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Abstract We investigate the azimuthal magnetic field signatures associated with high-latitude
field-aligned currents observed during Cassini’s F-ring orbits (October 2016–April 2017). The overall
ionospheric meridional current profiles in the northern and southern hemispheres, that is, the regions
poleward and equatorward of the field-aligned currents, differ most from the 2008 observations. We discuss
these differences in terms of the seasonal change between data sets and local time (LT) differences, as the
2008 data cover the nightside while the F-ring data cover the post-dawn and dusk sectors in the northern and
southern hemispheres, respectively. The F-ring field-aligned currents typically have a similar four current
sheet structure to those in 2008. We investigate the properties of the current sheets and show that the
field-aligned currents in a hemisphere are modulated by that hemisphere’s “planetary period oscillation”
(PPO) systems. We separate the PPO-independent and PPO-related currents in both hemispheres using their
opposite symmetry. The average PPO-independent currents peak at ~1.5 MA/rad just equatorward of the
open closed field line boundary, similar to the 2008 observations. However, the PPO-related currents in
both hemispheres are reduced by ~50% to ~0.4 MA/rad. This may be evidence of reduced PPO amplitudes,
similar to the previously observed weaker equatorial oscillations at similar dayside LTs. We do not detect the
PPO current systems’ interhemispheric component, likely a result of the weaker PPO-related currents and
their closure within the magnetosphere. We also do not detect previously proposed lower latitude discrete
field-aligned currents that act to “turn off” the PPOs.

1. Introduction

In a magnetized planetary system, large-scale electrical currents that flow along the magnetic field lines are
fundamental in the transfer of angular momentum through the coupling of the magnetosphere and iono-
sphere (e.g., Cowley, 2000). In the case of Saturn, two such current systems have been deduced from
Cassini magnetometer data and studied in detail (Bunce et al., 2008; Hunt et al., 2014, 2015, 2016;
Southwood & Kivelson, 2009; Talboys, Arridge, Bunce, Coates, Cowley, & Dougherty, 2009; Talboys, Arridge,
Bunce, Coates, Cowley, Dougherty, & Khurana, 2009; Talboys et al., 2011). The first of these primary current
systems is axisymmetric, quasi-static, and associated with the transfer of angular momentum from the planet
to Saturn’s magnetospheric plasma that is subcorotating relative to the upper atmosphere. The other is asso-
ciated with the planetary period oscillation (PPO) phenomenon at Saturn (e.g., Carbary & Mitchell, 2013).
Specifically, there are two rotating field-aligned current systems resulting in the ubiquitous oscillations
observed throughout the Saturn system (Andrews, Coates, et al., 2010; Southwood & Cowley, 2014;
Southwood & Kivelson, 2007). These currents are thought to be driven from twin-vortex flows in the high lati-
tude northern and southern atmospheres (Hunt et al., 2014; Jia & Kivelson, 2012; Jia et al., 2012; Smith,
2006, 2011).

These field-aligned current systems have been previously described in detail by Hunt et al. (2014, 2015), such
that only a brief description is given here. The subcorotation or PPO-independent current system is com-
posed of a distributed downward current across the polar cap, increasing to a peak just poleward of the
boundary between open and closed field lines, closing through a horizontal meridional ionospheric current
and finally an axisymmetric ring of upward field-aligned current that maps into the magnetosphere closing
radially through the equatorial plasma (Cowley, Bunce,& O’Rourke, 2004; Cowley et al., 2008). This system has
an azimuthal symmetry ofm = 0 with respect to the planetary spin axis, withm being the angular wave num-
ber. In contrast, the PPO currents are directed into the ionosphere on one side of the pole, across the polar

HUNT ET AL. 1

Journal of Geophysical Research: Space Physics

RESEARCH ARTICLE
10.1029/2017JA025067

Key Points:
• We examine the northern and
southern field-aligned currents
(FAC) from the Cassini F-ring orbits
and compare to previous 2008
observations

• FACs are modulated as expected by
the planetary period oscillations
(PPOs) but are generally weaker
compared to 2008 observations

• Differences found in the meridional
current profiles in the polar and
equatorial regions are thought to be
related to season and local time

Correspondence to:
G. J. Hunt,
g.hunt@imperial.ac.uk

Citation:
Hunt, G. J., Provan, G., Bunce, E. J.,
Cowley, S. W. H., Dougherty, M. K., &
Southwood, D. J. (2018). Field-aligned
currents in Saturn’s magnetosphere:
Observations from the F-ring orbits.
Journal of Geophysical Research: Space
Physics, 123. https://doi.org/10.1029/
2017JA025067

Received 1 DEC 2017
Accepted 3 MAY 2018
Accepted article online 9 MAY 2018

©2018. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

http://orcid.org/0000-0002-9154-7081
http://orcid.org/0000-0001-7442-4154
http://orcid.org/0000-0002-9456-0345
http://orcid.org/0000-0002-4041-0034
http://orcid.org/0000-0002-9658-8085
http://orcid.org/0000-0001-6483-9241
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://dx.doi.org/10.1029/2017JA025067
http://dx.doi.org/10.1029/2017JA025067
mailto:g.hunt@imperial.ac.uk
https://doi.org/10.1029/2017JA025067
https://doi.org/10.1029/2017JA025067


cap and out of the ionosphere on the opposite side, thus giving a symmetry ofm = 1. The current closes partly
in the equatorial plasma and partly in the opposite hemisphere’s ionosphere. There are two such current sys-
tems, one associated with the northern PPO system and the other with the southern PPO system, which
rotate with the respective hemisphere’s PPO period. Through Ampère’s law, these field-aligned currents pro-
duce the observed PPO perturbation magnetic fields with a quasi-uniform field in the equatorial plane and
quasi-dipolar field over the poles (Andrews, Coates, et al., 2010; Hunt et al., 2014, 2015; Provan et al., 2009;
Southwood & Kivelson, 2007). For the 2008 summer southern hemisphere, it was found that the field-aligned
currents’ form and strength were only modulated by the southern PPO system, while for the winter northern
hemisphere for the same time period, the field-aligned currents were modulated by both northern and
southern PPO systems, thus giving the first direct evidence of the interhemispheric current component
(Hunt et al., 2014, 2015; Southwood & Kivelson, 2007). A third local time (LT)-dependent current system asso-
ciated with solar-wind interaction at dawn-dusk has been previously proposed (Cowley, Bunce, & Prangé,
2004; Jackman & Cowley, 2006; Southwood & Kivelson, 2009). However, to date no such system has been
observed (Hunt et al., 2016).

