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Abstract Saturn's magnetospheric magnetic field, planetary radio emissions, plasma populations, and
magnetospheric structure are all known to be modulated at periods close to the assumed rotation period of
the planetary interior. These oscillations are readily apparent despite the high degree of axisymmetry in the
internally produced magnetic field of the planet and have different rotation periods in the northern and
southern hemispheres. In this paper we study the spatial structure of (near-)planetary period magnetic
field oscillations in Saturn's equatorial magnetosphere. Extending previous analyses of these phenomena,
we include all suitable data from the entire Cassini mission during its orbital tour of the planet so as to be
able to quantify both the amplitude and phase of these field oscillations throughout Saturn's equatorial
plane, to distances of 30 planetary radii. We study the structure of these field oscillations in view of both
independently rotating northern and southern systems, finding spatial variations in both magnetic fields
and inferred currents flowing north-south that are common to both systems. With the greatly expanded
coverage of the equatorial plane achieved during the latter years of the mission, we are able to present a
complete survey of dawn-dusk and day-night asymmetries in the structure of the oscillating fields and
currents. We show that the general structure of the rotating currents is simpler than previously reported
and that the relatively enhanced nightside equatorial fields and currents are due in part to related periodic
vertical motion of Saturn's magnetotail current sheet.

Plain Language Summary Saturn's magnetic field, produced in its interior by dynamo
processes, is apparently perfectly symmetric with respect to the spin axis of the planet. Despite this,
measurements of magnetic fields in Saturn's magnetosphere, radio emissions, and plasma populations
all show oscillations with periods close to the (inferred) rotation rate of the interior of the planet. The
origin of these oscillations is yet to be fully explained, but electrodynamic coupling between the upper
atmosphere/ionosphere and magnetosphere plays a central role. In this study, we use magnetic field
measurements from NASA's Cassini spacecraft to statistically study the spatial structure of the magnetic
field oscillations and the electrical currents producing them. Expanding on previous studies, we find good
overall agreement with existing theoretical models but with discrepancies suggestive of the influence of
solar wind magnetosphere coupling on the system.

1. Introduction
Measurements made at Saturn using data from National Aeronautics and Space Administration's Cassini
orbiter have elucidated a planetary magnetosphere filled with low-frequency waves and modulations in plas-
mas, magnetic fields, and radio and auroral emissions (see, e.g., Carbary & Mitchell, 2013, for a review of this
topic). These rotating phenomena all exhibit rotation periods close to, but typically larger than, the assumed
rotation period of the deep interior of the planet of ∼10.55 hr (Anderson & Schubert, 2007; Helled et al.,
2015), hence the widely used term “planetary period oscillations” (PPOs). The majority of these phenomena
further exhibit a specifically m = 1 rotational modulation at this period, that is, with phase fronts mov-
ing through the magnetosphere in the same sense as planetary rotation, at least to first order (where m
is the azimuthal wave number). Explaining the origin of these periodic plasma phenomena in Saturn's
otherwise apparently perfectly axisymmetric magnetic field has been a major focus of the Cassini mission
(the misalignment between the spin and magnetic axis being less than 0.01◦; Dougherty et al., 2018).
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The presence of these oscillations was first detected in radio data obtained by Voyager (Kaiser et al., 1980),
in which the intensity of the Saturnian kilometric radiation (SKR) was found to be modulated at a period of
∼10.67 hr. Subsequent measurements first with Ulysses and later Cassini have shown both that the period
of this modulation drifts on timescales comparable to the shifting Saturn seasons (Kurth et al., 2007, 2008)
and, moreover, that SKR emissions from high-latitude fields lines over opposing ionospheres are modulated
at distinctly different periods (Fischer et al., 2015; Galopeau & Lecacheux, 2000; Gurnett et al., 2009, 2010;
Lamy, 2011). Independent determination of the rotation periods of SKR emissions from the northern and
southern hemispheres is possible owing to the dominance of emissions in the R-X radio mode and the conse-
quent left-hand polarization of emissions from the southern hemisphere and right-hand from the northern
(e.g., Fischer et al., 2009; Lamy et al., 2008, 2011, 2017; Ye et al., 2018).

Much progress has been made in understanding the causal relations between these different oscillating
quantities through development of both empirically and theoretically based models of rotating
magnetosphere-ionosphere coupling currents (e.g., Andrews et al., 2008, 2010; Gurnett et al., 2007; Khurana
et al., 2009; Provan et al., 2009; Smith, 2011; Southwood & Kivelson, 2007; Southwood & Cowley, 2014).
In each proposed model, auroral currents link the high-latitude ionosphere of the planet to the equato-
rial magnetosphere and may close both across the field through the equatorial plane and via the opposing
ionosphere. Magnetic field perturbations associated with these rotating currents are measurable through-
out the magnetosphere, with amplitudes typically in the range of ∼0.1 to a few nanotesla (Andrews et al.,
2008, 2010). Postulated “sources” of these modulated currents variously lie in systems of atmospheric neu-
tral winds at ionospheric altitudes or stable magnetospheric convection cells (e.g., Andrews et al., 2010; Jia
et al., 2012; Southwood & Cowley, 2014; Smith et al., 2016).

In more detail, seasonal variations in both the period of the two systems and their relative amplitudes have
been tracked throughout the Cassini mission (2004–2017), representing the interval from Saturn's southern
hemisphere summer through vernal equinox and into northern hemisphere summer. During the early part
of the Cassini mission, prior to equinox, the southern system oscillations were dominant over the northern
and had a clearly separated, longer rotation period (Andrews et al., 2008; Kurth et al., 2007, 2008; Provan
et al., 2009). Following this interval, the general trend has been a shift away from the dominance of radio
emissions and field oscillations associated with the southern system, toward dominance of the correspond-
ing northern system oscillations following equinox (Andrews et al., 2010, 2012; Fischer et al., 2015; Gurnett
et al., 2010, 2011; Lamy, 2011, 2017; Provan et al., 2011, 2013; Ye et al., 2016, 2018). However, the variations
in both relative amplitudes and modulation periods of the two systems have not been steady, instead pro-
ceeding via apparent rapid shifts in both amplitude and periodicity, including restricted intervals in which
the general trend is halted or even reversed (Provan et al., 2013, 2014, 2016, 2018).

