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[1] We employ magnetic field and plasma particle data from two equatorial passes of the
Cassini spacecraft spanning the radial range between ∼3 and ∼20 RS to investigate the
nature of the ring current in Saturn’s dayside magnetosphere (RS is Saturn’s equatorial
radius, equal to 60,268 km). We examine plasma parameters obtained by Cassini for each
pass and compare the azimuthal current density profiles deduced with those obtained from
current disk modeling of the magnetic field perturbations. We show that the current
associated with the P? > Pk pressure anisotropy of the warm water group ions is important
inside ∼10 RS, canceling a significant fraction of the otherwise dominant inertia current
inside ∼6 RS. The overall total current density profile is then found to be similar to
that produced by the pressure gradient current but augmented in strength by factors of
∼1.5–2.0 by the difference between the inertia and anisotropy currents. The total current
density rises from small values near ∼6 RS, peaks at ∼100 pA m−2 near ∼8 RS, and reduces
to values below ∼25 pA m−2 at distances beyond ∼15 RS, up to the 20 RS limit of our study.
The deduced current density profiles are in good agreement with the gross features of
the profiles deduced from current disk modeling, with peak values occurring just outside
the inner edge of the best fit models at ∼7 RS, though with the current density then falling
more steeply with radial distance than the 1/r dependence assumed in the model.
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1. Introduction

[2] The existence of an eastward‐flowing ring current in
Saturn’s magnetosphere that distends the magnetic field
lines outward from the planet was first inferred from
Pioneer‐11 and Voyager fly‐by data, using magnetic field
and plasma particle instrumentation [e.g., Smith et al., 1980;
Ness et al., 1981;Krimigis et al., 1983; Richardson and Sittler,
1990]. The magnetic perturbations were found to be well
modeled by a simple four‐parameter current disk, the
parameters of which are the cylindrical radii of its inner and
outer edges, its half thickness, and a parameter describing

the current density in the disk, assumed to fall inversely as
the cylindrical radial distance from the magnetic axis
[Connerney et al., 1983]. Fits to the fly‐by field data indi-
cated a radial extent between ∼8 and ∼16 RS, a half thickness
of 2.5 RS, and a total current near ∼10 MA (RS is Saturn’s
equatorial radius, equal to 60,268 km). Recently, the same
model, here termed the CAN (Connerney, Acuña, and Ness)
model, has been applied to the more extensive data set
obtained by the Cassini Saturn orbiter spacecraft. Bunce et
al. [2007] studied magnetic field data from a set of near‐
equatorial Cassini orbits and showed that the strength and
radial extent of the current both increase with the size of the
magnetosphere under conditions of reducing solar wind
dynamic pressure, thus, strongly influencing the magneto-
spheric response to the latter. Kellett et al. [2009] also
studied north‐south passes of the spacecraft through the ring
current and showed that the half thickness is generally
somewhat less than previously inferred, being ∼1.5 RS in the
near‐noon sector.
[3] Determination of the physical nature of Saturn’s ring

current, i.e., the actual combination of currents associated
with the inertia of the near‐corotating plasma and hot par-
ticle effects, has proved to be considerably more elusive.
McNutt [1984] provided evidence that plasma inertia was
important in the outer ring current during the Voyager‐1
fly‐by, while Mauk and Krimigis [1985] suggested that
pressure gradient currents may be dominant within more
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central regions. With the recent emergence of much more
extensive plasma bulk parameter data from the Cassini
spacecraft [e.g., Sergis et al., 2007, 2009; Lewis et al., 2008;
Schippers et al., 2008; Wilson et al., 2008; McAndrews et
al., 2009; Persoon et al., 2009], this centrally important
issue can now be addressed in some detail. Sergis et al.
[2010] have combined density and pressure values from a
number of near‐equatorial passes in the radial range 6–15 RS

to show that the inertia current density, though partially
offset by westward directed anisotropy currents, is larger
than the pressure gradient current density in the inner part of
that radial range, and vice versa in the outer part, with
approximate equality at distances of ∼9–10 RS. Related re-
sults have also been derived by Achilleos et al. [2010], who
have developed a detailed empirically based model of force
balance in Saturn’s ring current region, though in this case
the model suggests a resumption of dominant inertia cur-
rents in the outer region (at radial distances beyond ∼12 RS),
in line with the results of Arridge et al. [2007].
[4] The present paper addresses the issue of the nature of

Saturn’s ring current in a manner that is complementary to
that of Sergis et al. [2010] and Achilleos et al. [2010], by
examining plasma parameter profiles obtained by Cassini on
individual passes through the region and comparing the
current density profiles derived with CAN model fits to the
magnetic field data from the pass. Data from more than 20
passes have been studied and are exemplified in this paper
by a detailed discussion of two consecutive passes through
the dayside ring current, on Revs 15 and 16 in September
and October 2005 (a detailed study of the full data set is
currently in preparation). These passes are closely equato-
rial, with latitudes that deviate from zero by at most 0.3° in
the region of interest and are distinguished amongst the
near‐equatorial Cassini orbits by providing the maximum
radial coverage to date, between ∼3 and ∼20 RS. The passes
thus span the radial range from the Enceladus plasma torus
in the inner region to the vicinity of the dayside magneto-
pause. Otherwise, analysis of the magnetic field data by
Bunce et al. [2007] indicates that the ring current conditions
on these passes are not unusual.