The Cassini mission performed four sets of orbits that are ideal for the study of Saturn’s field-aligned currents;
two of these occurred during southern summer in 2006/2007 and 2008 (Bunce et al., 2008; Hunt et al., 2014,
2015, 2016; Southwood & Kivelson, 2009; Talboys, Arridge, Bunce, Coates, Cowley, & Dougherty, 2009,
Talboys, Arridge, Bunce, Coates, Cowley, Dougherty, & Khurana, 2009; Talboys et al., 2011), the third took
place during the northern spring in 2012/2013 (Bradley et al., 2018), and the most recent occurred during
northern summer in 2016/2017. Here we will focus on a particular set of orbits from the 2016/2017 data sets,
known as the “F-ring orbits,” due to the periapsis distance occurring at a radial distance of ~2.5 Saturn radii
(RS), just outside Saturn’s F-ring, and cover LT from dawn and dusk. In addition, we compare the F-ring orbits
to the 2008 field-aligned current observations that cover LT near to midnight. We examine how the PPO-
independent and PPO-related field-aligned current systems compare between the two data sets, in terms
of possible LT differences and seasonal changes in both hemispheres.

In Figure 1 we show spacecraft orbit and other appropriate data spanning two sets of high-latitude orbits.
Figures 1a–1e cover mid-2007 to 2010, while Figures 1f–1j cover mid-2016 to mid-2017. The gray shaded
regions highlight the intervals of high-latitude and low-periapsis radial distance Cassini orbits/revolutions
(Revs) ideal for studying the field-aligned currents; these cover Revs 59–95 and 251–270, giving 36 and 20
Revs, respectively. At the top of the figure, we show year boundaries labeled in red, with the days since
00:00 UT on 1 January 2004 shown at the bottom. The black and white bars represent the duration of each
Rev defined from apoapsis to apoapsis, labeled every 10 Revs at the time of periapsis.

Figures 1a and 1f show the spacecraft latitude at time of periapsis, as marked by the circle, while the vertical
line shows the latitude range over the Rev. For both data sets, the periapsis occurs just southward of the
equator. However, we note the latitude range is greater in the 2008 data set than in the 2016/2017 data.
During the F-ring orbits, the spacecraft does not attain latitudes greater than 65°. Figures 1b and 1g show
the range of radial distances; the two sets of Revs are very similar in their coverage and less than 5 RS distance;
however, the F-ring radial distance at periapsis is smaller (~2.5 RS) and varies less compared to the 2008 data.
The differences due to radial distance are dealt with in the data procedures discussed in section 2. With the
closer periapsis, it is possible to determine if there is a set of field-aligned currents inward of ~4 RS as dis-
cussed in previous works (Andrews, Coates, et al., 2010; Hunt et al., 2014; Southwood & Cowley, 2014;
Southwood & Kivelson, 2007).

The next three panels show the key differences between the 2008 and F-ring data sets. Figures 1c and 1h
show the LT of apoapsis (orange) and periapsis (blue); at the periapsis time, it can be seen that these have
approximately switched, such that for the F-ring Revs, the periapsis occurs at ~13:00, while for the 2008
Revs this was at ~23:00. Figures 1d and 1i show the evolution of the northern (blue) and southern (red)
PPO periods (Provan et al., 2018). Pre-equinox the periods are well separated with the southern period being
the longer of the two at ~10.8 hr compared with the northern period of ~10.6 hr. Post-equinox the periods
have crossed as reported by Provan et al. (2016), with the northern period being the longer at ~10.8 hr, while
the southern has decreased to ~10.7 hr. The data gap is due to northern signal being dominant; thus, the
southern signal could not be detected in the core region. Finally, Figures 1e and 1j show the latitude of
the Sun at Saturn, from late southern summer during 2007/2008 to northern summer for the F-ring data
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set. During the 2008 interval, this varies from �8° to �4°, while the second interval is close to the
maximum of the northern tilt of ~26° toward the Sun. Northern Solstice occurred on 24 May 2017 as
marked in Figures 1f–1j. The comparison of these two data sets thus allows for the effect of seasonal and
LT conditions on the field-aligned current systems to be examined.

2. Data Set and Analysis Procedures
2.1. Data Set

The primary data employed in this paper consists of the 1-min averaged measurements of the azimuthal
magnetic field on auroral field lines from Revs 251 to 270 during the 2016/2017 F-ring orbits. In Figure 2
we show a comparison of the 2008 and F-ring trajectories, in cylindrical (ρ, z) coordinates, where z is aligned
along the planet’s spin/magnetic axis and ρ is the perpendicular distance from that axis. Figure 2a shows the
range of orbit geometries during 2008, the circles mark the 3-hr intervals with the start of each day labeled
with the day of year (DoY), with Rev 72 shown in blue and Rev 90 in red. Figure 2b shows one F-ring orbit, Rev
267, in the same format; we show only one as they are all nearly identical. In both figures, the shaded gray
region shows the main upward current region from Hunt et al. (2014), together with magnetic field lines at
every 5° of northern colatitude from 0° to 30°. The magnetic field model employed here is the same as in
Hunt et al. (2014, 2015, 2016), consisting of the three-term axisymmetric Burton et al. (2010) model for the
internal planetary field combined with the empirical ring current model of Bunce et al. (2007), where the
subsolar magnetopause distance is set to 22 RS. In general, the 2008 and F-ring orbits are similar; however,
the F-ring orbit periapses are closer to the planet, and there is less coverage at the most polar colatitudes.

