Compositions and Temperatures of the Ion and Electron
Species Specified in the Magnetosphere at the Equatorial Plane
(Right Boundary in Figures)a

Species
Density
(cm�3)

Temperature
(eV) Type

4 RS
b

W+ 55 30; T?/Tk = 5 Maxwellian
H+ 5 4 Boltzmann
e� 60 5 kappa, k = 3

6 RS
c,d

W+ 30.68 74.6; T?/Tk = 4.83 Maxwellian
H+ 2.35 8.3 Boltzmann
eh
� 0.03 1000.0 kappa, k = 3.6
ec
� 33.00 2.0 kappa, k = 5.5

9 RS - ‘trended’ case
c,d

W+ 4.62 165.0; T?/Tk = 2 Maxwellian
H+ 0.66 27.0 Boltzmann
eh
� 0.18 1800.0 kappa, k = 3.6
ec
� 5.10 14.0 kappa, k = 2.0

9 RS - ‘lower-bound’ case
d,e

W+ 4.62 165.0; T?/Tk = 2 Maxwellian
H+ 0.66 27.0 Boltzmann
eh
� 0.02 1000.0 Maxwellian
ec
� 5.26 6.0 kappa, k = 3

13 RS
c,d,f

W+ 0.43 416.0; T?/Tk = 2 Maxwellian
H+ 0.24 30.0 Boltzmann
eh
� 0.13 1177.0 kappa, k = 3.77
ec
� 0.54 19.6 kappa, k = 1.97

aWater group ions are assumed to have a mass of 17 amu.
bPopulation based on Fleshman et al. [2010].
cElectron population based on Schippers [2009].
dIon population based on Wilson et al. [2008].
eElectron population based on Schippers et al. [2012].
fIon population based on Thomsen et al. [2010].

Figure 1. Gravitational and centrifugal potentials for water
group ions along the flux tube mapping to 9 RS in the equa-
torial plane. The ionospheric end of the flux tube is on the left
and the magnetospheric end is on the right.
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of view electrons precipitate into the ionosphere). The solid
angle integration from intensity to flux is

R 2p
0 cosqdW ¼

2p
R 1
0 mdm where W is the solid angle integrated over a single

hemisphere to yield 2p, m = cosq and q is the pitch angle.
The incident electron energy flux is thus the integral over
energy of the intensity times energy.

2.2. Ionospheric Model

[19] Finally, the Pedersen conductances are calculated
using the above electron intensity profiles as input to a solar
and auroral energy deposition model [Galand et al., 2011]
coupled self-consistently to a model of Saturn’s ionosphere
[Moore et al., 2004, 2008, 2010]. The reader is referred to
these publications for detailed descriptions of the model
calculations and sensitivities; the conditions specific to this
analysis are detailed below. We assume southern summer
solstice conditions (solar declination �26.73�). The neu-
tral atmosphere at the latitudes of interest, as a function of
local time, is extracted from the 3D Saturn Thermosphere
Ionosphere Model (STIM) [Mueller-Wodarg, 2012] assum-
ing the same solar seasonal conditions as the ionospheric
model. In addition to incident energy flux from precipitating
electrons, solar radiation corresponding to quiet solar con-
ditions (F10.7� 70) is also considered [Galand et al., 2009].
The fully-coupled model is presented in Galand et al. [2011]
to which the reader is referred for a detailed description.

We scale the effective reaction rate, k*1 = k1
H2 n≥4ð Þ½ �

H2½ � , for the

chemical reaction H+ + H2(n ≥ 4)→ H2
+ + H, hereafter R1, as

appropriate for sub-auroral regions. For sufficiently high
vibrational energies, n ≥ 4, reaction R1 becomes exothermic
and rapidly occurs. The reaction rate, k1, is constrained
through laboratory plasma experiments [Huestis, 2008];

however the relative abundance of H2(n ≥ 4) to H2,
H2 n≥4ð Þ½ �

H2½ � ,

in Saturn’s atmosphere is less well known. We take the ratio
from Moses and Bass [2000] as a baseline and scale k*1 to

adjust H2 n≥4ð Þ½ �
H2½ � . Reaction R1 transforms the long-lived ion H+

into H2
+, which is quickly converted into H3

+, which in turn
has a shorter lifetime than H+. Consequently, increasing k*1
yields a decrease in the electron density, and hence a decrease
in the Pedersen conductance.Moore et al. [2010] found that a
scaling of the effective reaction rate to 0.25 k*1 best fit Cassini
radio space science observations and is reasonable for an
ionosphere influenced primarily by incident solar FUV flux.
When intense auroral electron precipitation is present, the
relative abundance of H2(n ≥ 4) is expected to be enhanced
and as such, the scaled rate of k*1 is increased to 2 k*1 [Galand
et al., 2011]. However, we note that despite doubling k*1 there
exists a net enhancement of the ionospheric density, owing to
the increased ionization from electron precipitation and thus
an overall increase in the Pedersen conductance in regions
with intense auroral precipitation. In the present analysis
we select reaction rate values of 2 k*1 and 0.6 k*1 for hard and
soft auroral precipitations, respectively.