2. Plasma Current Density

[5] The current density perpendicular to the magnetic
field B flowing in a magnetized plasma can be expressed in
terms of the plasma parameters [e.g., Vasyliunas, 1984] by

j? ¼ B
B2
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where rm is the plasma mass density, V is the bulk speed,
b̂ = B/B is the unit vector along the field, and Pk and P? are
the field‐parallel and perpendicular plasma pressures,
respectively. The first term on the right side is the inertia
current, the second the pressure gradient current, and the
third the anisotropy current. The latter term goes to zero in
the limit of isotropic pressure Pk = P? = P.
[6] To take the analysis further, we assume approximate

axial symmetry (∂/∂8 ≡ 0) and that the observations are
made exactly on the planet’s spin equator (a very good
approximation), such that parameter variations are due
principally to radial gradients. We expect that these

assumptions should be well satisfied in the inner part of the
system dominated by warm (∼10–1 keV) plasma and the
planetary field but may be more questionable at larger dis-
tances where variable structured hot (tens of keV) plasma
becomes important as observed in energetic neutral atom
images [e.g., Krimigis et al., 2007; Mitchell et al., 2009],
and the field has local time dependency associated with the
day‐night asymmetry. Even so, the principal gradients will
still generally be those in the meridian, thus, justifying axial
symmetry as an appropriate approximation for initial study.
We also correspondingly assume that the plasma velocity is
purely azimuthal about the coaligned spin and magnetic
axes, with speed V8. However, we make no further
assumption about the direction of the magnetic field, such
that in general, we take b̂ = (br, b�, b8). While clearly the
principal field component in the equatorial region will
generally be the colatitudinal component, such that b� ≈ 1,
significant, but not dominant, radial and azimuthal fields
may also occur in the outer part of the system (beyond
∼12 RS). Persistent radial fields are due to the northward
displacement of the magnetic equator from the spin equator
due to solar wind forcing effects under the southern summer
conditions prevailing [Arridge et al., 2008a], while azi-
muthal fields may be produced by field sweepback effects in
the presence of subcorotating flow. With these assumptions,
equation (1) then yields the following expression for the
azimuthal component of the field‐perpendicular current
density
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where r is radial distance from the spin/magnetic axis, and R
is the local radius of curvature of the field lines. Equation (2)
neglects a small term in the pressure gradient current that
contains the pressure anisotropy and the square of the radial
field and additional small terms in the pressure anisotropy
current that contain the azimuthal field and its spatial deri-
vatives. Of the quantities in equation (2), only the field
radius of curvature R in the anisotropy current cannot be
directly determined from near‐equatorial data. However, the
pressure anisotropies of main concern here are the strong
P? > Pk anisotropies in the warm ion population in the inner
part of the system, within ∼10 RS, as discussed in section 3.
Inside such distances the field does not generally depart
strongly from a near‐dipolar field [Bunce et al., 2008;
Arridge et al., 2008b], for which R = r/3. Here we will
therefore use this value as a simple approximation in
equation (2), recognizing that as the field becomes
increasingly extended in the outer region by the plasma
currents, the radius of curvature of the equatorial field will
be reduced, and the anisotropy currents correspondingly
enhanced compared with those calculated here.
[7] In addition to the plasma currents considered here, we

note that Wahlund et al. [2009] have recently suggested that
negatively charged ice grains associated with the E ring,
moving in the inner magnetosphere in near‐Kepler orbits,
may also produce a significant westward azimuthal current.
If so, the current would flow in a narrowly confined equa-
torial ring at a radial distance of ∼4 RS where the grain
density sharply maximizes [e.g., Kurth et al., 2006], close to

KELLETT ET AL.: SATURN’S DAYSIDE RING CURRENT A08201A08201

2 of 10



the orbit of the moon Enceladus which is the source of the
ice grains. Here we do not consider the physics of this
suggestion but will comment further below on the empirical
basis of the nature of the magnetic field perturbations
observed.