Figures 2c and 2d show Cassini’s magnetic footprint on the northern and southern ionosphere; the sections
shown are from the smallest to largest colatitudes. These are viewed from the north (i.e., Figure 2d is viewed

Figure 1. Overview of Cassini spacecraft, planetary period oscillation (PPO), and seasonal parameters for two intervals spanningmid 2007 to 2010 (2008 data set) and
mid 2015 to mid 2017 (F-ring data set). (a, f) The spacecraft latitude, λSC, at periapsis, with range shown by the vertical lines. (b, g) The spacecraft radial distance, rSC,
from periapsis to apoapsis. (c, h) Local time (LT) of periapsis (blue) and apoapsis (orange) at time of periapsis. (d, i) The magnetic PPO periods, northern period in
blue and southern period in red. (e, j) The subsolar latitude of the Sun at Saturn. Vernal equinox and northern solstice are shown by red dashed lines as labeled,
as are the year boundaries, Revs labeled every 10, and black and white bars show the duration of Revs from apoapsis to apoapsis.
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“through” the planet) and shown on a grid of 5° colatitude with noon at the bottom and dusk to the right. We
take the ionosphere to be 1,000 km above the 1 bar planetary reference spheroid. The northern and southern
UV auroral boundaries as derived from the Cassini Ultraviolet Imaging Spectrograph (UVIS) data by Carbary
(2012) are also shown (see caption for details). These statistical auroral boundaries show a narrower oval at
dawn and a wider oval at dusk. In Figure 2c we show the mapped trajectories for Revs 72 (blue), 90 (red),
and 267 (black), together with circle marks every hour and DoY:h labels; the green sections on the
trajectories indicate the region of observed upward current. The 2008 field-aligned current observations in
the northern hemisphere were obtained in the post-dusk to pre-midnight sector, while the F-ring orbits
crossings are approximately 12 hr different in LT, being on the dayside in the post-dawn to pre-noon
sector. Comparing the transit times across the typical auroral oval, it is seen that the F-ring crossings are
~1 hr, while the 2008 orbits are several hours. This is important when considering the PPO phase coverage

Figure 2. Cassini trajectories plotted in the ρ-Z plane in panels (a) and (b), together with mapping to the northern and
southern hemisphere ionospheres in (c) and (d). (a) Two 2008 Revs, 72 (blue) and 90 (red), circles plotted every 3 hr with
day of year start of day labels. The main upward current region is shaded gray, and field lines up to 30° northern colatitude
are shown every 5°. (b) Similar format for F-ring Rev 267. (c, d) Ionospheric projections using the field model in the text,
circles at every hour, with DOY:hh labels at first and last hour markers, and green section shows the observed upward
current regions. Both are viewed from the north. Statistical auroral boundaries (solid lines) as defined by the half power
emission and peak emission (crossed centerline) determined from Cassini Ultraviolet Imaging Spectrograph observations
are shown (Carbary, 2012).
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and its change during the field-aligned current crossings. Figure 2d shows the southern hemisphere in the
same format. Here the 2008 orbits are in the midnight sector, while the F-ring orbit crossings are at dusk,
although they cover several hours of LT from ~17 to 19 hr. In Figures 2c and 2d, it is clear that the F-ring orbits
do not reach the same polar colatitudes compared to the 2008 data. In particular, in the southern hemi-
sphere, the F-ring trajectories do not enter the region poleward of θiS < 3°.

2.2. Data Procedures

We follow similar data analysis procedures as previously employed by Hunt et al. (2014, 2015, 2016); thus,
only a brief review of these is given below. To begin with, due to the small radial distances of the F-ring
measurements, R < 5 RS, we do not estimate and subtract the contribution to the azimuthal field from
nonfield-aligned current sources, such as those associated with the magnetopause and tail currents. This
was previously performed by Hunt et al. (2014, 2015, 2016); however, the effect was negligible within ~ 6
RS (see Appendix A of Hunt et al., 2014).

The rest of the analysis remains unchanged with regard to themapping of the observed azimuthal field along
the high-latitude field lines into the ionosphere to normalize the data for radial distance, and from this, we
make a direct estimate of the associated ionospheric meridional current, Im. From the change of this meridio-
nal current with respect ionospheric colatitude, we can infer the field-aligned currents and the direction. We
take ρBφ≈ constant along auroral lines between the perpendicular closure currents in the equatorial magne-
tosphere on one side and the ionosphere on the other, where ρ is the perpendicular distance from the
spin/magnetic axis. This can be shown to be exact for an axisymmetric field by applying Ampère’s law and
current continuity; for a full justification, see Appendix B of Hunt et al. (2014). The ionospheric azimuthal field
is therefore given by

Bφi ¼ Bφ
ρ
ρi

� �
; (1)

where Bφ is the measured field value at distance ρ and ρi is the perpendicular distance at the magnetic foot
point in the ionosphere. In order to estimate the field-aligned currents, we more typically use the meridional
horizontal ionospheric current per radian of azimuth [MA/rad], which flows at the feet of the field lines.
Through Ampère’s law applied to a circular path of radius ρ or ρi, this is given by

Im ¼ ∓
ρiBφi
μ0

≈ ∓
ρBφ
μ0

; (2)

where μ0 is the permeability of free space and the upper sign corresponds to the northern hemisphere and
lower to the southern hemisphere, such that a positive Im is in the equatorward direction for both hemi-
spheres. This current, primarily an ionospheric Pedersen current, acts to switch off the field perturbation asso-
ciated with the field-aligned currents in the ionospheres below. If one assumes that azimuthal variations can
be neglected compared with latitudinal variations, such that the field-aligned current is a thin azimuthally
extended sheet, then from current continuity the total field-aligned current per radian of azimuth flowing
between two colatitude points θ1 and θ2, (where θ2 > θ1) is

I‖ ≈ ∓ Im θ2ð Þ � Im θ1ð Þð Þ; (3)

where again the upper and lower signs denote the northern and southern hemispheres, respectively. The
overall sign of I‖ gives the direction of the current with respect to the background field, such that I‖ is positive
when it is in the direction of the background field.

Key parameters for the study of the field-aligned currents are the phases of the PPO systems. The northern
and southern PPO phases are defined as

ΨN;S φ; tð Þ ¼ ΦN;S tð Þ � φ; (4)

where ΦN, S(t) defines the azimuthal angle at any time where the northern and southern PPO-related
equatorial quasi-uniform fields point directly radially away from the planet and φ is the azimuthal angle at
any spatial point, in this case the location of the Cassini spacecraft. Both ΦN, S(t) and φ are measured from
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noon in the direction of planetary rotation. The resulting ΨN, S phases are therefore a function of φ and t and
give the azimuthal location of an observation relative to the PPO field perturbations. It is important to note
that the azimuthal field (Bφ) varies as ~sinΨN,S within the equatorial region, while in the polar regions this
reverses to ~�sinΨN,S.