In this paper, we extend the analysis of the spatial structure of the equatorial PPO magnetic field perturba-
tions conducted previously by Andrews et al. (2010). In doing so, we significantly increase the volume of
data analyzed and improve the spatial coverage afforded, particularly in respect to local time (LT) through
the afternoon sector. Furthermore, we update the methodology used to reflect subsequent developments in
regard to the simultaneous presence of magnetic field oscillations associated with both the southern and
northern PPO systems. In doing so, we determine the spatial variations of the magnetic field oscillations,
under the assumption of a common spatial structure for both the northern and southern systems. Follow-
ing this, we are able to fully characterize the system of electrical currents flowing normal to the equatorial
plane associated with these oscillations, calculated using a simple numerical approach.

The paper is structured as follows. We proceed by summarizing seasonal variations in the amplitudes and
periods of the central “core” region PPO magnetic field perturbations in section 2. The selection of suit-
able equatorial field data for analysis based on Cassini's orbital tour of Saturn is discussed in section 3. In
section 4, salient aspects of the structure of the equatorial PPO fields produced by the simple theoretical
model are reviewed, before the full analysis of the equatorial field data themselves is given in section 5.
Inferred north-south current densities are calculated in section 6. Illustrative examples of the superposed
northern and southern PPO oscillations are then presented at three different mission intervals in section 7.
Finally, we discuss implications of some of the features found in the analysis in section 8 and briefly
summarize the central results in section 9.
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Figure 1. Planetary period oscillation (PPO) properties determined in the series of papers by Andrews et al. (2012),
Provan et al. (2013), Provan et al. (2016), and Provan et al. (2018). (a) Northern (blue) and southern (red) system
rotation periods. The spans of the data analyzed in each relevant paper are indicated in this panel by the horizontal
labeled bars (with the results of Provan et al., 2013, further subdivided into Intervals E1–E4, and the interval studied by
Andrews et al., 2010, also shown). (b) Planetographic latitude of Cassini (solid black line) and the Sun (orange dashed
line). (c) Local time (LT) of apoapsis for each orbit. (d) Ratio of the northern and southern PPO field amplitudes, k,
where intervals with lower limit values of k = 5 shown by the dashed lines and arrows. (e–g) Core region PPO
amplitudes BiN,S0 for the r, 𝜃, and 𝜑 components. Dashed red lines indicate southern system values and solid blue
northern. Horizontal red and blue dotted lines in each panel indicate the averaged core region amplitudes B̄iN ,S0
described in the text and given in Table 1. Cassini “Rev” numbers are indicated at the top of the figure. Those
near-equatorial orbits from which magnetic field data are used in this study are indicated by the vertical gray bars
within each panel. Vernal equinox is indicated by the vertical dotted line in each panel.

2. Seasonal Variations of PPO Fields
We begin by summarizing the long-term variations in the PPO properties, as determined over the course of
the mission in a series of related papers (Andrews et al., 2008, 2012; Provan et al., 2013, 2016, 2018).

In Figure 1, we show variations in the periods and amplitudes of magnetic field oscillations throughout the
interval from Saturn orbit insertion on 1 July 2004 through to the end of the mission on 15 September 2017.
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Table 1
Parameters Referenced in the Text

𝛾 iN,S B̄iN ,S0 𝜉i, core �̄�iN ,S, core v̄ri,N ,S

Hemisphere Component i (deg) (nT) (deg) 𝑓i, core (deg) (km/s (◦∕RS))
r 0 0.68 −3.8 ± 21 1.01 ± 0.48 −3.8 ± 21 384 (1.47)

N 𝜃 0 1.13 −9.6 ± 22 1.03 ± 0.29 170.4 ± 22 123 (4.60)
𝜑 90 1.21 −4.6 ± 17 0.85 ± 0.30 85.4 ± 17 197 (2.85)
r 0 0.66 3.8 ± 21

S 𝜃 180 1.17 (as N) (as N) −9.6 ± 22 (as N)
𝜑 90 1.29 85.4 ± 17

Note. Amplitudes and phases given are calculated in the core region, r < 15 RS. Radial phase velocities are calculated
using all available data, although excluding the azimuthal component at radial distances greater than 15 RS.

Rotation periods 𝜏N and 𝜏S obtained from analysis of magnetic field data are shown in Figure 1a. Briefly,
within appropriately sized 100- to 200-day intervals of data, best-fit rotation periods are obtained such that
the variance in oscillation phase residuals is minimized across the interval. Full details of this approach
can be found, for example, in Provan et al. (2016). The southern system rotation period is shown in red
and the northern in blue. Saturn's vernal equinox on 11 August 2009 is marked by the vertical dotted line.
Following this, large, discrete variations in the relative amplitudes of the northern and southern PPO fields
were detected, and consequently, only piecewise determinations of the northern and southern periods were
possible during the interval from 10 February 2011 to 2 December 2012. Alternative expressions for the
time-variable rotation periods of the northern and southern PPO systems are available, most recently the
“Saturn Longitude System-5” (Ye et al., 2018), derived from SKR measurements. However, we note that only
minor changes in the results presented in this paper are expected should one of these alternative schemes
be used. Detailed comparisons of the (generally small) differences between these alternative measurements
of rotation periods are given by Provan et al. (2014) and Provan et al. (2016).

Figure 1b shows the latitude of Cassini throughout the period of this study, clearly seen to be broken into dis-
tinct near-equatorial phases interposed with high-latitude excursions. The subsolar latitude is shown by the
dashed orange line in this panel, indicating the progression of the seasons throughout the interval plotted.
Cassini's LT of apoapsis is shown in Figure 1c, thus indicating the variation in sampling of LT throughout
the mission.

In parallel with determinations of the northern and southern rotation periods, Andrews et al. (2012), Provan
et al. (2013), Provan et al. (2016), and Provan et al. (2018) also determined both the amplitude ratio of the
field oscillations in both systems, k, as well as the absolute amplitudes of the individual field components
of each system. The ratio of the amplitudes k = BN0∕BS0, where BN,S0 are the amplitudes of the northern
and southern PPO quasi-uniform core fields at radial distance r < 12 RS, respectively. (1 RS is Saturn's
equatorial radius, 60,268 km.) The simultaneous presence of oscillations at two periods leads to “beating” of
the two signals, affecting both the amplitude and phase of the combined signal. Values of k are determined
through fits to beat-modulated magnetic field phase measurements within a given interval and are plotted
in Figure 1d on a logarithmic scale. With k then fixed, the amplitudes of the separate northern and southern
core fields BN,S0 are then individually determined from fits to the magnetic field oscillations themselves.
A complete description of this procedure can be found in Provan et al. (2013). Intervals with k < 1 correspond
to southern system dominance and vice versa, while those periods with k ≈ 1 indicate approximately equal
amplitudes of the northern and southern systems. In principle, k values less than ∼0.2 and greater than ∼5
(∼1/0.2) should be taken as upper and lower limits, respectively, corresponding to intervals during which
beat-phase modulation arising from the weaker of the two systems is either undeterminable or absent. Two
such intervals dominated by the northern system do indeed occur following equinox and are indicated by k
values shown by dashed lines.