3. Plasma Parameter Profiles

[8] As indicated in section 1, the data examined here were
obtained on consecutive inbound Cassini orbits, Revs 15
and 16. Figure 1 shows the spacecraft trajectory in the
planet’s equatorial X‐Y plane with the Sun at the top. The
coordinate system employed is such that Z points along
the planet’s spin axis, the X‐Z plane contains the Sun, and
Y points toward dusk, completing the right‐handed system.
The trajectories of Revs 15 and 16 are closely similar, both
being represented by the black line, where the solid and
dashed portions represent the inbound and outbound parts of
the orbits, respectively. Only the data from the inbound
passes are examined here, the more complicated situation on
the nightside being reserved for future study. The colored
circles show day boundaries for Revs 15 (red) and 16 (blue),
which are marked with similarly color‐coded “day of year”
(2005) numbers. The red and blue dashed lines show model
magnetopause positions for Revs 15 and 16, respectively,
computed using the Arridge et al. [2006] model fitted to the
innermost magnetopause crossing observed on the pass.
[9] Given the assumptions discussed in section 2, all the

parameters in equation (2) can in principle be determined,
allowing estimates to be made of the local azimuthal current
density on individual passes through the ring current, such
as those shown in Figure 1. In practice, however, not all

parameters are routinely available, particularly those of the
warm ion population, due to instrument field‐of‐view
restrictions that are dependent on the orientation of the
three‐axis stabilized spacecraft. Where required, therefore,
available data have been augmented with empirical models
derived from particular data sets, as described below. In
addition to data from the magnetic field instrument
[Dougherty et al., 2004], employed here at 1 min resolution,
the data sets routinely available that are employed in this
study are as follows.
[10] 1. Density and pressure data at 5 min resolution for

hot (>3 keV) protons (H+) and water group ions (W+) com-
bined, derived from Magnetospheric Imaging Instrument
(MIMI)/Charge Energy Mass Spectrometer (CHEMS) and
Low Energy Magnetic Measurement System (LEMMS) data
by integration over the energy range from 3 to >200 keV,
the water group ion spectrum being extrapolated to 3 keV
from minimum measured energies of 9 keV [Krimigis et al.,
2004; Sergis et al., 2007, 2009]. Pressure anisotropies are
not presently available but are not believed to be large
[Sergis et al., 2009], such that the hot ion pressure is taken
to be isotropic at all radial distances as in previous related
works.
[11] 2. Density and pressure data at 1 min resolution for

cold (Te ∼1–10 eV) and warm (Te ∼100 eV to 1 keV)
electrons combined, obtained from Cassini Plasma Spec-
trometer (CAPS)/Electron Spectrometer (ELS) data by inte-
gration over the energy band from 0.6 eV to 26 keV [Young
et al., 2004; Lewis et al., 2008; Schippers et al., 2008]. The
pressure is again taken to be isotropic. Valid parameters
can only be derived in lower plasma density regions where
the spacecraft potential is positive, typically beyond radial
distances of ∼10–12 RS, the data then being corrected for
the determined positive spacecraft potential with elimina-
tion of measured spacecraft photoelectrons. In inner regions
of higher plasma density where the spacecraft potential
becomes a few volts negative, the cold electron population
is not fully measured. In these regions we instead use the
CAPS/ELS data to compute the partial density and pressure
of electrons with energy >20 eV. Electrons with these
energies are not strongly affected by the spacecraft potential,
such that the partial densities and pressure >20 eV provide
valid information on the warmer electron population.
[12] 3. Total electron density measurements at 8–16 s

resolution obtained from measurements of the upper hybrid
resonance frequency by the RPWS instrument [Gurnett
et al., 2004; Persoon et al., 2009]. These data are gen-
erally available between periapsis and radial distances of
∼8–10 RS.
[13] The methodology adopted is illustrated in Figure 2,

where we show radial profiles of plasma density (Figure 2,
top) and pressure (Figure 2, bottom) for the inbound passes
of Revs 15 (Figure 2, left) and 16 (Figure 2, right), spanning
∼3–20 RS. The vertical dashed lines at a radial distance of
18.8 RS in the plots for Rev 16 show the last inbound
magnetopause crossing, such that we do not consider data
beyond that point. We first construct a radial profile of the
total electron number density by combining RPWS data
(yellow) in the inner region with CAPS/ELS data (blue) in
the outer region where the spacecraft potential is positive.
Similarly colored solid lines join values averaged over
0.25 RS intervals. A small data gap of ∼1–2 RS generally