When considering the PPO-related modulation of the field-aligned currents, the phase coverage can limit our
method of analysis. Here we check the coverage of PPO phases; Figures 3a and 3b showΨS versus ΨN for the
northern and southern hemispheres over two full cycles of the PPOs, and each colored line represents the
PPO phase values from the maximum to the minimum colatitudes covered as shown in Figures 2c and 2d,
from each Rev as color-coded at the top of the figure. Figures 3c and 3d similarly show ΨS versus ΨN over
two cycles for each current sheet boundary identified along the colatitude Im profiles in the northern and
southern hemispheres, respectively (as described in section 3.2). The dashed lines show 180° sectors of the
PPO phases centered on 90° and 270°, central phases of these sectors are where PPO-related field-aligned
currents are maximum (Hunt et al., 2014, 2015, 2016). These boundary phase sectors will be employed in
section 4 to examine the PPO modulation. While there is good phase coverage in the northern hemisphere
across the colatitude range of interest (Figure 3a), due to the southern hemisphere portion of the orbit being
quicker, there is a reduction in the phase coverage. The clear ordering in PPO phases of Revs shown by the
colors in Figures 3a and 3b results from the typical F-ring orbital period of ~7.2 days or ~172.8 hr, while the

Figure 3. Planetary period oscillation (PPO) phase coverage grids of ΨN against ΨS over two cycles. Values from each
are Rev color-coded to the Rev numbers at the top of figure. (a, b) Coverage from highest to lowest colatitudes for each
pass, (c, d) phase coverage of individual field-aligned current boundaries. Boundary 1 (blue) to boundary 5 (red).
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PPO periods are currently ~10.68 and ~10.79 hr. Thus, one F-ring orbit is close to ~16.10 southern PPO cycles
and ~15.94 northern PPO cycles. Thus, over ~20 orbits, we sample ~2 cycles of southern PPO system ~36°
apart, while for the northern PPO system, this is ~1 cycle ~20° apart.

In previous studies, the crossings have occurred over several hours; thus, multiple passes can be split across
multiple sectors of PPO phases, effectively sampling the azimuthal field at the same PPO phases over multiple
Revs (Hunt et al., 2014, 2015). This is not possible here because only one or two Revs contribute to each phase
sector, thus not allowing a statistical approach to be applied to the “phase sorted” colatitudinal Im profiles.
However, Figures 3c and 3d show the identified boundaries of the field-aligned current sheets on the ΨN-
ΨS grid, the F-ring orbits show sufficient PPO phase variation to examine the PPO modulation of the sheet
boundaries. Thus, in this paper we will use the typical four-current sheet structure of the field-aligned cur-
rents to examine the PPO-related modulation, referred to here as the “four-sheet analysis”; it is described
below in section 3.2. This has been previously used by Hunt et al. (2014; see their section 5).

3. Overview of the Northern and Southern Hemisphere Data
3.1. Comparison of the 2008 Data and F-Ring Data for PPO-Independent Perturbations

In this section we overview the F-ring northern and southern hemisphere data as described in section 2 and
compare it to the 2008 data set (Revs 59–95), previously examined by Hunt et al. (2014, 2015, 2016). In
Figures 4a and 4b, we combine and average the F-ring data to examine the overall meridional current (Im)
colatitude (θiN, S) profiles for the northern and southern hemispheres, respectively. The F-ring profiles are
shown by the colored traces, with the color-coding shown at the top of the figure, while the joined black cir-
cles show the weighted average profile of these F-ring data. A weighted average is used to account for the

Figure 4. Overall plots of the F-ring orbit Im values versus northern (a) and southern (b) ionospheric colatitudes. Colored profiles are the F-ring data, with color code
shown at the top of the figure. A weighted mean profile is shown by the joined filled circles. (c, d) Comparison between the F-ring orbit mean profiles from (a) and
(b) and the 2008 weighted mean profile (joined crosses) for the northern and southern hemisphere, respectively. The error bars are the standard deviation of the
F-ring weighted means. Gray shaded regions are standard deviation of the 2008 weighted means. Black squares show colatitude bins where from Welch’s T test
shows the 2008 and F-ring averages are significantly different. The open-closed field line boundary (OCB) from Jinks et al. (2014) is shown by the vertical dashed lines.
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varying density of data points per degree of colatitude. We average all the data from a given Rev in a 1.0°
colatitude bin, then calculate a weighted average over all contributing Revs. The chosen weighting is loga-
rithmic, W = log10N, where N is the number of data points from a particular Rev in a given bin of colatitude.
The bins of colatitude then overlap by 0.5°. The average position of the open closed field line boundary in
both hemispheres is shown by the vertical dashed lines positioned at 13.3° in the northern hemisphere
and 15.6° in the south, as determined by Jinks et al. (2014). Assuming that the northern and southern PPO
modulation is approximately sinusoidal, the PPO-dependent component will average to negligible values
over a full PPO cycle, which Figures 3a and 3b show to be the case. Thus, to a first approximation, the mean
value corresponds to the PPO-independent Im profile, and the variability about this, in part, is due to the
PPOs. This was shown to be the case by Hunt et al. (2015) for the 2008 data set.

This current is associated with plasma subcorotation and the swept-back or “lagging” azimuthal field. The
field lines are bend out of meridian planes away from the direction of planetary rotation, hence a lagging
field. In the northern hemisphere, a lagging field is associated with negative azimuthal fields, while in the
southern hemisphere with positive azimuthal fields. For the case when the field lines are bent ahead of pla-
netary rotation, a leading field, the azimuthal fields reverse. From equation (2), positive Im values therefore
correspond to a lagging field for both hemispheres, while negative Im values correspond to a leading field.

Examining the northern hemisphere F-ring data at the smallest colatitudes, the positive meridional current
shows a lagging field, indicative of plasma subcorotation in the polar regions of the magnetosphere.
Moving to larger colatitudes, the average Im value peaks at ~0.9 MA/rad at 12° colatitude and then decreases
to ~0.2 MA/rad at 17.5°. This decrease in Im corresponds to the main region of auroral upward field-aligned
current, though it is clear that the average profile is very smoothed when compared to the individual colored
profiles. The individual Rev data show that the colatitudinal profiles of Im are highly variable in form, as is the
position of the main upward current. This variability will be in part due to the PPOs, but also these data are
from the dawn sector field lines, known for intense auroras that display a wide range of morphologies and
dynamics (e.g., Cowley et al., 2005; Nichols et al., 2014). Equatorward of the field-aligned current region Im
decreases to small positive values. This lagging signature then slowly decreases with increasing colatitude.