A long-term trend is evident in the k values shown in Figure 1d, with k consistently less than one in the
early part of the Cassini mission through to late 2009 and k consistently greater than one (where measured)
from 2014 onward, indicating an overall shift from southern dominance to northern dominance of the PPOs.
In the trans-equinox interval, beginning just prior to equinox but maintained for ∼4 years following this,
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large shifts in k are observed about unity, with brief but clear periods of strong southern and northern dom-
inance well after equinox, along with periods of apparently equal amplitudes in both systems. This interval
is the subject of specific analysis by Provan et al. (2015) and Fischer et al. (2015). This complex behavior
suggests that while seasonal variations may play some role in altering the relative amplitudes of the PPOs,
for example, through variations in illumination and therefore conductivity of the polar ionospheres, these
cannot fully explain the observed properties of the system.

Core region amplitudes BiS0 and BiN0 are shown in Figures 1e–1g, where in each case, the dashed red line
shows the southern value BiS0 and the blue solid line the northern value BiN0, where i is one of the three
spherical components of the field (r, 𝜃, 𝜑, referenced to the planet's northern spin axis). Azimuth𝜑 increases
in the sense of planetary rotation. These values are derived from fits to magnetic field amplitude data, using
the determined phases and amplitude ratios k shown in the upper panels. These amplitudes, given in papers
as indicated in Figure 1, are determined using field data obtained during the periapsis pass through the core
region (r < 12 RS) of each orbit of Cassini. At all times, the ratio of the northern and southern amplitudes
shown in Figures 1e–1g is therefore identical to the k value shown in Figure 1d, assumed equal for each
component. Similarly, k is assumed equal for all components and, hence, derived using a combination of the
phase data from all three field components for a given interval. Also indicated in Figures 1e–1g are averaged
values B̄iS0 and B̄iN0 for each component, determined over all equatorial orbits studied in this paper. These
averaged amplitudes are later used for presentational purposes.

3. Selection and Processing of Data
In this study we make use of 1-min averaged field vectors from the Cassini fluxgate magnetometer
(Dougherty et al., 2004). The data are transformed into spherical polar “Kronographic” coordinate sys-
tem, referenced to the planet's spin and magnetic axis, and processed initially by removing the internal
(axisymmetric) field of the planet according to the model of Burton et al. (2010). At the typically large dis-
tances, r >3 RS studied in this paper, our results are insensitive to the specific planetary field model used.
We then apply a band-pass filter to the data to suppress signals with periods outside the 5- to 20-hr range
encompassing the PPO, noting that the wide bandwidth retains and moreover does not distort the effects
of Doppler shifting induced by rapid azimuthal motion of the spacecraft at periapsis. In a minor departure
from Andrews et al. (2010), we here use a so-called “zero-phase” filter, which we find performs marginally
better in the vicinity of the very occasional data gaps than the Lanczos filter used previously. Nevertheless,
we apply the same restriction used by Andrews et al. (2010), removing all otherwise useable data taken
within 5 hr of a data gap of duration greater than 5 hr, both in order to prevent spurious filtered data distort-
ing the analysis and to provide commonality with that study. Additionally, we remove data taken outside
the magnetopause from further consideration, using a list of Cassini magnetopause crossings derived from
that published by Pilkington et al. (2015), updated by Jackman et al. (2019) to span the remainder of the
Cassini mission. Cumulatively, the total data volume analyzed in this study is ∼4.5 times larger than that of
Andrews et al. (2010).

Only data obtained on orbits for which Cassini's peak absolute latitude was less than 5◦ were considered.
These orbits are highlighted in Figure 1 by the underplotted gray vertical bars. The resultant coverage of the
equatorial plane, indicated in Figure 1c, is shown in full in Figure 2, in which Cassini's position is projected
onto the equatorial plane at 1-min intervals and color coded according to time, latitude, and amplitude ratio
k in Panels a–c, respectively. As can be seen in Figure 2a, the sampling in time is not uniform owing to the
varied orbital tour of Saturn. Apoapses were located in the premidnight to postdawn sector early in the mis-
sion, during which the southern PPOs were dominant, before the orbit plane was then rotated through the
postnoon to postdusk sector during the postequinoctial second extended interval of near-equatorial orbits.
The final extended equatorial interval saw apoapsis return to the postmidnight to dawn sector during north-
ern PPO dominant conditions, before the final high-inclination orbit series that terminated the mission.
Consequently, while the entire equatorial plane is now well sampled across the whole mission, there nev-
ertheless remain biases toward encountering certain LT sectors only during restricted intervals of time, for
example, the postnoon sector during the postequinox interval, during which the northern and southern
system periods approached and remained close.

As can be seen from Figure 2b, virtually all of the data retained for the purposes of this study (86%) were
taken at latitudes |𝜆| < 1◦. Of the remainder, 12% were taken at southern latitudes and only 2% at northern
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Figure 2. Cassini's trajectory projected onto the equatorial plane. Each panel shows the region out to r = 30 RS, with
local time and radial distance values indicated. Cassini's trajectory color coded according to (a) time, (b) latitude, and
(c) the amplitude ratio k. (d) shows the number of 1-min magnetic field vectors recorded within each spatial bin used
in this study, as described in the text. Bins with N < 300 are shown gray.

latitudes greater than 1◦. However, while the vast majority (99%) of the data were taken within± 0.5 RS of the
spin-equatorial plane, the seasonal “warping” of Saturn's magnetodisc current sheet consequently affects
the distribution of the data about the magnetospheric equator. Using the model of Arridge et al. (2008), we
find that ∼30% of the data used in this study were obtained northward of the current sheet center (taking a
nominal “hinging” distance of 29 RS). This represents a marginal improvement in relative coverage of the
two hemispheres compared with the interval studied by Andrews et al. (2010).

In Figure 2c, we color code the trajectory according to the value of k, as shown in Figure 1d, again noting that
the sampling of the equatorial plane with respect to k is not uniform. There are, however, several extended
regions which are sampled during intervals with both k < 1 and k > 1. Nevertheless, the overall picture that
emerges is one in which the data obtained throughout the equatorial plane is reasonably well distributed
in both time and space, without any major biases that could lead toward conflating variations in one with
the other.