3. Modeling Results

[20] In order to characterize the ionospheric field-aligned
currents, precipitating electron intensities, incident electron
energy fluxes, and Pedersen conductances at latitudes map-
ping to Saturn’s inner and middle magnetosphere, we apply

the Vlasov code to flux tubes intersecting the equatorial
plane at 4, 6, 9, and 13 RS. We fix the ionospheric boundary
for all runs to have a plasma composition of nH+ = ne� = 2 �
104 cm�3 and TH+ = Te� = 680 K � 0.059 eV [Kliore et al.,
2009] as shown in Table 1. The properties of Saturn’s mag-
netospheric plasma vary strongly with radial distance. For
this reason, we base the magnetospheric boundary conditions
on Cassini CAPS data analyses [Schippers et al., 2008;
Wilson et al., 2008; Thomsen et al., 2010; Schippers et al.,
2012] and modeling efforts [Fleshman et al., 2010]. In
addition to modeling how radial variations in the magneto-
spheric plasma population affect the ionospheric properties,
we also assess how changes in the magnetospheric popula-
tion for the flux tube mapping to req = 9 RS affect our results.
In the following sections, we describe magnetospheric
populations used and present our results for the field-aligned
ambipolar potential and density structures, along with the
predicted ionospheric parameters.
[21] Magnetospheric protons are treated as Boltzmann

species in all cases for ease of computation. The proton
density peaks �1 RS off the equatorial plane owing to the
ambipolar field-aligned potential. Therefore, the proton
density is non-monotonic with distance along the flux tube
and as such there is a phase space hole at low energies for
equatorial latitudes. Unfortunately, this phase space hole
prevents error reduction and the determination of a steady
state quasi-neutral Vlasov solution. A Boltzmann treatment,
while a simplification of the proton distribution’s properties
that ignores the velocity space distribution, allows us to
obtain Vlasov solutions.
[22] Wilson et al. [2008] determined that from 6 RS – 10 RS

Saturn’s magnetospheric protons have a temperature anisot-
ropy of T? /Tk � 2, where T? and Tk are the energies per-
pendicular and parallel to the magnetic field, respectively.
As the simple Boltzmann treatment does not include tem-
perature anisotropies, we use the effective temperature, Teff =
(2T? + Tk)/3, to describe the magnetospheric protons. For
Maxwellian distributions, the temperature anisotropies are
included in the Vlasov calculation.
[23] Kappa distributions are defined as [Baumjohann and

Treumann, 1996, p. 120]

fk Wð Þ ¼ n
m

2pkW0

� �3=2 G kþ 1ð Þ
G k� 1=2ð Þ

� 1þ
� ffiffiffiffiffiffiffiffiffiðW Þp � ffiffiffiffiffiffiffiffiffiffiðWSÞ

p �2

kW0

0
B@

1
CA

� kþ1ð Þ

ð2Þ

whereW0 = kBT (1–3/2k) is the particle energy at the peak of
the distribution, T is the average thermal energy, WS is the
shift energy, and k provides the shape of the power law tail.
In this analysis, we cite the average thermal energy, T, and k
to characterize kappa distributions.

3.1. Solution for Flux Tube Intersecting 4 RS

[24] The magnetospheric plasma population at 4 RS is
based on the baseline ‘best-fit’ solution from the modeling
analysis of Fleshman et al. [2010]. In brief, their analysis
applies a physical chemistry model of the Enceladus torus
to study how variations in the neutral source rate, hot elec-
tron temperature, hot electron density, and radial transport
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timescales affect the composition and density of this region.
Ion and neutral sources and losses include charge exchange,
impact ionization, photoionization, radial transport, disso-
ciative recombination, and recombination processes. Their
baseline solution is that for which the model output best
matches the water group, proton, and electron densities and
temperatures inferred from Cassini CAPS data [Fleshman
et al., 2010, Table 1].
[25] Here, we assume analytical distributions whose para-

meters are consistent with the Fleshman et al. [2010] baseline
solution. The magnetospheric plasma composition is as fol-
lows: a kappa distribution of electrons with a density of ne =
60 cm�3, temperature of Te = 5 eV, and k = 3; a Boltzmann
proton distribution with a density of nH+ = 5 cm�3 and
effective temperature of TH+ = 4 eV; and a Maxwellian dis-
tribution of water group ions with a density of nW+ = 55 cm�3,
effective temperature of TW+ = 30 eV, and temperature
anisotropy of T? /Tk = 5.We assume a mass of 17 amu for the
water group ions. The electron population is approximated
as a kappa distribution rather than two Maxwellians for ease
of computation.
[26] The quasi-neutral density and ambipolar potential

structure are shown in Figure 2 with the ionospheric and
magnetospheric ends of the flux tube on the left- and right-
hand sides, respectively. The proton density peaks at �1 RS

off the equatorial plane, owing to the ambipolar potential and
consistent with plasma density models based on Cassini
RPWS and CAPS observations [Sittler et al., 2008; Persoon
et al., 2009]. The heavier water group ions are confined to the