The southern hemisphere profile in Figure 4b shows a similar form to the northern hemisphere, with predo-
minantly lagging field. The values Im are lower at smaller colatitudes compared with the northern hemisphere
data, which indicates a weaker lagging field in the winter hemisphere. The values then increase with colati-
tude corresponding to a downward field-aligned current where the peak values are ~0.9 MA/rad at 16.5° cola-
titude, which then sharply decreases to ~0.2 MA/rad by 19°. These current values are similar to those
determined from the northern hemisphere data. This negative gradient of Im again corresponds to the main
auroral upward field-aligned current and can be regarded as a smoothed PPO-independent current profile.
We note that these data were obtained from the dusk sector, a typically “quiet” region in terms of auroral
emission (e.g., Grodent, 2015; Gustin et al., 2017), which may also manifest as the overall field-aligned current
profile being weaker. As with the northern hemisphere profiles, a lagging field signature is present as colati-
tude increases from 20°, which slowly decreases with the increasing colatitude to eventually near-zero values
by θiS ~ 35°.

It had been previously proposed that there are oppositely directed discrete field-aligned currents equator-
ward of the main region, which would act to effectively turn off the PPO close to the planet within ~4–5 RS
(Andrews, Coates, et al., 2010; Andrews, Cowley, et al., 2010; Hunt et al., 2014; Southwood & Cowley, 2014).
There are diffuse currents in this inner region that reduce the PPOs (Hunt et al., 2015; Bradley et al., 2018).
For the F-ring orbit data, there is a lack of discrete field-aligned currents in the individual Im profiles at
colatitudes greater than 20°. This implies that a diffuse current closure in the inner region is the more
appreciate description.

In Figures 4c and 4d, we show the F-ring average profiles from Figures 4a and 4b in the same format but with
the addition of the standard deviation shown by the error bars. We also show for comparison the profiles
from the 2008 data set previously analyzed by Hunt et al. (2015), which are shown by the joined cross profile,
together with a one standard deviation range as shown by the gray shaded region. The regions poleward of
the open closed field line boundary and equatorward of the main field-aligned currents show the main dif-
ferences between the 2008 and F-ring mean profiles, where typically at least one of the mean profile lies out-
side a standard deviation of the other. The northern polar region in the F-ring data shows a clear positive
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(lagging) signature compared to the near-zero (nonlagging) profile in the 2008 data. The southern
hemisphere profiles show a similar reversal in polar behavior, with the F-ring data showing a near-zero profile
compared to the clear positive (lagging) profile observed in the southern hemisphere 2008 data set. In both
the northern and southern hemispheres, the two mean profiles diverge as colatitude decreases.

To further investigate the differences in the mean profiles, we use Welch’s T test. This test applies when com-
paring two means from data sets with unequal variances and sizes. The results of this are shown by black
squares, which indicate the colatitude bins where the T statistic was greater than or equal to 2 and the P value
was less than or equal to 0.05. When these conditions are met, the null hypothesis that the means are similar
can be rejected. Thus, the difference between the means of the two data sets is statistically significant, imply-
ing that the difference observed is meaningful.

It is clear that the Im profiles (and azimuthal field topology) observed during the F-ring orbits in the north-
ern and southern polar regions resemble that of the opposite hemisphere from the 2008 data. During 2008,
Saturn’s northern pole was inclined between ~8° and ~4° away from the Sun, resulting in the most pole-
ward regions being in darkness. However, for 2016/2017 the northern polar region was steadily inclined
by ~26° toward the Sun, ensuring that the polar region beyond 20° colatitude was permanently sunlit
and the similar southern polar region was unlit. The differences in meridional currents in both the northern
and southern hemispheres are most likely related to the expected seasonal differences in conductivities; for
example, higher conductivity in summer polar region will lead to higher Im values (e.g., Galand et al., 2011;
Hunt et al., 2014, 2015; Moore et al., 2010). The same effect was also in the 2012/2013 data set (Bradley
et al., 2018).

The methodology as described above results in a very smoothed profile; however, we can still make a com-
parison between the average maximum Im values from the 2008 and F-ring data. For the northern hemi-
sphere, the peak Im values are reduced by ~0.4 MA/rad compared to the 2008 profile and shifted poleward
by ~1.5°. Considering the F-ring data variability, it is not surprising that the true field-aligned current form
is effectively smeared out, and in fact, the means in the main upward current could be considered as signifi-
cantly different from the T test. However, the southern hemisphere F-ring data mean profile has a generally
more similar form compared to the 2008mean profile. The peak Im value of the F-ring data is ~0.3 MA/rad less
than the 2008 peak and does not reduce to small values compared to the 2008 profile. This implies that the
PPO-independent field-aligned current in the dusk sector during the F-ring orbits is weaker than the 2008
midnight observations.

Examining the region equatorward of the field-aligned current (>20°) reveals a difference between the 2008
and F-ring data. The mean F-ring Im profiles indicate a lagging field, while the 2008 profiles show a small
leading field as noted by Hunt et al. (2015). Again, using Welch’s T test, the means of the two data sets
are significantly different, as shown by black squares. There is a large local time difference between the
two data sets with the 2008 data obtained from the midnight sector and the F-ring data from the dayside,
specifically close to noon. Thus, the differences in mean profiles may indicate a noon-midnight asymmetry
in the azimuthal field at these colatitudes and a difference in the coupling between the magnetosphere and
upper atmosphere.

3.2. Four-Sheet Structure

We have shown in section 3.1 that simply averaging the combined data set results in a greatly smoothed
colatitude profile of Im. Therefore, in this section we will explain the finer structure of the field-aligned current
sheets. In Figure 5, we show the northern (Figures 5a and 5b) and southern hemisphere (Figures 5c and 5d)
crossing of the field-aligned current regions from Rev 254. Specifically, we plot the meridional current, Im,
versus the respective ionospheric colatitude, θiN or θiS, together with the northern and southern PPO phases,
ΨN, S, as determined from equation (4). The observed field-aligned currents typically take the form of four cur-
rent sheets as marked by the vertical dashed lines, with the most poleward boundary being numbered 1 and
the most equatorward numbered 5.