Finally, in Figure 2d, we show the distribution of data used in this study, grouped into spatial bins, using an
identical binning scheme to that employed by Andrews et al. (2010). Specifically, we use bins of 2-hr width
in LT, computed every hour and thereby overlapping the adjacent bin by 0.5 hr. Each nonoverlapping radial
bin is of 3 RS extent, with boundaries at 3, 6, … 30 RS. The number of individual 1-min magnetic field
measurements, N, recorded in each bin is shown color coded in Figure 2d. Those bins in which less than 300
samples (5 hr of cumulative data) were obtained are shown gray, having been deemed not suitable for further
analysis. Half of the bins shown each contain at least ∼100 hr of cumulative magnetic field measurements.

4. PPO Field Amplitude and Phase Determination
Here we introduce the framework for the analysis of magnetic field oscillations used in this paper. This is
based primarily on that used in the previous study of equatorial PPO structures by Andrews et al. (2010),
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Figure 3. Simplified illustration (not to scale) of planetary period oscillation (PPO) magnetic field lines (blue lines) and
field-aligned currents (green symbols) of the southern PPO system, after Andrews et al. (2010). The location of the Sun
(noon meridian) is indicated, as is the principal meridian of the southern PPO phase coordinate system, ΨS = 0◦, offset
from noon by ΦS. The dashed circle indicates the approximate boundary of the core region, within which the PPO
fields are quasi-uniform, and outside of which they take the form of a rotating transverse dipole.

updated to account for the simultaneous presence of northern and southern oscillations with differing
rotation periods and amplitudes.

We begin by defining the PPO phase of the northern (subscript N) or southern (S) systems

ΨN,S(t, 𝜑) = ΦN,S(t) − 𝜑, (1)

where the phase functions ΦN,S(t) describe the instantaneous phase or orientation of the relevant system
at time t. Specifically, ΦN,S defines the orientation of the principal ΨN,S(t, 𝜑) = 0◦ meridian of each system
relative to the Sun, as is shown in Figure 3. The quantity ΨN,S then expresses the position of an observer
at azimuth 𝜑 in the rotating frame of the northern or southern PPOs and serves to organize, for exam-
ple, magnetic field perturbations, field-aligned currents, or other PPO-related phenomena. The PPO phase
ΨN,S increases in the sense opposite to planetary rotation (anticlockwise when viewed from the north).
Furthermore, for an observer moving in azimuth, Doppler shifting of quantities fixed in the PPO frame
is thereby accounted for in this expression. The phase functions ΦN,S(t) are themselves slightly nonlinear
functions of time, simply related to the PPO rotation periods 𝜏N,S through

𝜏N,S(t) = 360◦

(dΦN,S(t)
dt

)−1

. (2)

These rotation periods are shown in Figure 1a.

A simplified schematic of the equatorial PPO transverse fields, currents, and associated plasma flows is
also shown in Figure 3, adapted from a similar figure first shown by Andrews et al. (2010). The transverse
component of the PPO field perturbation is shown by the blue lines. The central reference for the study of
PPO fields is taken to be the so-called core region field perturbations, those in the range 3 ≤ r ≤ 12 RS,
with the outer boundary indicated by the black dashed circle. Within this region, the field is quasi-uniform,
with the azimuthal component B𝜑 oscillating in lagging quadrature with the radial Br in both northern and
southern systems, such that the field points along the ΨN,S = 0◦ meridian. Crucially, as discussed first by
Andrews et al. (2010), for the northern PPO system, the relative phase of the colatitudinal B𝜃 component
is shifted by half a cycle in the core region as compared to the southern system; thus, the colatitudinal B𝜃

component is in phase with Br in the southern system and in antiphase in the northern system. Thus, we
have Br ≈ cos(ΨN,S), B𝜑 ≈ sin(ΨN,S), and B𝜃 ≈ ± cos(ΨN,S), taking the − sign term in the northern hemi-
sphere system. The presence of a nonzero B𝜃 perturbation is such that magnetic field lines associated with
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the quasi-uniform core field are tilted out of the equatorial plane, forming arches with apices toward the
northern hemisphere for the southern system, and vice versa, though this is not shown in Figure 3. The
quasi-uniform core field perturbation is supported by a sinusoidally varying current flowing through
the equatorial plane at its outer boundary, indicated by the green icons outside the dashed black circle. We
typically refer to these as the “principal” PPO currents. At larger radial distances, beyond the quasi-uniform
core region, the phase of the azimuthal component is increased by 180◦ relative to the core, such
that B𝜑 ≈ − sin(ΨN,S) and the field perturbation takes the form of a rotating transverse dipole oriented
along the ΨN,S = 0◦ meridian. Corresponding currents flowing at the inner edge of the core region are also
indicated in Figure 3, having opposite sign to the principal PPO currents flowing at larger distances and
acting to suppress the amplitude of the PPO fields toward the innermost core region.

The three components i of the northern and southern PPO core equatorial magnetic fields are then defined as

BiN,S(𝜑, t) = BiN,S0(t) cos
(
ΨN,S(t, 𝜑) − 𝛾iN,S

)
, (3)

in which seasonal variations in amplitude are expressed through the time-varying amplitude BiN,S0(t) of
each component. The terms 𝛾 iN,S in equation (3) describe the constant phase of each core field component
i relative to the PPO phase ΨN,S. Empirically, these take the values 𝛾 rS = 𝛾𝜃S = 0◦ and 𝛾𝜑S = 90◦ for the
southern PPO system and 𝛾 rN = 0◦, 𝛾𝜃N = 180◦ and 𝛾𝜑N = 90◦ for the northern. Thus, for both the northern
and southern systems, the radial component of the PPO core field reaches its maximum positive value where
ΨS(t, 𝜑) = 0◦.

The total combined core field in component i is then described simply by the sum of BiS(𝜑, t) and BiN(𝜑, t).
When both northern and southern system PPOs are present with comparable amplitudes, the resultant
magnetic field oscillations will exhibit constructive and destructive interference according to the beat phase
ΔΦNS(t) = ΦN(t) − ΦS(t). The differing field structures are such that when constructive interference takes
place between the radial and azimuthal components at ΔΦNS = 0◦, destructive interference is present in the
colatitudinal component, with the situation reversed at ΔΦNS = 180◦ (modulo-360◦).