equatorial plane. At the ionospheric end of the flux tube there
exists an ambipolar potential of �1.5 V which restricts the
mobility of the ionospheric electrons. The ambipolar poten-
tial on the magnetospheric end of the flux tube is larger with a
maximum magnitude of �8 V at �3.2 RS above the equa-
torial plane. Nearly the entire ambipolar potential is dropped
within �0.15 RS which results in a narrow acceleration
region at �1.6 RS above the ionosphere (N.B. the x-axis
starts at 0.9 RS owing to Saturn’s oblateness). At high lati-
tudes, coincident with the sharp potential drop, the density
is dominated by magnetospheric electrons and ionospheric
protons. The ionospheric field-aligned current density is
1.514 mA/m2.
[27] Figure 3a displays the ionospheric electron intensity

profile as a function of electron energy where the thick blue
line represents the modeled results. The minimum energy of
the precipitating electrons is 8 eV as expected in the presence
of an 8 V potential drop. As detailed in section 2.1, the
maximum energy of the distribution is set to 6vth for com-
putational purposes, here equal to 180 eV. However, the
higher energy tail of the distribution is present in the physical
system and we extrapolate the modeled curve to a maximum
energy of 200 keV as shown by the thin line. The mean
energy and energy flux of the precipitating electrons into
the ionospheric model are 27 eV and 0.00472 mW/m�2,
respectively. This yields an ionospheric Pedersen conduc-
tance ranging from 3.0–3.8 mho at �62.1� where the range
represents local time variability. We use 0.6 k*1 as appropriate
for the soft electron precipitation indicated by the low energy

Figure 2. Plasma density and ambipolar potential profile along the magnetic flux tub mapping to 4 RS.
The plasma species are magnetospheric electrons (green, dot-dashed line), water group ions (blue, long
dashed line), and protons (black, solid line), and ionospheric protons (pink, dashed line) and electrons
(orange, dotted line).
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flux. Background conductances from solar energy flux alone
(0.25 k*1) range from 2–3 mho and thus, at the base of the flux
tube mapping to req = 4 RS, the ionospheric conductance is
not strongly affected by the electron precipitation.

3.2. Solution for Flux Tube Intersecting 6 RS

[28] For the flux tube mapping to req = 6 RS, the magne-
tospheric plasma composition is based on the analysis of
Cassini CAPS data. Schippers [2009] performed a statistical
analysis on a dozen Cassini orbits to find a median electron
population consisting of: a kappa distribution of cold elec-
trons with a density of nec = 33.0 cm�3, temperature of Tec =
2 eV, and k = 5.5; and a kappa distribution of hot elec-
trons with a density of neh = 0.03 cm�3, temperature of Tek =
1000 eV, and k = 3.6. The ion composition is based on that
presented byWilson et al. [2008]; however the densities have
been adjusted such that the initial magnetospheric plasma is
quasi-neutral, i.e., nH+ + nW+ = nec + neh. The ion population is
thus: a Boltzmann distribution of protons with a density of
nH+ = 2.35 cm�3 and effective temperature of TH+ = 8.3 eV;
and a Maxwellian distribution of water group ions with a
density of nW+ = 30.68 cm�3, effective temperature of TW+ =
74.6 eV, and temperature anisotropy of T? /Tk = 4.83. We
assume a water group mass of mW+ = 17 amu, consistent with
the Wilson et al. [2008] analysis, and reflecting the presence
of O+, OH+, H2O

+ and H3O
+ ions.

[29] Figure 4 displays the quasi-neutral density and ambi-
polar potential structures along the magnetic flux tube. Sim-
ilar to the req = 4 RS case, the proton density peaks �1.5 RS

above the equatorial plane. The ionospheric ambipolar
potential maximizes at �2 V and the magnetospheric ambi-
polar potential has a maximum magnitude of 8.1 V at 5.5 RS

above the equatorial plane. A sharp potential drop over a
narrow width of 0.1 RS along the field exists at 1.6 RS. On the
ionospheric end of the sharp potential drop, there exists a

Figure 3. Electron intensity profile at the ionosphere for
flux tubes mapping to magnetospheric equatorial distances
of (a) 4, (b) 6, (c) 9, and (d) 13 RS. For the flux tube mapping
to 9 RS, both the ‘trended’ and ‘lower-bound’ cases. The cold
and hot electron contributions are displayed in blue and red,
respectively. The total electron intensity in energy is shown
by the black dashed line. These profiles are input for the auro-
ral energy deposition model.

Figure 4. Plasma density and ambipolar potential profile along the magnetic flux tub mapping to 6 RS.
The plasma species are magnetospheric cold electrons (green, dot-dashed line), water group ions (blue, long
dashed line), protons (black, solid line) and hot electrons (red, dot-dot-dot-dashed line), and ionospheric
protons (pink, dashed line) and electrons (orange, dotted line).
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density cavity spanning 0.5 RS created by the acceleration
of electrons through the potential structure. Owing to their
greater density contribution, the field-aligned current is
carried predominately by the cold electrons. The net iono-
spheric field-aligned current density (jki) is 0.186 mA/m2,
only 0.024 mA/m2 or �11% of which is carried by the hot
electrons.
[30] The electron intensity profiles are shown in Figure 3b.