Figure 1. Cassini trajectory for Revs 15 and 16 shown in
the planet’s equatorial (X‐Y) plane, with noon at the top
and dusk to the left. The trajectories of both Revs are repre-
sented by the thick black line where the solid and dashed
sections represent the inbound and outbound parts of the
orbits, respectively. The colored circles indicate day bound-
aries for Rev 15 (red) and Rev 16 (blue), which are marked
with similarly color‐coded “day of year” (2005) numbers.
The red and blue dashed lines show model magnetopause
positions for Revs 15 and 16, respectively, computed using
the Arridge et al. [2006] model fitted to the last inbound
magnetopause crossing.
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remains between the RPWS and CAPS/ELS density data,
centered near ∼10 RS, which we close by log‐linear inter-
polation shown by the green line.
[14] The magenta data in the upper panels show the partial

density of >20 eV electrons as described above, extending
into the inner region where the spacecraft potential becomes
negative, but truncated and set to zero in the innermost
region (where the density is much less than the total)
because of contamination of the CAPS/ELS data by pene-
trating radiation belt particles. The difference in density
between these values and the total electron density is taken
to be the density of the cold (Te ∼1–10 eV) electrons. By
charge neutrality, the total electron density shown in

Figure 2 (top) is also the total ion density (the charge density
of charged ice grains generally being negligible), assuming
the ions are predominantly singly charged. The red data in
Figure 2 (top) show the hot (>3 keV) water group ion plus
proton density obtained by integration of the MIMI data,
such that the difference between these values and the total
density then represents the density of the warm (<3 keV)
ions. The hot ion values are also truncated and set to zero in
the inner region (where they are also much less than the
total) for reasons similar to the electron data. It can be seen
that except for some regions in the outer magnetosphere, the
hot ions represent ∼1% or less of the total ion density, such
that the vast majority of the ions belong to the warm pop-

Figure 2. Profiles of particle density and pressure for (left) Rev 15 and (right) Rev 16 over the radial
range from ∼3 to 20 RS. The vertical black dashed line at a radial distance of 18.8 RS for Rev 16 shows
the last inbound magnetopause crossing. (top) Each plot shows the radial profile of the electron density
(m−3). The yellow and blue data show the total number density from the RPWS and CAPS/ELS instru-
ments, respectively. The similarly colored solid lines join values averaged over 0.25 RS intervals. The
green solid line shows the log‐linear interpolation between these two data sets. The magenta data show
the partial density of warm (>20 eV) electrons from the CAPS/ELS instrument, while the red data show
the hot (>3 keV) ion density obtained from the MIMI instrument (water group ions and protons com-
bined). (bottom) Each plot shows the related radial profiles of the plasma pressure (nPa). The red data
show the hot (>3 keV) ion pressure from the MIMI instrument, while the blue data show the electron
pressure from CAPS/ELS. The green and yellow solid lines show the perpendicular pressure of the warm
water group ions and protons, respectively, while the similarly colored dot‐dashed lines show the parallel
pressures of these populations. The total perpendicular pressure is shown by the solid black line. The
black points for (right) Rev 16 show a small number of warm ion density and pressure values derived
from CAPS/IMS data by Wilson et al. [2008]. Spacecraft radial distance (RS) is shown at the bottom
of the plot, together with the latitude (degrees) and local time (hours).
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ulation. The black points at radial distances of ∼9–10 RS in
the density panel for Rev 16 show a small number of warm
ion density values derived from CAPS/IMS data on this pass
byWilson et al. [2008]. It can be seen that these values agree
very well with the concurrent RPWS density data. No such
determinations are available for Rev 15 because of a lack of
suitable spacecraft orientation.
[15] The mass density of the plasma rm, required for the

inertia current, is then obtained by applying a model ratio
Ri = (nW+/nH+) of warm water group ions (mass 17 atomic
mass unit (AMU)) and protons (mass 1 AMU) to the total
density data. This model is shown in Figure 3a (which
shows all the empirical model profiles employed here),
obtained from the overall analyses of CAPS/IMS data pre-
sented by Wilson et al. [2008] and McAndrews et al. [2009].
The value of Ri decreases from ∼15 at ∼5 RS, to ∼5 at

∼10 RS, and to ∼1.5 at ∼20 RS and is in agreement with the
few individual values derived for Rev 16 by Wilson et al.
[2008], shown by the red points in the plot. The moder-
ately subcorotational azimuthal velocity of the plasma V8

required for the inertia current has been taken from the
empirical model employed by Achilleos et al. [2010], based
on the overall results of Wilson et al. [2008] and Kane et al.
[2008]. This model is shown in Figure 3b, where the dashed
straight line shows rigid corotation for comparison. The
model is again in good agreement with the Rev 16 data
derived by Wilson et al. [2008] shown by the red points.
These values are then combined with magnetic data to
derive the inertia current density in equation (2).
[16] We now turn to the pressure profiles shown in