5. Equatorial PPO Field Structure
5.1. Independent Determination of Northern and Southern Equatorial Field Structures
Andrews et al. (2010) determined the amplitude and phase structure of the equatorial PPO fields as a
function of position, extending the analysis beyond the core region and considering variations with radial
distance and LT. However, their analysis was undertaken before the presence of independent northern and
southern PPO systems was fully understood and as such took no account of the influence of the (then much
weaker) northern system on the dominant southern system. Expressed in the above scheme, Andrews et al.
(2010) determined spatially varying amplitudes BiS0(r, 𝜑) and phases 𝜓 iS(r, 𝜑) by fitting the expression

BiS(r, 𝜑, t) = BiS0(r, 𝜑) cos
(
ΨS(t) − 𝜓iS(r, 𝜑)

)
, (4)

to each component i of the processed magnetic field using data grouped into spatial bins. The amplitudes
BiS0(r, 𝜑) and phases 𝜓 iS(r, 𝜑) were taken as free parameters and fitted to the data, their values taken to be
constant within each spatial bin and, furthermore, constant in time across the interval studied. Equatorial
magnetic field data used by Andrews et al. (2010) were obtained from August 2004 to December 2007 (Revs
A-54, see Figure 1), thus reflective of an extended interval of apparently stable southern-system dominance
(k ≈ 0.4).

Here we extend the analysis of Andrews et al. (2010), by considering the simultaneous presence in the data
of oscillations associated with independently rotating northern and southern systems. A first approach to
this can be taken by applying the same “single hemisphere” approach to the processing of the data as used by
Andrews et al. (2010), repeating the analysis for each hemisphere independently with the substitution of the
appropriate phase function ΦN(t) or ΦS(t) into equation (4). Given sufficient data coverage and distinct and
well-determined rotation periods 𝜏N and 𝜏S, analyzing the data with respect to one hemisphere is feasible
even under the presence of a significant modulation due to the opposing hemisphere, because the two phases
(modulo 360◦) are overall uncorrelated. The effect of the field oscillations associated with the “opposing”
hemisphere is merely to add noise to the data, which rapidly sums toward zero excepting those intervals
where their respective rotation periods are close (or indeed, equal to within measurement uncertainties,
such as was found, e.g., by Provan et al., 2016, in the interval from mid-2013 to mid-2014).
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Cassini's orbital tour is such that it cumulatively samples most of the equatorial plane over the whole mission
(Figure 2). However, given that the core region amplitudes BiN,S0 also vary during the course of the mission
as shown in Figures 1e–1g, the function fitted to equatorial field data must be modified to account for these
seasonal variations. We therefore instead fit the expression

BiN,S(r, 𝜑, t) = 𝑓iN,S(r, 𝜑)BiN,S0(t) cos(ΨN,S(t, 𝜑) − 𝛾iN,S − 𝜉iN,S(r, 𝜑)), (5)

to equatorial field data, treating each hemisphere (N or S) entirely independently, using the core region
amplitudes BiN,S0, phases ΨN,S, and relative phases 𝛾 iN,S introduced in section 4. The terms fiN,S and 𝜉iN,S are
then free parameters that describe the amplitude and phase, respectively, of the measured field oscillations
in each bin relative to the core region and are then obtained by fitting the data using a nonlinear least-squares
algorithm (a standard Levenberg-Marquardt algorithm). For each of the northern and southern systems,
equation (5) is thus a function only of quantities relevant to that hemisphere.

In Figure 4, we show results of this fitting procedure as applied to magnetic field measurements, processed,
and binned spatially as described in section 3. Results are presented in a format similar to that used pre-
viously by Andrews et al. (2010), in which field vectors are plotted at the center of each spatial bin using
the relative amplitudes and phases determined from the fits, at a given specified rotation phase ΦN,S. The
left column of panels shows fits of equation (5) taking only the southern hemisphere terms, while the right
column of panels shows the corresponding northern hemisphere terms, again stressing that the fits are per-
formed entirely independently of one another, with no additional prior processing of the data. Within each
bin, having determined both fiN,S and 𝜉iN,S from the field data, field vectors are reconstructed using the aver-
aged values of the core region amplitudes B̄iN ,S0, as given in the second column of Table 1 and shown in
Figure 1. The averaged amplitudes B̄iN ,S0 are computed from the piecewise determined instantaneous val-
ues of the core region amplitudes in each field component only over those intervals for which equatorial
data were obtained, that is, those intervals shaded gray in Figure 1. (Remaining quantities given in Table 1
are introduced in the following sections.) We note that the components of the averaged core region ampli-
tudes are almost equal in the opposing hemispheres, that is, B̄iN0 ≈ B̄iS0, and furthermore close to those
measured during the interval of k ≈ 1 conditions immediately postequinox. The ensemble of vectors shown
in Figure 4 thus strictly represents mission-averaged results while also being reasonably close to those that
may be expected postequinox.

The individual Panels a–d shown in the left column of Figure 4 show the evolution of the southern PPO
equatorial field through one half of the full cycle, from ΦS = 0◦ to 135◦ . The remaining half cycle can be
visualized from these panels by simply reversing the sense and color of the plotted vectors and adding 180◦

to the value of ΦS corresponding to each panel. Panels e–h in the right column of Figure 4 show correspond-
ing northern PPO equatorial fields in the same format. Without discussing the detailed structure of the PPO
fields plotted at this stage, the commonality between the northern and southern systems is nevertheless
readily apparent when comparing each pair of panels. As noted previously, the transverse components of the
oscillations are expected to be in phase with one another, at least in the core region, when ΦN = ΦS. Com-
paring each pair of panels in Figure 4, this can be seen to be the case, with each individual plotted vector
generally aligned with its corresponding icon in the opposite hemisphere, to a good approximation, and fur-
thermore having similar amplitude. This correspondence is generally seen to be best where the amplitudes
are themselves the largest, that is, within the core region and into the nightside and is weaker on the dayside
where amplitudes are typically smaller. Meanwhile, the sense of the colatitudinal component, depicted by
the color of the individual vectors, is expected to be opposite in the two hemispheres when ΦN = ΦS, owing
to the antiphase relationship of these components in the opposing hemispheres. Again, this expectation is
realized to a large degree when comparing the pairs of panels in Figure 4, with those vectors shown red (posi-
tive) in the southern hemisphere panels typically shown blue (negative) at the same location in the northern
hemisphere. However, the correspondence between the field vectors displayed in each pair of panels is not
perfect. Discrepancies are clear in certain individual bins, particularly toward larger radial distances on the
dayside. Despite this, no evidence is seen in these plots of any systematic difference between the spatial
structure of the PPO fields in the two hemispheres. Where differences are apparent, these are constrained
to the extent of individual bins and are generally not reflected even in immediately adjacent bins.