The cold electrons, in blue, dominate the electron intensity at
low energies while the hot electron population, in red, pro-
vides the largest contribution above �70 eV. Most of the
energy is delivered to the ionosphere via the hot electron
population with cold and hot electron energy fluxes of 5.26�
10�5 mW/m2 and 0.0241 mW/m2, respectively. Extrapolat-
ing the energy intensity profiles past the maximum energy
of 72 eV from the Vlasov model to a maximum energy of
200 keV, as shown by the thin blue and red lines, yields a net
energy flux of approximately 0.0248 mW/m2. In the presence
of such an electron precipitation, the ionospheric Pedersen
conductance at �67.2� ranges from 5.06 to 5.85 mho over a
Saturnian day, using 0.6 k*1.

3.3. Solutions for Flux Tube Intersecting 9 RS

[31] We present two cases for the flux tube mapping from
�70.0� latitude to req = 9 RS in sections 3.3.1 and 3.3.2;
one which uses the ‘trended’ electron densities that are
determined following the method described in section 3.2
[Schippers, 2009], and a second that accounts for the
re-calibration of the Cassini CAPS electron spectrometer
[Lewis et al., 2010] that subsequently results in decreased hot
electron densities [Schippers et al., 2012]. In order to study
the effects of varying electron populations, we hold the ion

properties fixed for both cases with a Boltzmann distribution
of protons with a density of nH+ = 0.66 cm�3 and effective
temperature of TH+ = 27.0 eV; and a Maxwellian distribution
of water group ions with a mass of mW+ = 17 amu, density of
nW+ = 4.62 cm�3, effective temperature of TW+ = 165.0 eV,
and temperature anisotropy of T? /Tk = 2. The ion properties
are from the analysis of Wilson et al. [2008]; however the
ion densities have been adjusted to equal those of the
electrons such that the equatorial magnetospheric plasma is
quasi-neutral.
3.3.1. Case 1: Large Fraction of Hot Electrons
[32] For the ‘trended’ case [Schippers, 2009], the mag-

netospheric electron population consists of a kappa distri-
bution of cold electrons with a density of nec = 5.1 cm�3,
temperature of Tec = 14.0 eV, and k = 2; and a kappa distri-
bution of hot electrons with a density of neh = 0.18 cm�3,
temperature of Teh = 1800.0 eV, and k = 3.6.
[33] Figure 5 displays the field-aligned density and ambi-

polar potential structure for the quasi-neutral solution. The
density of the magnetospheric hot electrons is nearly constant
along the magnetic flux tube; however, the density of the
magnetospheric cold electrons falls off with distance from
the equatorial plane. On the ionospheric edge of the sharp
field-aligned potential drop, there is a narrow density cavity
carved out by the acceleration of particles through the
drop. The maximum magnetospheric ambipolar potential is
31.4 V, increasing from the previous cases owing to the
higher rotation velocity at larger equatorial distances from
the planet, while the ionospheric ambipolar potential remains
�2 V as the surface gravity is independent of the flux tube’s
equatorial mapping distance.

Figure 5. Same as Figure 4 but for the flux tube mapping to 9 RS. The magnetospheric electron population
boundary condition is based on the analysis of Schippers [2009].
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[34] The electron intensity profiles are shown in Figure 3c.
At low precipitation energies, the cold electrons dominate
the energy flux into the ionosphere, while the hot elec-
trons deposit the majority of their flux at energies above
200 V. The respective cold and hot energy fluxes are 6.16 �
10�4 mW/m2 and 0.323 mW/m2 for maximum energies of
504 eV and 50 keV. When the electron intensity profiles are
extrapolated past the maximum energies included in the
Vlasov model to energies of 1000 keV, the net energy flux
input to the ionospheric model is 0.347 mW/m2 with a
mean precipitating electron energy of 4.4 keV. At the iono-
sphere the field-aligned current density, jk, is found to be
0.318 mA/m2, with the hot electrons carrying slightly more
current, jkh = 0.194 mA/m2, than the cold population, jkc =
0.124 mA/m2. The relative increase in the field-aligned
current density carried by the hot population, compared to
the req = 6 RS case, reflects the higher fraction of hot electrons
in the magnetospheric population. At �70.0� latitude, the
Pedersen conductance in the presence of electron precipita-
tion ranges from 18.6–18.9 mho, with a reaction rate of 2 k*1
corresponding to hard electron precipitation, consistent with
the relatively large incident energy flux.
3.3.2. Case 2: Small Fraction of Hot Electrons
[35] Reanalysis of Cassini data following the recalibration

of the CAPS ELS instrument [Lewis et al., 2010] provides a
lower fraction of hot electrons than in the original analysis.
Additionally, the electron population has three components:
cold, warm, and hot [Schippers et al., 2012]. We use here a
simplified description of the reanalyzed data which consists
of two electron populations: a kappa distribution of cold
electrons with a density of nec = 5.26 cm�3, temperature of