Figure 2 (bottom). The red data show the hot (>3 keV) ion
pressure for water group ions and protons combined, derived
from MIMI data, which make a small contribution to the
total pressure inside ∼8 RS but dominate the total pressure
beyond ∼15 RS. The blue data show the electron pressure,
determined by direct integration in the outer region where
the spacecraft potential is positive, and by combining the
>20 eV partial electron pressure with an estimate of the cold
electron pressure in the inner region where the spacecraft
potential is negative. The cold electron pressure has been
determined by combining the difference between the >20 eV
and total electron densities shown in the upper panels, with
the cold electron temperature model of Persoon et al.
[2009], shown in Figure 3c. In this model, the cold elec-
tron temperature increases from ∼1 eV at ∼3 RS to ∼10 eV at
∼10 RS, where we note that we have slightly extrapolated the
original model of Persoon et al. [2009] from an inner limit
of 3.5 RS to cover the whole range to 3 RS considered here.
Beyond 10 RS, the cold electron temperature is taken to
remain constant at ∼10 eV on the basis of the results pre-

Figure 3. Plots of empirical model plasma parameter pro-
files employed to estimate the quantities required to derive
the plasma currents. The continuous lines in the figure show
models of (a) the number density ratio of warm water group
ions and protons obtained from Wilson et al. [2008] and
McAndrews et al. [2009]; (b) the azimuthal velocity of the
plasma from the empirical model of Achilleos et al. [2010]
based on the results of Wilson et al. [2008] and Kane et
al. [2008] (the dashed line corresponds to rigid corotation
with the planet); (c) the cold electron temperature model of
Persoon et al. [2009], extrapolated to 3 RS from an inner
boundary of 3.5 RS, and extended at constant value beyond
10 RS on the basis of the results of Schippers et al. [2008];
and (d) the field‐perpendicular (solid lines) and field‐
parallel (dot‐dashed lines) temperatures of warm water
group ions (green) and protons (yellow), derived for radial
distances beyond ∼5.5 RS by Wilson et al. [2008] and
McAndrews et al. [2009] and augmented in the inner region
(∼3–5 RS) using Voyager data modeled by Richardson
[1995]. The individual data points in the panels show
warm ion data derived by Wilson et al. [2008] from
CAPS/IMS observations specifically for Rev 16, where in
Figure 3d, the red points correspond to the perpendicular
temperature and the blue points correspond to the parallel
temperature.
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sented by Schippers et al. [2008]. The 20 eV cutoff in the
warm electron integrations was thus chosen to approxi-
mately interface with these values without a significant gap
or overlap. The total electron pressure in Figure 2 is seen to
peak at ∼5–7 RS where the cold electrons dominate and falls
gradually with increasing distance in the outer region where
the warm electrons dominate. Overall, the electron pressure
throughout is ∼10% or less of the total perpendicular pres-
sure (shown by the solid black line).
[17] The green and yellow solid lines in Figure 2 (bottom)

then show the perpendicular pressures of the warm water
group ions and protons, respectively. These have been
determined by combining the warm ion number densities
estimated as above with the perpendicular ion temperature
models shown by the corresponding green and yellow solid
lines in Figure 3d. The temperature profiles have been
obtained from smoothed CAPS/IMS data derived by Wilson
et al. [2008] and McAndrews et al. [2009] for radial dis-
tances beyond ∼5.5 RS, which have been augmented in the
inner region (∼3–5 RS) with Voyager data modeled by
Richardson [1995] that interface well with the Cassini data.
The temperatures increase with radial distance, lying typi-
cally in the range ∼10–100 eV for protons and ∼100 eV to
1 keV for water group ions, thus, again approximately
interfacing with the hot (>3 keV) ion data without a sig-
nificant gap or overlap. The small number of perpendicular
temperatures determined on Rev 16 by Wilson et al. [2008]
(red data in Figure 3) again agree very well with the overall
temperature model, such that the corresponding perpendic-
ular pressures (black data in Figure 2, bottom) also agree
very well with the overall estimates.
[18] Our results show that while the warm proton pressure

(yellow) is negligible throughout, being ∼1% of the total,
the warm water group ion perpendicular pressure (green)
dominates in the inner region, peaking at ∼1 nPa at ∼5–6 RS.
Its value then falls to become comparable to the hot ion
pressure (red) in the range ∼12–15 RS, before becoming
smaller than the latter beyond ∼15 RS, in agreement with the
previous results of Sergis et al. [2010]. The total perpen-
dicular pressure profile, obtained by summing the con-
tributions of the various populations is then shown by the
black solid line, from which the pressure gradient current
density in equation (2) is derived in section 4. It peaks with
the warm water group ions in the inner region and falls
gradually in the outer region in a manner determined prin-
cipally by the combined behavior of the hot and warm ions.
[19] A significant feature of the warm ion populations is