We use an analysis method previously employed by Hunt et al. (2014, 2016) that exploits the four primary
sheets of field-aligned current, from the pole these are directed downward, upward, downward, and upward
with respect to the ionosphere. For each sheet, the boundaries’ Im, θiN, S, and ΨN, S values are recorded. From
these parameters, the net current of each sheet, its central position, width, and current density can then be
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determined. Furthermore, given the PPO phase values, the PPO dependence of the boundaries and sheets
can be readily explored.

3.3. Overview of the Four-Sheet Properties

For each Rev within the data set, we determine the five current sheet boundaries, defined by the extrema in
Im with no gaps and with overall gradients exceeding an empirical limit of ~0.3 MA rad�1 deg�1 (Hunt et al.,
2014), like those shown in Figure 5. These boundary Im and θiN, S data and the subsequent current sheet prop-
erties for both northern and southern hemispheres are shown in Figure 6 in the form of boxplots. The format
of all these plots is the same, with the light blue box representing the interquartile range, the middle 50% of
the distribution, with the minimum and maximum values shown by the end of the vertical lines. The median
is shown by the horizontal line, while means are represented by asterisks for the F-ring data and red crosses
for the southern hemisphere 2008 data (Hunt et al., 2014). The “four-sheet” analysis was not performed on the
northern hemisphere 2008 data (Hunt et al., 2015). The mean values shown here can be regarded as a first
approximation to those of the PPO-independent current system, with the spread of the data about these
values being, in part, due to PPO-related current systems.

Considering the northern hemisphere data in Figures 6a–6f (the first two columns), in general, the strength
and structure of the individual field-aligned current profiles shown in Figure 5 are clearly reflected in the
boundary box plots shown in Figures 6a–6b. Typically, the northern field-aligned currents are located
between 10° and 19° northern ionospheric colatitude (Figure 6b), with the edges of the main auroral upward
current evident from the decrease of Im between boundaries 2 and 3 with an average peak of ~1.3/MA
(Figure 6a).

From the boundary data shown in Figures 6a and 6b and described above, the properties of the individual
sheets of current can be determined for each Rev. These are shown in Figures 6c–6f. Although there is no
equivalent four-sheet data from the northern hemisphere 2008 data set, we can still compare them to the
general statistical results of the 2008 data set as determined by Hunt et al. (2015), in Figure 4, and F-ring

Figure 5. Examples of the current profiles from Rev 254 for both northern (NH) and southern hemispheres (SH). (a, c) Im as a function of ionospheric colatitude. (b, d)
The northern (blue) and southern planetary period oscillation (PPO) phases. Vertical dashed lines show the boundaries of the four-sheet structure. Boundaries
and sheets are numbered.
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southern hemisphere values. First, considering Figure 6c, which shows for the F-ring observations the change
of Im across the northern hemisphere current sheets, it can be seen that sheet 1 mean (asterisk) and range is
lower than when compared with the southern hemisphere sheet 1 mean in Figure 6i and the northern
hemisphere Im colatitudinal profile of the 2008 data in Figure 4 of section 3.1. However, sheet 2, the main
auroral upward current, for the F-ring data has an average Im value of ~1.5 MA/rad, which is ~0.4 MA/rad
greater than the upward current determined from the 2008 northern hemisphere data set. The central
positions of these sheets (Figure 6d) confirm these field-aligned currents’ colocation with the auroral oval.
They span colatitudes of ~12° to ~17°, which is in good agreement with the statistical UV aurora oval
positions for the post-dawn to pre-noon crossings as shown in Figure 2 (Carbary, 2012). Figure 6e shows
the typical widths of the northern hemisphere current sheets, which are narrower compared with the
southern hemisphere (Figure 6k). This is likely to correspond to the auroral morphology, with the dawn
aurora typically being a more defined arc. Finally, Figure 6f shows the current density within each sheet as
calculated from the current across a sheet and the width of a sheet as given by

j‖I ¼
ΔIm

R2i sinθiΔθi
; (5)

where ΔIm and Δθi are the changes in current and colatitude across a sheet, Ri is the ionospheric radius
assuming an oblate spheroid, and θi the central position of the sheet (see, e.g., Bunce et al., 2008, for
details). The largest current density of ~80 nA m�2 is within the main upward current sheet, which is less
than the previous 2008 nightside southern hemisphere upward current value of ~120 nA m�2. While the
northern dawn F-ring interquartile range covers this value, it still indicates overall slightly lower field-
aligned current density.

Figure 6. Boxplots for the boundary and sheet properties for the (a–f) northern hemisphere (NH) and (g–l) southern hemisphere (SH) from F-ring data. The format in
each panel is the same, light blue box is the middle 50% of data, horizontal line in the box is the median value, black asterisk is the mean of data, and vertical
lines show the maximum and minimum values. The red crosses show the mean values for the 2008 southern hemisphere boundaries and sheet.
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Now considering the southern hemisphere (Figures 6g–6l), we can make a direct comparison with similarly
obtained data from the 2008 data set. For ease of comparison, we only compare the mean values from the
2008 (red crosses) and F-ring (black asterisks). Starting with Figure 6g, for the Im values, it can be seen that
the F-ring data are consistently lower in value than those obtained during 2008. In particular, the difference
across the main upward current (between boundaries 2 and 3) is reduced in the F-ring data. This is shown
more clearly in Figure 6i where for sheet 2 there is a reduction in the mean value of ~1.4 MA/rad, a ~50%
decrease from the 2008 mean. There is also a clear reduction of the mean Im values by 0.7 and 0.4 MA/rad,
a ~60% and ~53% decrease compared to the 2008 data in sheets 3 and 4, respectively. The position and cen-
ters of the southern current sheets displayed in Figures 6h and 6j show ~5° for maximum variation in colati-
tude of each boundary and sheet. However, typically the F-ring data set boundaries and thus the sheet
centers are located more poleward compared to their counterparts from the 2008 data set. For example,
the upward auroral current (sheet 2) from the F-ring data is typically located at θiS ~ 18°, slightly poleward
of the 2008 nightside values of ~16°. This implies a local time displacement of the field-aligned currents simi-
lar to the central offset observed in the auroral oval toward the nightside and around ~03–04 LT (Hunt et al.,
2016; Nichols et al., 2008). The widths of the southern current sheets are shown in Figure 6k, which is being
evident that the F-ring current sheets are several degrees wider compared with the 2008 data. As a result,
there is a large reduction in current density as shown in Figure 6l, and sheets 2–4 have >60% decrease in
the current densities compared with the 2008 data.