Tec = 6.0 eV, and k = 3; and a Maxwellian distribution of hot
electrons with a density of neh = 0.02 cm�3 and temperature
of Teh = 1000.0 eV.
[36] Figure 6 shows the field-aligned density and potential

structure for this ‘lower-bound’ case. As is clear from the
density profiles, the hot electrons represent a significantly
smaller percentage of the total electron density (0.3%) com-
pared to the trended case discussed in section 3.3.1 (3%).
Additionally, the temperatures of both the hot and cold
magnetospheric electron populations are decreased here. The
electrons have less mobility along the magnetic flux tube
and thus the degree of field-aligned charge separation, and
therefore the magnitude of the associated ambipolar field-
aligned potential, are reduced. The maximum field-aligned
potential in the lower-bound case is 18.2 V, compared to
31.4 V when a more energetic electron population is con-
sidered (Case 1, section 3.3.1).
[37] The density of the hot electrons remains nearly con-

stant along the magnetic flux tube, while the cold electron
density decreases with distance from the equatorial plane. A
sharp potential drop exists at 1.8 RS along the field line. At
the ionospheric side of this drop, there exists a slight density
cavity created by the acceleration of particles through the
potential structure. Owing to the small fraction of hot elec-
trons, the field-aligned current density is carried primarily
by the cold electrons with jkc = 0.0795 mA/m2 compared with
jkh = 0.0172 mA/m2. The resulting total ionospheric field-
aligned current density, jk, is 0.098 mA/m2.
[38] The hot and cold electron intensity profiles incident

upon the ionosphere are shown with the trended case in
Figure 3c. The mean electron precipitation energy is 1.4 keV.
The cold electrons provide the majority of the energy flux at

Figure 6. Same as Figure 4 but for the flux tube mapping to 9 RS. The magnetospheric electron population
boundary condition is based on the analysis of Schippers et al. [2012].

RAY ET AL.: FIELD-ALIGNED CURRENTS AT SATURN A07210A07210

9 of 14



energies below 200 eV and are associated with an energy
flux of 1.5 � 10�4 mW/m2. At higher energies, the hot
electrons dominate the precipitation with an energy flux
of 0.0162 mW/m2. Extrapolating to energies of 40 keV, the
net energy flux precipitating into the ionospheric model is
0.0164 mW/m2. The induced ionospheric Pedersen conduc-
tance at �70� ranges from 4.5–5.27 mho for a prescribed
effective reaction rate of 0.6 k*1. Comparing cases 3.3.1 and
3.3.2 emphasizes the need for reliable plasma moments for
this type of analysis.
3.3.3. Case 3: Schippers et al. [2008]
[39] Schippers et al. [2008] uses Cassini CAPS/ELS and

MIMI/LEMMS data for Revolution 24 of Cassini to identify
an electron population that can be described as a kappa dis-
tribution of cold electrons with density of nec = 5.80 cm�3,
temperature of Tec = 23.6 eV, and k = 1.86, and a kappa
distribution of hot electrons with a density of neh = 0.32 cm�3,
approximated here as neh = 0.30 cm�3, temperature of Teh =
2400.0 eV, and k = 4.24. We assume an ion population with a
Boltzmann distribution of protons of density, nH+ = 0.7 cm�3

and effective temperature of TH+ = 27.0 eV; and a Maxwel-
lian distribution of water group ions with a mass of mW+ =
17 amu, density of nW+ = 5.4 cm�3, effective temperature of
TW+ = 165.0 eV, and temperature anisotropy of T? /Tk = 2
based on the analysis of Wilson et al. [2008].
[40] The maximum field-aligned potential is �40 V and

the structure along the magnetic flux tube is similar to
that in section 3.3.1. However, owing to a combination of
both the high energy (2.4 keV) and the large fraction of hot
electrons (�5%), the net field-aligned current density, jk =
0.571 mA/m2, is primarily carried by the hot electrons which
have a field-aligned current density of jkh = 0.379 mA/m2.
Unsurprisingly, the hot electrons also dominate the net

incident energy flux into the ionosphere of 0.840 mW/m2.
Using this energy flux as input into the ionospheric model,
we find a Pedersen conductance of 34 mho for a prescribed
effective reaction rate of 2 k*1, appropriate for hard auroral
precipitation. This Pedersen conductance is exceptionally
large, exceeding previous estimates based on Cassini obser-
vations [Moore et al., 2010], which is why we do not show
the full results here.

3.4. Solution for Flux Tube Intersecting 13 RS

[41] For the flux tube mapping from �71.6� latitude to
req = 13 RS, the magnetospheric electron population is com-
posed of a kappa distribution of cold electrons with a density
of nec = 0.54 cm�3, temperature of Tec = 19.6 eV, and k =
1.97; and a kappa distribution of hot electrons with a density
of neh = 0.13 cm�3, temperature of Teh = 1177 eV, and k =
3.77 [Schippers, 2009].
[42] The ion population is based on the analysis of

Thomsen et al. [2010]; however we simplify their results by
merging the H2

+ population with the proton population such
that the magnetospheric plasma is composed solely of pro-
tons and water group ions. The H2

+ population has a temper-
ature similar to the protons, 40 eV compared with 30 eV,
and a significantly smaller density, 0.05 cm�3 relative to
0.19 cm�3. As such, this simplification does not strongly
affect the Vlasov solutions. The proton population is a
Boltzmann distribution with a density of nH+ = 0.24 cm�3 and
temperature of TH+ = 30 eV. The water group are specified as
a Maxwellian distribution with a density of nW+ = 0.43 cm�3.
Thomsen et al. [2010] calculate the effective temperature
of the water group ions. For equatorial radii less than 10 RS,
where the Thomsen et al. [2010] and Wilson et al. [2008]
analyses overlap, Thomsen et al. [2010] find that these