We further quantify the correspondence in the spatial variations of amplitude and phase between the north-
ern and southern systems in Figure 5. For each component i in Figures 5a–5c, respectively, we directly
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Figure 4. Plots showing the equatorial magnetic field oscillations derived independently for the northern and southern
planetary period oscillation systems from fits to data of equation (5). Field vectors are computed at phases ΦN,S = 0◦,
45◦, 90◦, and 135◦ and using the overall averaged core amplitudes shown by the dotted red (S) and blue (N) lines in
Figures 1e–1g. (a)–(d) show field vectors determined from fits to southern system phases and amplitudes, while (e)–(h)
show northern equivalents. Each panel depicts the transverse component (r-𝜑) within each bin by an arrow along the
field direction at the phase ΦN,S indicated. The arrows are nonlinearly scaled, with the icons in the lower left of each
panel indicating 0.1-, 1-, and 5-nT vectors oriented along the expected instantaneous direction of the transverse core
region field. The colatitudinal component is color coded using the color table, such that positive values, shown by red
colors, are into the plane of the page (and negative blue outward). Each panel is labeled according to the oscillation
phase ΦN,S and is spaced by 45◦ from the previous. The full 360◦ cycle of ΦN,S can be obtained by reversing both the
sense and color of each vector (inverting the color table used to display the B𝜃 component) and adding 180◦ to the
indicated phase of each panel.
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Figure 5. Comparison of independently determined northern and southern relative amplitudes and phases for the
three field components within each spatial bin used in this study. Relative amplitudes fiN,S and phases differences
Δ𝜓 = 𝜓 iN − 𝜓 iS are depicted for each component using the axes and the color code, respectively.

compare relative amplitudes determined independently for the northern and southern systems, by plotting
fiN verus fiS. Each plotted point thus corresponds to a comparison between fits in the same spatial bin, to the
self-same field data, using the northern and southern forms of equation (5). Values lying on the dotted line of
unit slope thus indicate equal relative amplitudes determined at a particular location. Corresponding values
of the R2 statistic are given in each plot. Agreement is seen to be best in the case of the azimuthal component,
having the highest R2 statistic, likely due to the generally lower “background” present in this component
(neither the internal planetary field nor the azimuthal ring current field contributing to this component).

The differences between fitted phases Δ𝜉i = 𝜉iN − 𝜉iS in each bin are shown by the color coding of each
plotted point in Figure 5. Directional means and standard deviations of these plotted phase differences are
given in the figure and are typically close to zero in the radial and azimuthal components while being close to
180◦ in the colatitudinal component, as expected (to within the approximately quarter-cycle spread in phase
difference, i.e., plus or minus one standard deviation). Corresponding standard errors on the given mean
values are less than 5◦ in all components. Thus, given the available data, no convincing evidence is found
for any major difference between the spatial phase and amplitude structures of the northern and southern
PPO systems.

5.2. Determination of Common Field Structure
The analysis presented in section 5.1 suggests no systematic differences in the spatial structure of the ampli-
tude and phase of PPO fields associated with the northern and southern systems. Taking this to be the case,
a more accurate examination of the spatial structure common to both systems can be obtained using a single
fit to the data in each bin, simultaneously determining the common deviation in phase and amplitude from
both PPO core regions. This approach therefore directly accounts for the beat modulation of both systems,
rather than assuming that the influence of this effect averages to zero over the data set as a whole.

Here we again define both amplitudes fi(r, 𝜑) and phases 𝜉i(r, 𝜑) for each field component i relative to the
core region but now take them to be common to both northern and southern PPO systems (and therefore
drop the subscript N or S from both terms). The instantaneous combined field oscillations at the location of
the spacecraft can then be written as

Bi(r, 𝜑, t) = 𝑓i(r, 𝜑)
[
BiS0(t) cos(ΨS(t, 𝜑) − 𝛾iS − 𝜉i(r, 𝜑)) + BiN0(t) cos(ΨN(t, 𝜑) − 𝛾iN − 𝜉i(r, 𝜑)) , (6a)

or equivalently,

Bi(r, 𝜑, t) = 𝑓i(r, 𝜑)BiS0(t)
[
cos(ΨS(t, 𝜑) − 𝛾iS − 𝜉i(r, 𝜑)) + k(t) cos(ΨN(t, 𝜑) − 𝛾iN − 𝜉i(r, 𝜑))

]
, (6b)

where each component reaches its maximum and minimum values where ΨN,S = 𝛾 iN,S + 𝜉i and ΨN,S =
𝛾 iN,S+𝜉i+180◦ (modulo-360◦), respectively. All necessary input parameters to the fit over the interval studied
here, that is, BiN,S0(t), ΨN,S(t) and 𝛾 iN,S, have been determined by Andrews et al. (2012) and Provan et al.
(2013, 2016, 2018), as summarized in Figure 1. We note also that the magnetic field data within a particular
bin need not be continuous in time, with a minimum of one orbital period elapsing before the spacecraft
returns to the same location in the equatorial plane.

By way of example, we show in Figure 6 a fit of equation (6a) to data obtained in the equatorial region
defined by 12 RS < r < 15 RS and 21:30 hr < LT < 23:30 hr, processed as outlined in section 3. This bin con-
tains ∼210 hr of magnetic field measurements, cumulatively, representing 12,750 individual field vectors.

ANDREWS ET AL. 8371



Journal of Geophysical Research: Space Physics 10.1029/2019JA026804

Figure 6. An example of fits of equation (6a) to magnetic field data obtained in the equatorial plane in the range of
local time from 21:30 to 23:30 hr and radial distance r from 12 to 15 RS. (a) shows processed radial magnetic field data
Br(t) color coded versus southern and northern phase ΨS(t) and ΨN(t) (modulo-360◦). The dashed lines through the
panel separate the positive and negative parts of the combined oscillation cycles, as determined from the fit of
equation (6a). The time-averaged value of k computed for the data shown, k̄, is noted at the top of the panel, along with
the determined values of fi, 𝜉i, and the coefficient of determination R2 for each component i. (b) shows scaled magnetic
field values brN = Br(t)∕BrN0(t) (black traces) versus northern phase ΨN(t). The quantity 𝑓r cos(ΨN(t, 𝜑) − 𝛾rN − 𝜉r) is
overplotted as the red line, with values fr and 𝜉r determined from least-squares two-phase fits to all magnetic field data
in this bin, as discussed in the text. (c) is equivalent to (b) but shows instead southern-system scaled fields and fit,
plotted versus southern phase ΨS(t), and overplotted 𝑓r cos(ΨS(t, 𝜑) − 𝛾rS − 𝜉r). (d)–(i) are identical to their adjacent
(a)–(c) but showing field values and fits for the remaining two components, B𝜃 and B𝜑 as indicated.