that their distributions are strongly anisotropic in the inner
region with P? > Pk, as shown by both Voyager and Cassini
ion data [Richardson and Sittler, 1990; Richardson, 1995;
Wilson et al., 2008], though approaching isotropy beyond
∼12 RS. The parallel pressures of these populations are
shown by the dot‐dashed green and yellow lines in Figure 2
(bottom), again obtained by combining the warm ion density
profiles for water group ions and protons with the parallel
temperature model shown by the corresponding dot‐dashed
green and yellow lines in Figure 3d. These model tem-
peratures have been determined in the same way as for the
perpendicular temperature models described above. The
parallel temperature values derived for Rev 16 by Wilson
et al. [2008] are shown by the blue data in Figure 3d,

corresponding to the parallel pressure values shown by the
black data in Figure 2 (bottom). The pressure anisotropies of
these populations are those employed here to determine the
anisotropy current density in equation (2). As mentioned
above, pressure anisotropy profiles of the hot ions and the
electrons are not presently available, being generally diffi-
cult to determine because of variably incomplete pitch angle
coverage. However, examination of hot ion distributions
observed during spacecraft roll maneuvers in the central ring
current region on Revs 15 and 16 indicate the presence of
distributions that differ from isotropy only by a few tens of
percent, while electrons beyond ∼10 RS exhibit field‐aligned
distributions with pressure ratios Pk/P? ∼ 2 or less. As
indicated in section 4 below, the anisotropy currents pro-
duced by these populations will generally be more than an
order of magnitude less than the current sources included
here. The warm ions are thus expected to produce the most
important anisotropy effects within the ring current, with
pressure ratios (P?/Pk) ≈ 5 for the dominant water group
ions in the inner region.

4. Current Density Profiles

[20] Given the data shown in Figure 2, we can now
compute the current density profile from equation (2) and
compare it to that deduced from CAN disk modeling of the
observed magnetic field perturbations. Results are shown in
Figure 4 for Revs 15 (left) and 16 (right). Figure 4 (top)
shows the CAN model fits (gray dashed lines) to the cola-
titudinal component of the magnetic data (blue), from which
the “Cassini SOI” internal field model has been subtracted
[Dougherty et al., 2005]. The residual field results princi-
pally from the ring current and shows strong negative values
of ∼10 to 15 nT in the inner region (<8 RS), reversing to
weaker positive values in the outer region (>15 RS). The
methodology employed to obtain the CAN model fits fol-
lows that of Bunce et al. [2007], except that here we have
used a current sheet half thickness of 1.5 RS, instead of
2.5 RS in the former study, following the results of Kellett
et al. [2009] concerning the thickness of the current sheet in
the dayside sector. The remaining three fit parameters for
Rev 15 are inner and outer radii of 6.75 and 17.5 RS,
respectively, and a current density parameter, m0I0 = 55.0 nT
(the current density within the current disk being given by
j� = I0/r, where r is the perpendicular distance from the
magnetic/spin axis), while for Rev 16 these parameters are
7.5 and 17.5 RS and 64.0 nT, respectively. The resulting
fits to the data are seen to be reasonably good in both
cases, with RMS deviations of 2.07 and 2.10 nT for Revs
15 and 16, respectively. The implied equatorial current
density profile is shown by the gray dashed line in the
bottom panel, for comparison with the estimated plasma
current density profiles.
[21] We note in passing at this point that there is no evi-

dence in these (or other) magnetic field data for significant
currents associated with charged E ring grains as suggested
by Wahlund et al. [2009]. As mentioned in section 2, these
would produce an equatorial ring of eastward (positive
azimuthal) current at a radial distance near ∼4 RS where the
grain density sharply maximizes, which will produce neg-
ative perturbations in the colatitudinal field inside this dis-
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tance, reversing sharply to positive perturbations outside this
distance. Clearly no such perturbations are observed in
Figure 4 (top), at least within the ∼1 nT level of general field
fluctuations. Biot‐Savart considerations then show that the
upper limit to such a current is ∼0.4 MA, which may be
compared with the total plasma ring current of ∼8 MA
implied by the CAN modeling of the observed field per-
turbations for both Revs 15 and 16 above.
[22] Figure 4 (middle) then shows comparisons between

the total perpendicular plasma pressure (black), obtained
from Figure 2 (bottom), with the magnetic pressure (blue),
such that their ratio gives the local plasma b value. It can be
seen that b is small in the inner region but increases to unity
at ∼8–9 RS where the field and plasma pressures are near
equal, while b > 1 conditions are maintained throughout the
outer magnetosphere, as found previously by Sergis et al.
[2010]. The red lines show fifth‐order polynomial fits to
the perpendicular pressure profiles, which have then
been used to determine the pressure gradient current in
equation (2). The polynomial profile is seen to provide a

good overall fit to the pressure data in each case, while
smoothing over small‐scale structure in the data.
[23] Current density profiles resulting from each term in