Figure 7. Same as Figure 4 but for the flux tube mapping to 13 RS.
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temperatures are consistent with the parallel temperatures of
the water group ions found by Wilson et al. [2008]. There-
fore, we set a temperature anisotropy of T? /Tk = 2 for the
water group ions and, using the Thomsen et al. [2010]
effective temperature, �250 eV, as a parallel temperature,
calculate a new ‘effective’ temperature of 416 eV for the
water group ions.
[43] Figure 7 displays the field-aligned densities and

ambipolar potential structures for the quasi-neutral solution.
The hot electrons are a significant component of the mag-
netospheric electrons, comprising 24% of the population.
Their density remains fairly constant along the flux tube
while the cold electron population decays with distance
off the equatorial plane. As such, the hot electrons are the
dominant contributors to the ionospheric field-aligned cur-
rent density with jkh = 0.111 mA/m2 in comparison to jkc =
0.0116 mA/m2. The total field-aligned current density at the
ionosphere is jk = 0.123 mA/m2.
[44] The field-aligned potential structure is similar to those

presented in sections 3.1, 3.2, and 3.3. Owing to a combi-
nation of the increased centrifugal forces, and hence con-
finement of the heavy ions; and the increased fraction of hot
electrons, and hence greater mobility of negative charged
particles, the magnetospheric ambipolar potential has a
maximum magnitude of 63.6 V. Nearly all of the ambipolar
potential is dropped over �0.2 RS at a distance of 1.5 RS

along the magnetic flux tube, resulting in a narrow density
cavity. This drop is more substantial than those presented in
sections 3.1, 3.2, and 3.3 because of the larger magnitude of
the ambipolar potential. However the location of the accel-
eration region remains the same,�1.5 RS along the magnetic
flux tube, as this is where the minimum in the sum of the
gravitational and centrifugal forces exists.
[45] The electron intensity profile varies from those pre-

sented earlier in that the cold electron population never
dominates the incident electron flux. As expected, the mini-
mum energy of the precipitating electrons is 63.6 V due to the
sharp potential drop at 1.5 RS. However the cold electron
density is an order of magnitude less than that of the hot
electrons because of the lower equatorial energy of the cold
electrons in conjunction with mirror effects. The hot and
cold electron energy fluxes are 0.123 mW/m2 and 6.79 �
10�5 mW/m2, respectively. Considering the extrapolation to
energies above those considered in the numerical model, the
net energy flux into the ionospheric model is 0.126 mW/m2.
The resulting Pedersen conductance at �71.6� ranges from
12.7–13.2 mho for a prescribed effective reaction rate of
0.6 k*1.

4. Discussion

[46] The prescribed magnetic flux tubes in the model are
unperturbed by the motion of satellites through the planetary
magnetic field. Thus, we treat our results for the flux tube
intersecting the equatorial plane at 4 RS as appropriate to the
region of the Enceladus torus downstream of the moon. At
the ionospheric latitude of the magnetic field line mapping to
req = 4 RS, (�62.1�), we calculate an energy flux incident
upon the ionosphere of 0.00472 mW/m2. An incident energy
flux of 1 mW/m2 produces 10� 0.2 kiloRayleighs (kR) of H2

UV emission in a pure H2 atmosphere [Gerard and Singh,
1982]. Assuming this conversion rate, our model predicts

that an auroral emission of 47.2 R is excited in the absence of
any field aligned acceleration apart from that owing to the
ambipolar potential. This is an order of magnitude dimmer
than the lowest emission Enceladus spot detected by Cassini
UVIS [Pryor et al., 2011]. Therefore, our model does not
predict the existence of a detectable UV auroral wake emis-
sion downstream of Enceladus, consistent with the analysis
of Wannawichian et al. [2008]. However, Stallard et al.
[2008] detected an IR aurora at ionospheric latitudes map-
ping to the orbit of Enceladus that was �25% as bright as
the main auroral emission.
[47] Grodent et al. [2010] derived an associated energy

flux of �0.3 mW/m2 for the midlatitude diffuse UV auroral
emission mapping from 4–11 RS. Using the double kappa
description for the electron population from Schippers et al.
[2008], we find an energy flux of �0.8 mW/m2 which is
significantly larger than that derived from UV observations
and results in an unreasonably large ionospheric Pedersen
conductance of 34 mho. However, this electron distribution
was determined through use of a single spacecraft revolution
and the CAPS ELS instrument has since been recalibrated,
resulting in a reduction of the density of the hot electron
component of the magnetospheric plasma [Lewis et al.,
2010]. The ‘trended’ 9 RS case, for which the electron
parameters are derived from seven years of spacecraft data
and do not account for the recalibration of the CAPS/ELS
instrument, yields an electron energy flux of 0.347 mW/m2

and is consistent with the value derived from UV observa-
tions. However, our predicted energy fluxes for the 6 RS case,
which uses the same data set as the ‘trended’ 9 RS case, and
‘lower-bound’ 9 RS cases fall an order of magnitude below
those inferred from observations. The plasma parameters for
the ‘lower-bound’ 9 RS case consider the recalibration of the
CAPS ELS instrument and may be more representative of the
magnetospheric plasma population.
[48] Therefore, the interpretation of the driver for the