The differences highlighted above show a general overall reduction in strength of the southern hemisphere
field-aligned current systems. Auroral observations indicate clear differences between LT regions of emission,
with the dusk emission being typically weaker in intensity and more colatitudinally diffused compared to the
other local time sectors (e.g., Grodent, 2015; Gustin et al., 2017). These F-ring observations of the southern
dusk field-aligned currents agree with general auroral morphology. In addition, almost a quarter of a
Saturn year has passed between these two data sets, with the southern hemisphere in winter, which signifi-
cantly reduces the overall solar illumination and therefore the effective Pedersen conductivity of the iono-
sphere. As discussed in section 3.1, this is a likely explanation for the difference in high latitude Im as
suggested by Hunt et al. (2015) and Bradley et al. (2018).

4. PPO Dependence

In the previous section, no attempt was made to separate the PPO-independent and PPO-related current, but
rather we treated the combined signal and examined the general properties of the individually identified cur-
rent sheets. Here we will now examine the dependence of the boundaries on the PPO phase and attempt to
separate the PPO-independent and PPO-related currents based on their opposite symmetry discussed in
section 1. For both the northern and southern hemispheres, the Im values for each Rev at the boundaries
are organized separately as a function of the northern and southern PPO phases, ΨN, S. We then sort these
data into bins that are 180° wide centered on 90° and 270°ΨN, S and determine the average Im values for each
of the two bins. These central values are chosen to capture the maximum PPO-related effects. In the northern
hemisphere, we expect the maximum PPO upward current at ΨN, S = 90° and the maximum PPO downward
current at ΨN, S = 270° (Hunt et al., 2015). For the southern hemisphere, we expect the opposite polarity with
the maximum PPO upward current at ΨN, S = 270° and maximum PPO downward current at ΨN, S = 90° (Hunt
et al., 2014). As shown in Figures 3c and 3d, there is the coverage of these phases to examine the individual
PPO systems modulation of the field-aligned currents.

From the phases sorted mean Im values and the mean colatitude values from Figure 6, we construct four
sheet profiles forΨN = 90° and 270° andΨS = 90° and 270°, for both hemispheres. First, considering the north-
ern hemisphere Im profiles, Figures 7a and 7b show the total Im profiles for ΨN = 90° (blue) and 270° (red) and
ΨS = 90° (blue) and 270° (red), respectively. The mean Im boundary data organized by ΨN results in a clear
difference in the field-aligned current morphology between ΨN = 90° and 270°. Figure 7a shows the PPO
modulations of the overall Im profile’s form and strength, with increased current in sheet 2 forΨN~90° as indi-
cated by the negative Im value at boundary 3, while for ΨN~270°, we find a reduced sheet 2 and larger posi-
tive Im values for boundaries 3–5. When the same data is organized byΨS, the resulting profiles are effectively
the same within errors, where we note that the error bars shown are the standard error of the mean. This
implies that the boundary Im values in the northern hemisphere are best organized by the northern PPO
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phase and do not provide a detection of the southern PPO system’s current closing in the northern
hemisphere with errors, a similar result with the 2008 southern hemisphere data.

To isolate the PPO-independent current profile, these two opposite (separated by 180°) phase Im profiles in
Figures 7a and 7b are summed and divided by 2, separately, to remove the PPO-related current and to leave
the symmetric part, the PPO-independent current system. The results of this analysis are shown in Figures 7c
and 7d forΨN andΨS, respectively. The overall form of the northern hemisphere PPO-independent current is
similar to that determined from the 2008 southern hemisphere data by Hunt et al. (2014, 2016). The peak Im
value of ~1.3 MA/rad is greater than the ~1 MA/rad determined from the 2008 northern hemisphere data;
however, it is smaller than the ~2 MA/rad peak of the southern 2008 data.

Lastly, we separately subtract the opposite phase profiles in Figures 7a and 7b and divide by 2 to estimate the
PPO-related currents for both the northern and southern PPO current systems. Figure 7e reveals that the peak
of the northern PPO currents is at boundary 3, hence at the equatorward edge of the main upward current of
the PPO-independent system, similar to previous results (Hunt et al., 2014, 2015, 2016). However, one clear
difference is the Im peak value of ~0.4 MA/rad determined here, which is approximately 50% lower compared
with the values obtained from the 2008 data sets (Hunt et al., 2014, 2015, 2016). For the southern PPO current
in the northern hemisphere, these results indicate the currents being less than ~0.1 MA/rad, thus too weak to
be detected, as shown by a lack of signal for ΨS in the profiles shown in Figure 7f.

We also apply the same method as described above to the southern hemisphere mean θiS and Im values to
determine the ΨS and ΨN total Im current profiles, which are shown in Figures 7g and 7h. The data are orga-
nized by southern PPO phases (Figure 7g) as the Im profiles show the expected forms for ΨS = 90° (blue) and
ΨS = 270° (red), with a stronger upward current present in sheet 2 for the 270° case and larger positive Im
values at boundaries 3–5 for ΨS = 90°. As with the northern hemisphere, there is a lack of evidence of mod-
ulation of the field-aligned currents by the opposite hemisphere PPO system, as Figure 7h shows no clear

Figure 7. Plots showing the total current profiles (a, b, g, h), separated planetary period oscillation (PPO)-independent currents (c, d, i, j), and PPO-related currents
(e, f, k, l). For total current and PPO-related current profiles, blue is for ΨN, S = 90° while red is for ΨN, S = 270°. Error bars are the standard error of the means in the
total current profiles, which are then combined in the PPO-independent and PPO-related profiles.
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detection of the northern PPO current in the southern hemisphere field-aligned currents implying these are
at least less than 0.2 MA/rad.

Figures 7i and 7j also show the resulting southern hemisphere PPO-independent profiles of the ΨS and ΨN

organized data, respectively; both profiles are in good agreement as expected, with similar peak values of
~1.5 MA/rad at boundary 2 (θiS~15.5°) as the northern hemisphere profile. However, a clear difference from
the northern hemisphere profile is the small Im value at boundary 1, reflecting the seasonal difference dis-
cussed in relation to Figure 4. Boundaries 3–5 show evidence of small ~0.5 MA/rad subsidiary upward and
downward currents.