equation (2) are shown in Figure 4 (bottom), where the
green line shows the inertia current density, the red line
shows the pressure gradient current density, and the blue
line shows the anisotropy current density. The black line
shows the sum of these three, for comparison with the CAN
model profile shown by the gray dashed line. It can be seen
that the pressure gradient current (red) is small and is neg-
ative in the innermost region where the pressure increases
with radius, passes through zero at ∼5–6 RS where the
total perpendicular pressure peaks (solid black line in
Figure 4, middle), peaks at ∼7–8 RS near the inner edge of
the CAN model profile, and then falls with distance in the
outer magnetosphere, more quickly for Rev 16 than Rev 15
because of the weaker radial gradient in the former pressure
profile than in the latter. By contrast, the inertia current,
which is positive throughout, rises rapidly from small values
in the innermost region at ∼3 RS, to values much larger than

Figure 4. Radial profiles of the magnetic field, pressure, and current density for (left) Revs 15 and
(right) Rev 16. (top) Each plot shows the colatitudinal component of the magnetic field (nT) from which
the “Cassini SOI” model of the internal field has been subtracted (blue). The CAN model fit to these data
is shown by the gray dashed line. (middle) Each plot shows total perpendicular plasma pressure obtained
from Figure 2 (bottom) (black), a fifth‐order polynomial fit to this data (red) and the magnetic pressure
(blue). A magnetic field strength scale is also shown on the right side. (bottom) Each plot shows current
density profiles. The green line shows the inertia current density, the red line shows the pressure gradient
current density, and the blue line shows the anisotropy current density, while the black line shows the sum
of these three, i.e., the total current density. The gray dashed line shows the equatorial current density
profile obtained from the CAN modeling of the magnetic field on these passes.
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that of the pressure gradient current in the inner region out to
∼7 RS, as found by Sergis et al. [2010]. It then peaks around
∼7–9 RS before falling again in the outer region. The outer
values are similar on the two passes, being comparable with
the smaller outer pressure gradient currents on Rev 16, while
being lower than the higher pressure gradient currents on
Rev 15.
[24] The blue lines in Figure 4 (bottom) show the

anisotropy current densities for the two passes determined
from the warm ion populations, which are negative and of
significant magnitude throughout the inner region because
of the P? > Pk conditions prevailing. It can be seen that in
the innermost region between ∼4 and ∼7 RS, these currents
are approximately equal and opposite to the inertia currents,
such that the anisotropy current strongly modifies the cur-
rent profile in the inner region. Beyond ∼7 RS, however,
these currents gradually decline to smaller values as the
warm ion pressures approach isotropy and are zero within
our estimates beyond ∼12 RS where the pressures are iso-
tropic. Because of the approximate cancellation between
the inertia current and the pressure anisotropy current in the
inner region (<6 RS), the total current curve shown by
the black line in Figure 4 (bottom) more nearly follows the
pressure gradient current in this region. As the anisotropy
current declines in strength in the region beyond (>7 RS),
however, the total current increases, following a similar
profile to the pressure gradient current but with values that
are a factor of ∼1.5 greater than the latter in the case of Rev
15, increasing to ∼2 times greater for Rev 16.
[25] With regard to the anisotropy currents of hot ions and

electrons in the central and outer ring current region,
neglected here, we note that estimates based on equation (2)
show that the hot ion departures from isotropy of a few tens
of percent indicated in section 3 will produce anisotropy
currents of typically ∼2 pA m−2, smaller by more than an
order of magnitude than the currents estimated here. Simi-
larly, while electron pressure anisotropies Pk/P? ∼ 2 in the
outer region may typically be somewhat larger, the estimated
anisotropy currents remain at similar low values because the
electron pressures are typically ∼10% of the ion pressures.
Inclusion of these effects, while desirable in future work, is
thus unlikely to change our overall conclusions.
[26] Comparing with the CAN model profiles, we observe

significant correspondences, with both currents peaking at
similar values of ∼100 pA m−2. The peak values deduced
from the plasma data occur at radial distances of ∼8–9 RS,
just outside the ∼7 RS inner edges of the best fit disk models,
with values decreasing rapidly at smaller radial distances.
Beyond the peak, however, the current deduced from the
plasma data decreases more rapidly with increasing radial
distance than is assumed in the disk model, as previously
noted by Sergis et al. [2010].