midlatitude emission varies with our understanding of the
magnetospheric plasma parameters. If the ‘trended’ densities
are indeed more typical for Saturn’s middle magnetosphere,
then the diffuse emission is likely excited by the hot mag-
netospheric electron population as originally proposed by
Grodent et al. [2010]. Yet if this is the case, the subcorotation
of Saturn’s magnetospheric plasma may be a mystery. As
discussed in the Introduction, there are four possible limita-
tions to the transfer of angular momentum between the planet
and its magnetospheric plasma: the true ionospheric Pedersen
conductance, a lack of current carriers at high magnetic lati-
tudes which restrict the magnitude of the field-aligned cur-
rents, the rotation rate of the neutral atmosphere at the foot of
the planetary magnetic field line which yields the effective
Pedersen conductance, and ion-neutral friction in the mag-
netosphere. Initial studies based on the torque balance model
presented by Ray et al. [2010], modified to include momen-
tum loading from charge exchange, applied at Saturn suggest
that large field-aligned current densities of 0.318 mA/m2

should be sufficient to transfer angular momentum from
Saturn to its subcorotating plasma such that the magneto-
spheric plasma reaches near-rigid corotation.
[49] The calculated Pedersen conductance values given in

section 3 are true conductances. They do not include the
relative rotation of the neutral atmosphere with respect to the
planetary rotation rate. When considered in the context of
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magnetosphere-ionosphere coupling, it is necessary to take
into account the subcorotation of the neutral atmosphere,
such that the ionospheric Pedersen conductance can be scaled
accordingly [Huang and Hill, 1989]. At low altitudes
underneath the main auroral emission, the rotation rate of
neutral atmosphere relative to planetary corotation derived
from the 3D STIM General Circulation Model was found to
be 50% [Galand et al., 2011]. This rate of neutral rotation
yields an effective Pedersen conductance in the auroral
region equal to half the true Pedersen conductance. At lati-
tudes equatorward of �75�, the deviation of the neutral
atmosphere from planetary corotation is expected to
decrease, which would therefore result in a smaller reduction
of the true Pedersen conductance. Here, we find true Ped-
ersen conductances ranging from 18.6–18.9 mho at �70.0�
for soft auroral precipitation. Using the scaling of 0.5 for
auroral regions, this yields a lower limit for the effective
Pedersen conductance of �6.3–6.8 mho. Such large Pedersen
conductances are not expected to significantly limit the field-
aligned currents running from Saturn to its magnetosphere.
[50] Neither the large field-aligned current density, nor the

Pedersen conductance, significantly limit the transfer of
angular momentum and are hence inconsistent with the 20%
subcorotation of the magnetospheric plasma from �4–10 RS

found by Cassini [Wilson et al., 2008; Thomsen et al., 2010]
unless: (1) the corresponding planetary ionosphere from
�62� to �70� also subcorotates by 20% or (2) significant
field-aligned potentials exist, which allow for differential
rotation between the ionosphere and magnetosphere. For
latitudes spanning ��62� to �70�, a 20% lag from corota-
tion in the coupling region corresponds to westward veloci-
ties of �1000 m/s to �700 m/s. Line of sight ionospheric
angular velocities derived from H3

+ observations indicate
westward flows of 1000–2000 m/s between �73� and �65�
[Stallard et al., 2007]. Therefore, the deviation in corotation
of the magnetospheric plasma is consistent with the observed
deviation from corotation of the ionosphere. It should be
noted that the neutral atmosphere will not have the same
angular velocity as the ionosphere since the neutral atmo-
sphere and ionosphere are coupled through ion-neutral col-
lisions and therefore can ‘slip’ relative to one another.
[51] On the other hand, if ‘lower-bound’ magnetospheric

populations are more typical, then field-aligned acceleration
may be required to provide the necessary energy flux to
generate this midlatitude auroral emission. Additionally, the
reduced field-aligned current density associated with the
‘lower-bound’ magnetospheric densities may not be enough
to transfer angular momentum from Saturn to its mag-
netospheric plasma. As such, field-aligned potentials may
develop at high-latitudes to provide the necessary angular
momentum to the magnetospheric plasma [Ray et al., 2010].
Currently, due to the lack of any significant hydrocarbon
absorption of auroral emissions observed at midlatitudes, it is
not possible to accurately determine the energy of the pre-
cipitating electrons that create the sub-auroral UV emission.
However, despite this lack of hydrocarbon absorption, an
upper bound for the precipitating electron energy may still be
determined. In the midlatitude regions studied here, precipi-
tating electrons require a mean energy of �2 keV to reach
the hydrocarbon layer. A net field-aligned potential drop
of 1.5 kV produces an incident electron energy flux of