The majority, ∼75%, of these measurements were taken during 2009–2011, with the remainder obtained
during brief intervals in 2006 and 2015. The averaged ratio of the northern to southern core region ampli-
tudes k̄ over this subset of the data is 1.07, thus indicative of an overall weak dominance of the northern
system over the southern. Each column within the figure corresponds to one of the field components i. The
uppermost panels, Figures 6a, 6d, and 6g, show the three components Br, B𝜃 and B𝜑 of the color-coded mag-
netic field versus both total northern and southern phases, ΨN and ΨS. Equation (6a) is fitted to these data
using the nonlinear least-squares algorithm mentioned in section 5.1. For the data obtained within this spa-
tial bin, organization of the magnetic field by both phase functions is apparent in each field component, as
evidenced by the “grouping” of the positive and negative values toward unique phase values in both coor-
dinates. The phases of the maxima and minima in the field are indicated by the red and blue crosses in the
upper panels, that is, the points where ΨN,S(t, 𝜑) = 𝛾 iN,S + 𝜉i(r, 𝜑) and ΨN,S(t, 𝜑) = 𝛾 iN,S + 𝜉i(r, 𝜑) + 180◦,
respectively. Black dashed lines show the zeroes of the fitted equation (6a), as determined from the respec-
tive values of 𝜉i for each component, using the average value of the amplitude ratio k̄ determined over the
interval of data included in this bin.

The lower two rows of panels show, for the northern and southern systems independently, the same mag-
netic field measurements, scaled and plotted versus the respective phase functions. Specifically, the central
row of panels (Figures 6b, 6e, and 6h) shows, as black traces, scaled field values biN = Bi∕BiN0(t) for each
component i = r, 𝜃, and 𝜑, plotted versus the northern phase function ΨN(t, 𝜑). Data are shown scaled
according to BiN0 in order to remove temporal variations in the amplitude, which may well be significant
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within a single bin, Cassini's orbital tour often returning it to the same location as part of a different orbit
sequence spaced widely in time. The overplotted red traces in Figures 6b, 6e, and 6h then show the quantity
𝑓i cos(ΨN(t, 𝜑) − 𝛾iN − 𝜉i), with fi and 𝜉i as determined by the fit to the field data and thereby indicating the
variation relative to the northern system core PPO oscillation.

The bottom row, Figures 6c, 6f, and 6i, then shows the same field data scaled instead by the southern
system amplitudes BiS0(t) and plotted versus southern phase ΨS(t, 𝜑). The overplotted quantity is then
𝑓i cos(ΨS(t, 𝜑) − 𝛾iS − 𝜉i), with identical values of fi and 𝜉i to that in each of the panels above. Consequently,
the red overplotted lines are entirely identical in Figures 6b and 6c and in Figures 6h and 6i, while they
are shifted by 180◦ of phase relative to each other in Figures 6e and 6f (as 𝛾 rN = 𝛾 rS and 𝛾𝜑N = 𝛾𝜑S, while
𝛾𝜃N = 𝛾𝜃S + 180◦). We note again that these red lines in the lower six panels of Figure 6 do not represent
fits to the underplotted data themselves but rather indicate the level of variation that can be ascribed to the
separate northern and southern system oscillations.

Figure 6 illustrates the degree of success of this simple fitting scheme in describing the data. Looking at
the upper row of panels, the data are seen to be well grouped simultaneously in both northern and south-
ern phases, as expected for data taken with an average k only slightly above unity, indicating approximately
equal northern and southern system amplitudes in each component. The dashed lines in these panels, corre-
sponding to the zeros of the combined (northern and southern) field oscillations, do indeed broadly separate
positive and negative displacements of the measured fields from zero, and the locations in phase of the max-
imum and minimum amplitudes are also in each case commensurate with the underlying data. Coefficients
of determination (R2) are given in the plot for each of the fits and indicate that ∼50–60% of the variance in
the processed field data is accounted for by this model. The remaining “unexplained” variance is principally
attributable to uncertainties both in the determined rotation periods of the two systems, the core region
amplitudes BiN,S0, and temporal variations in these quantities occurring on shorter timescales than those
over which they are determined (cf. Figure 1). Factors external to the PPO fields, such as variations in the
various quasi-static magnetospheric current systems associated with changes in the solar wind conditions,
also likely contribute to the scatter in the data about the fitted values, with this effect in particular likely to
be the dominant source of error at larger radial distances.

Turning now to the lower panels of Figure 6, it can be appreciated that during the majority of the interval for
which these data are obtained, no single hemisphere is dominant over the other. This is evident as, for each
component, significant scatter is present about the system-average oscillation shown by the red line, with the
majority of this scatter being due to the presence of oscillations of comparable amplitudes associated with
the opposing hemisphere. In this instance, the oscillations can be seen to be markedly enhanced relative
to the core in the radial component, with scaled field amplitudes brS/N significantly larger than unity and
fr = 2.66. This enhancement is also present, to a lesser extent, in the azimuthal component fields, f𝜑 = 1.25,
while the colatitudinal component is instead marginally suppressed, f𝜃 = 0.76.

5.3. Common Amplitude and Phase Structure
We now apply the fitting procedure introduced in section 5.2 to all equatorial field data, binned using the
scheme described in section 3. We proceed by first showing the determined values of the relative ampli-
tudes fi(r, 𝜑) and phases 𝜉i(r, 𝜑). From these, phase velocity profiles are then computed, and following this,
equatorial field vectors are computed.