5. Summary and Discussion

[27] Following the recent discussion by Sergis et al.
[2010] of average conditions within Saturn’s central ring
current region (6–15 RS) deduced from plasma data obtained
by the Cassini spacecraft, here we have presented a first
complementary discussion of the ring current densities over
the radial range ∼3 to ∼20 RS on two individual near‐

equatorial dayside passes. Magnetic field and plasma data
from 20 additional passes have been studied with similar
results and will be the subject of a more extended paper to
follow. Here we have also compared the results with those
obtained for the same passes from modeling the observed
magnetic perturbations using the Connerney et al. [1983]
current disk model, following the methodology of Bunce
et al. [2007]. We have first shown that although the iner-
tia current density associated with warm water group ions is
the largest individual current component inside radial dis-
tances of ∼6 RS, the eastward current due to this component
is strongly reduced in this region by the oppositely directed
westward current because of the strong P? > Pk pressure
anisotropy of these ions, such that these currents approxi-
mately cancel inside this distance. The total current density
in the inner region then more nearly follows the pressure
gradient current density, rising quite sharply from near‐zero
values near ∼6 RS and peaking at ∼8 RS.
[28] We suggest that the physical origin of this near‐

cancellation effect results from the nature of the warm water
ion source, which is believed to be due to charge exchange‐
related ion pickup from the Enceladus‐related torus of water
group neutral particles that orbit Saturn [e.g., Tokar et al.,
2008]. Ion pickup from a cold neutral source which is or-
biting with a Keplerian speed VK, significantly less than the
near‐corotation speed of the plasma V8, produces a strong
pressure anisotropy with P? > Pk, for which it is easy to
show that the inertia and anisotropy currents are approxi-
mately equal and opposite in a quasi‐dipolar field. Putting
R ≈ r/3 into equation (2) for a quasi‐dipolar field and
neglecting factors close to unity, the magnitude of the ratio
of the anisotropy current density j?8A to the inertia current
density j?8I is

j?8A

j?8I










 � 3 P? � Pk

� �
�mV 2

8

: ð3Þ

Ion pickup under the above circumstances results in the
formation of a ring distribution in velocity space in the
plasma bulk flow frame, the ring being located at the field‐
perpendicular difference speed (V8 − VK) for all ion
components, with near‐zero speed parallel to the field
lines. For such distributions, we have P? ≈ rm (V� − VK)

2/2
≫ Pk, such that equation (3) gives | j?8A/j?8I| ≈ 3(1 − f )2/2,
where f = (VK/V8). The two current densities will thus gen-
erally be of comparable magnitude but opposite in direction.
For example, in the cold plasma torus at a radial distance of
∼5 RS, the Kepler speed of the neutrals is ∼11 km s−1,
compared with our empirically based model plasma speed
(at ∼85% of rigid corotation) of ∼41 km s−1. We then have
f ≈ 0.27 and | j?8A/j?8I| ≈ 0.8, comparable with our results in
the inner region shown in Figure 4. The ratio of these cur-
rents computed from the results shown in Figure 4 rises
from values of ∼0.3 at a radial distance of ∼3 RS to peak
at ∼0.7 at ∼5.5 RS, then falling to near zero at ∼11 RS

where the warm ions become near isotropic.
[29] The cancellation effect is thus reduced at larger dis-

tances where the water group ions become scattered toward
isotropy, such that beyond ∼6 RS the growing positive dif-
ference between the inertia and anisotropy currents signifi-
cantly augments the pressure gradient current. Overall, the
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equatorial radial profile of the eastward current density is
similar in shape to that produced by the pressure gradient
current alone but augmented in strength by factors of
∼1.5–2.0. In the two examples investigated here, which
exhibit magnetic field perturbations that are entirely typical
of the Cassini data set as a whole [Bunce et al. 2007], the
total azimuthal current density rises from small values near
∼6 RS, peaks at ∼100 pA m−2 near ∼8 RS, and then falls more
slowly with radial distance in the outer magnetosphere,
reducing to values below ∼25 pA m−2 at distances beyond
∼15 RS, up to the 20 RS limit of our study. Estimates of the
anisotropy currents of the hot ions and plasma electrons in
the central and outer ring current, not included here, are
more than an order of magnitude below such values. The
similarity of the results obtained on the two passes, on
nearly identical trajectories but separated in time by ∼18 days,
again suggests that the results reflect typical conditions
within Saturn’s dayside magnetosphere. However, future
work using a larger data set is required to test this conclu-
sion. Comparison with the results of current disk modeling
of the magnetic field perturbations on these passes shows
good agreement with the gross features, particularly with the
locations and magnitude of the peak current density. How-
ever, the currents derived from the plasma data are found to
fall more rapidly with distance beyond the peak than the 1/r
dependence assumed in the model.
[30] Finally, no evidence is found for a current ring at a

radial distance of ∼4 RS associated with the charged Kepler‐
rotating ice grains associated with the E ring, as suggested
by Wahlund et al. [2009]. The magnetic data suggest an
upper limit on such a current of ∼0.4 MA, compared with
∼8 MA in the outer plasma‐produced ring current.
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