�0.25 mW/m2 (L. C. Ray, manuscript in preparation, 2012).
This is within the energy range where UV emission would be
generated above the hydrocarbon layer. If this is the case,
then the sub-auroral diffuse emission may be the signature of
corotation breakdown in Saturn’s magnetosphere, similar to
Jupiter’s main auroral emission [Ray et al., 2010]. This
remains a topic for further study.
[52] The 6 RS and 13 RS cases yield similar ionospheric

field-aligned current densities; however their energy fluxes
differ by an order of magnitude. This is due to the larger
fraction of hot electrons at 13 RS which produces a dominant
contribution to the energy flux compared to that of the cold
electrons. Ambipolar potentials of 8.1 V and 63.6 V restrict
the motion of the cold electron populations, which have
temperatures of 2.0 eV and 19.6 eV at 6 RS and 13 RS,
respectively.
[53] Sittler et al. [2008] calculated field-aligned density

profiles for electrons, protons and water group ions at L shells
of 4, 6.3 and 10 by applying ion-electron force balance in a
dipole magnetic field. Our field-aligned density profiles are
consistent with the Sittler et al. [2008] results, although we
calculate a peak magnitude of the proton density that is
reduced by a factor of two, compared to their prediction. One
possible reason for this discrepancy is that our model pre-
scribes a non-dipolar magnetic structure which increases the
mirror ratio from the equatorial plane to the planet, hence
restricting the mobility of the plasma in the field-aligned
direction. Another cause may be the specification of a 0 V net
potential drop between the ionosphere and magnetosphere.
A result of this requirement is that the magnetospheric
ambipolar potential must be ‘dropped’ along the flux tube,
with the narrow width of the drop a consequence of the
gravitational and centrifugal profiles. The narrow potential
drop produces a density cavity.
[54] In the physical system, there may exist a net potential

drop between the ionosphere and magnetosphere. We assume
a 0 V net potential drop in this analysis to easily compare the
different flux tubes and to represent perfect magnetosphere-
ionosphere coupling throughout the middle magnetosphere.
For the two regions to be perfectly coupled, the perpendicular
gradient (latitudinal or radial gradient depending on an
ionospheric or magnetospheric perspective) of the field-
aligned potential must be zero [Ergun et al., 2009; Ray et al.,
2010]. In the case that the field-aligned potential is smoothly
varying, the magnitude of the net field-aligned potential drop
is approximately given by difference in the magnetospheric
and ionospheric ambipolar potentials, resulting in a perpen-
dicular gradient in the parallel potential. However, this gra-
dient is on the order of a few volts per RS and therefore
unlikely to strongly decouple the system. If a smoothly
varying field-aligned potential profile, resulting in a net
potential drop between the ionosphere and magnetosphere,
exists, then the precipitating electron energy flux calculated
in this analysis - which is dominated by the hot electron
population - is qualitatively unaffected, decreasing by �5%.
The field-aligned current density at the ionosphere, which is
predominately carried by the cold electrons, can be reduced
by as much as a factor of two as the cold electrons are no
longer accelerated at high latitudes.
[55] The variation in the ambipolar potential between

the ‘trended’ and ‘lower-bound’ cases for the flux tube
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intersecting 9 RS reflects changes in the magnetospheric
electron population. In addition to smaller densities in the
‘lower-bound’ case, the electron temperatures are also lower.
As such, the charge separation that develops along the mag-
netic flux tube is reduced and hence a lower ambipolar
potential is required to maintain charge-neutrality.
[56] It should be noted that the solutions to the Vlasov

model are non-unique. The location of the field-aligned
potential drop can shift slightly in location, as much as one
spatial cell. However, our results remain qualitatively sound
and the maximum magnitudes of the ambipolar potential and
field-aligned current density are not significantly affected by
this shift. The sensitivity to the initial plasma parameters
plays a much larger role in the variation between solutions,
as displayed in sections 3.3.1, 3.3.2, and 3.3.3.

5. Conclusions

[57] The field-aligned currents that couple Saturn’s mag-
netosphere and ionosphere vary strongly with radial distance
as summarized in Table 3. This is expected as both the cen-
trifugal forces and mirror ratios between the magnetospheric
equatorial plane and planetary ionosphere increase with
radial distance. Additionally, there exist strong variations in
the magnetospheric plasma population, which when con-
sidered alone, affect the ionospheric results. We draw the
following conclusions:
[58] 1. The magnitude of the field-aligned currents and

electron energy flux depends on the magnetospheric plasma
population.
[59] 2. Ambipolar potentials on the order of�10 to �40 V

develop, nearly all of which are dropped over a narrow width
(�0.5 RS) at high magnetic latitudes.
[60] 3. In the middle magnetosphere, Saturn’s

magnetosphere-ionosphere coupling system is not expected
to be limited by the ionospheric Pedersen conductance which
ranges from 3–18.9 mho.
[61] 4. The ionospheric electron energy flux at�70� latitude

using ‘trended’ magnetospheric parameters, 0.347 mW/m2,
is consistent with that derived from observations [Grodent
et al., 2010] however the magnetospheric inputs [Schippers
et al., 2008] were derived before the recalibration of the
CAPS/ELS instrument [Lewis et al., 2010].
[62] 5. The ionospheric electron energy flux for the case

with a ‘lower-bound’ magnetospheric population is an order
of magnitude less than that derived by auroral UV observa-
tions indicating that the observed emission may require that
the electron population is accelerated at high latitudes.

[63] Understanding the composition and, in particular, the
density of the magnetospheric plasma population is key in
describing magnetosphere-ionosphere coupling in the Sat-
urnian system. Precipitation from the magnetospheric plasma
enhances the ionospheric Pedersen conductance, allowing
for enhanced coupling between the two regions. This phe-
nomenon could also explain the UV auroral emissions
equatorward of the main auroral emission; however this
depends on the equatorial magnetospheric plasma densities
derived from the Cassini spacecraft.
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