The estimates of the southern hemisphere PPO currents are shown in Figures 7k and 7l. Once again, there is
only detectable currents at ~90° (blue) and ~270° (red) when the data is organized by the southern PPO
phase in Figure 7k, and as with the northern hemisphere data, this implies that the interhemispheric compo-
nent of the opposite hemispheres PPO current system is below detectability. Figure 7k shows that the peak of
the southern PPO current is again located near the equatorward edge of the main upward current (boundary
3 θiS ~ 18°) and Im ~ 0.4 MA/rad, and while this is similar to the estimated northern PPO current in Figure 7e, it
is significantly lower than the 2008 values (Hunt et al., 2014).

These results imply that while the PPO-independent current system is similar in strength to previous obser-
vations, it is the PPO-related current systems that have reduced significantly in strength compared to the
2008 observations by at least a factor of 2. Andrews, Cowley, et al. (2010) showed that the amplitude of
the equatorial oscillations in the r and φ components were approximately a factor of 2–3 weaker at dayside
LTs compared to the nightside LTs (see their Figure 4a). The weaker PPO-related currents observed during the
F-ring orbits may, in part, show the same LT asymmetry, as exhibited at higher latitudes with the dayside PPO-
related currents being weaker compared to the nightside observations.

It should be noted that a more selective method of dealing with the phases of the boundary Im values was
also employed, where the Im values were also selected for when the opposite PPO system effects are minimal,
for example, around 0° and 180°. However, this reduced the data within each bin leading to increased errors
without revealing new details. We do not show the results of this analysis.

The lack of detection of the interhemispheric component of the PPO-related current systems raises an
interesting question for the closure of these currents. The PPO-related currents peak at ~0.4 MA/rad for
both the northern and southern systems. Based on the work of Hunt et al. (2015) where they tracked
the amplitude of the northern and southern oscillations along a flux tube interior to the field-aligned cur-
rents for the 2008 data set (see their Figures 10 and 11), the amplitudes of the oscillations decreased by a
factor of 3–5 between the field-aligned current region in each hemispheres. Using this decrease in ampli-
tude, we can see that the interhemispheric component could reduce to values <0.1 MA/rad, which based
on the error bars shown in Figure 7 is at or below the level of detectability due to the spread around the
mean values determined from the phase organized Im boundary values. The apparent lack of the interhe-
mispheric closure could imply that most of the PPO-related current during the F-ring epoch closes through
the equatorial plasma, thus greatly reducing the field-aligned current region signal in the opposite
hemisphere. Similar equatorial current closure values to PPO current peaks presented here were estimated
from the 2012/2013 data set (Bradley et al., 2018). They estimated that approximately half the PPO-related
current closed in the opposite hemisphere.

5. Summary and Conclusions

In this study we have investigated the high-latitude field-aligned current signatures from the northern
and southern hemispheres observed during Cassini’s F-ring orbits and compared these to the signatures
from the 2008 high-latitude orbits previously studied by Hunt et al. (2014, 2015). There are two important
differences between these data sets, the LT coverage and season of these field-aligned current crossings.
The 2008 data covers the midnight sector while the F-ring data covers the post-dawn to pre-noon in
the north and dusk sector in the south. The season changes from late southern summer to almost mid
northern summer.

By combining the F-ring orbits’ horizontal ionospheric meridional currents for the northern and southern
hemispheres, we have shown that the overall form of the PPO-independent current can be determined
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and compared with similar profiles from Hunt et al. (2015). This reveals the clear differences between the
2008 and F-ring orbit Im profiles.

1) In the polar regions, there is a reversal of behavior of Im from winter to summer in the northern hemi-
sphere and summer to winter in the southern hemisphere. This supports the suggestion made by Hunt
et al. (2015) that the weak Im values in the winter hemisphere are due to the lack of conductivity in the
polar cap resulting from little or no solar illumination together with no particle precipitation. Very similar
behavior to this has been reported in the 2012/13 data set (Bradley et al., 2018).

2) We have shown in the region equatorward to the field-aligned current, there is a statistically significant
difference, with a positive Im (lagging field) topology in both hemispheres for the F-ring data set. This dif-
fers from near-zero Im values frommidnight LT (Hunt et al., 2014, 2015; Bradley et al., 2018). This implies a
noon-midnight asymmetry in the magnetosphere-ionosphere coupling and requires further study.

3) In the same region, the individual F-ring orbit Im colatitude profiles show a lack of evidence for the inner
region of oppositely directed discrete field-aligned currents associated with the “turning off” of the PPOs
within ~4–5 RS as proposed by Andrews, Coates, et al. (2010); Andrews, Cowley, et al. (2010); Hunt et al.
(2014); and Southwood and Cowley (2014). This implies that a more distributed current will reduce the
PPO signals closer to the planet. The data from Cassini’s proximal orbits will hopefully explain where
the PPOs “turn off” and will be a future study.

We identified the individual boundaries of the field-aligned current sheets to analyze their strength, posi-
tion, form, and PPO modulation. We have shown the field-aligned current crossings during the F-ring
orbits have a four-sheet structure similar to those identified by Hunt et al. (2014) and that the overall struc-
ture in the northern and southern hemispheres follow the same PPO modulations as found by Hunt et al.
(2014, 2015). The northern field-aligned currents have a maximum upward current atΨN~90°, while in the
southern hemisphere, this occurs at ΨS~270°.

4) Overall, we find that the current sheets decreased in strength and current density compared to 2008
values. It would be of interest to compare with auroral observations to see if there has been a reduction
in auroral power.

5) Using the opposite symmetry of the PPO-independent and PPO-related currents, we separated the two
current systems. The southern PPO-independent current has decreased peak values of ~1.5 MA/rad com-
pared with the 2008 values of ~2.0 MA/rad, whereas the northern PPO-independent current has increased
to ~1.4 MA/rad from the 2008 value of ~1.0 MA/rad. The main difference comes from the PPO-related cur-
rent systems, which have reduced by ~50% to ~0.4 MA/rad in both hemispheres compared to the 2008
values.

6) In addition, there was no detection of the interhemispheric component of the PPO system between the
two hemispheres. This is likely to be due to the reduced PPO currents closing within the magnetospheric
plasma, such that the signal in the opposite hemisphere is below the limit of detection due to the aver-
aging of data. Given the estimated uncertainties, the currents would have to exceed ~0.2 MA/rad to
clearly be detected.
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