Results of this fitting procedure are shown in Figure 7. Each column displays results determined for one
of the three field components, as indicated. The upper six panels show relative amplitudes fi, while rel-
ative phases 𝜉i are displayed in the lower six. Figures 7a–7c show the variation of relative amplitudes fi
versus radial distance in four separate quadrants of LT centered on 03, 09, 15, and 21 hr, serving to indicate
large-scale variations of the PPO fields relative to the core. Values shown in each quadrant are determined
by combining data from all spatial bins shown in Figure 2d that lie within this quadrant at a given radial
distance, thus indicating the large-scale structure of the PPO fields. Figures 7d–7f then show fi for each
component, color coded throughout the equatorial plane, each colored sector corresponding to a single bin
depicted in Figure 2d. For both sets of Panels a–c and d–f, a value near to unity indicates a location where
the measured PPO amplitude is close to that determined in the core region, therefore following the secular
variations in the (superposed) system amplitudes BiN0(t) and BiS0(t) during the interval studied. Meanwhile,
values above or below unity indicate a region in which the observed PPO field amplitudes are on average
above or below the respective system amplitudes. Those few bins at large radial distances, beyond ∼25 RS on
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Figure 7. Plots showing the amplitude and phase of the equatorial planetary period oscillations relative to the core region, as determined in spatial bins
throughout the equatorial plane. (a)–(c) show relative amplitudes fi for each component r, 𝜃, and 𝜑, respectively, versus radial distance averaged over local time
(LT) bins in four quadrants of LT centered on 03, 09, 15, and 21 hr (colors indicated in the legend). (d)–(f) show color-coded values of fi throughout the
equatorial plane. Radial distance and LT in units of Saturn's equatorial radius and hours are indicated in each panel, as is the outer boundary of the core region
at 12 RS (dashed white line). (g)–(i) and (j)–(l) show relative phases 𝜉i versus radial distance at fixed LT and throughout the equatorial plane in a format
corresponding to those of the first six panels.

the dayside which exhibit significantly larger values of fi than their immediate neighbors, are likely the result
of poor fits to the data, the result of the increased effect here of field perturbations associated with varia-
tions in the solar wind conditions. Similarly, Figures 7g–7i and 7j–7l show the relative phase 𝜉i, for each
component, first as a function of radial distance in four LT quadrants in the same format as Panels a–c and
then color coded throughout the equatorial plane in the same format as Panels d–f. Values of 𝜉i are shown
color coded using a cyclical color table appropriate to these angular data, determined to modulo-360◦. We
stress that the data shown in Figure 7 are not themselves specific to either the northern or southern system
but, instead, show how the amplitude of the PPO magnetic field is locally modified compared to mean core
region amplitudes BiN0(t) and BiS0(t) (and likewise the phases).
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Examining first the relative amplitudes of the colatitudinal component f𝜃 , shown in Figures 7b and 7e, it
can be seen that values are maximal inside the core region, both in the four indicative quadrants of LT
plotted in the upper panel and indeed elsewhere as displayed immediately below. Taking a simple average
over all bins inside 12 RS, we find a core-region mean value of 𝑓𝜃 = 1.03 ± 0.29, that is, close to the unit
value expected and where the quoted uncertainty of one standard deviation represents the scatter in values
within individual bins. (These and other values derived in this section are given in Table 1.) Beyond the core
region, f𝜃 decreases to ∼10–20% of the core region value at the outer boundary of the region studied. Minor
variations in f𝜃 with LT are evident in the core region. A larger and more systematic variation in f𝜃 is present
outside the core region, where values appear to be systematically lower in a wide band of LT centered on
∼03 hr outside the core region. Data obtained in this sector were taken during two distinct intervals of the
mission (cf. Figure 2a), and therefore, the generally lower relative amplitudes found here are unlikely the
result of restricted sampling in time. However, variations in f𝜃 with LT are generally less significant than
those seen in the remaining components.

Turning to the relative amplitudes of the radial component, fr shown in Figures 7a and 7d, a rather different
situation is apparent. While the mean value 𝑓r = 1.01 ± 0.48 in the core region is again in line with expec-
tations, maximal values of fr are reached well outside of the core region in the two nightside quadrants of
LT shown in Figure 7a. Indeed, in a ∼4 hr wide band of LT centered on ∼21 hr, fr is essentially constant
with radial distance beyond the core region, at its maximum value of ∼2.5, while at other LTs throughout
the nightside, fr is maximal in a narrow range of radial distances centered on ∼15 RS and declines at larger
radial distances. Meanwhile, on the dayside, fr remains almost constant at near-unit values. Once again, the
spatial variation evident in fr does not appear to be the result of sampling effects, as regions of enhanced fr
are encountered at intervals widely spaced in time throughout the mission, appreciated again by comparing
with Figure 2.

Finally, the relative amplitudes of the azimuthal component f𝜑 exhibit variations with radial distance and
LT that have some similarities to those seen in both fr and f𝜃 . Specifically, near-unit values are found in the
core region, where 𝑓𝜑 = 0.85± 0.30, somewhat lower overall than the equivalent values f̄r and 𝑓𝜃 . However,
the maximum values of f𝜑 are reached at radial distances outside the core region on the nightside, as was
the case for the radial component. Furthermore, relative amplitudes f𝜑 remain elevated toward the outer
boundary of the region studied in a narrow range of LT centered on ∼21 hr, though to a lesser degree than
was the case for fr in the same region.

We turn now to the corresponding plots of the relative phase variation 𝜉i shown in both Figures 7g–7i and
7j–7l for each field component as indicated. Panels g–i show relative phases across the equatorial plane ver-
sus radial distance in the same four quadrants of LT used above in Panels a–c, while Panels j–l show relative
phases color coded using a cyclical color table. Relative phase values 𝜉i close to 0◦ indicate regions where the
field oscillations are in-phase with those of their respective core field component. Values increasing away
from zero in the positive direction indicate an increasing lag of the local oscillation compared to the core
region. Commenting first on the phases determined in the core region, we indeed find average phases 𝜉i
that are close to zero in all components. Specifically, 𝜉r = −3.8 ± 21◦, 𝜉𝜃 = −9.6 ± 22◦, and 𝜉𝜑 = −4.6 ± 17◦,
with these values also given in Table 1. Corresponding estimates of the standard error of these quoted mean
values are ∼2.0–2.5◦ and are given by the standard deviations reduced by a factor of

√
N where N ≈ 70 is

the number of populated bins within the core region (
√

70 ≈ 8.4). As can be seen from the data shown in
Figures 7d–7f, systematic variations of 𝜉i with LT inside of ∼12 RS are indeed present in all components,
indicating modest departures from a purely quasi-uniform field, as was reported previously by Andrews
et al. (2010). This is most evident in the radial component, where 𝜉r is generally positive at LTs toward 03 hr
and generally negative at LTs toward 15 hr within the core region, with the magnitude of the deflection from
zero as large as ∼45◦.

For the radial and colatitudinal components, the relative phases 𝜉r and 𝜉𝜃 are seen to increase steadily to
larger positive values with radial distance at most LTs, both inside and outside of the core region, indicative of
radially outward propagation of the phase fronts of the oscillations. A notable exception is however apparent
in 𝜉r in the postnoon sector, where the phase relative to the core apparently increases to larger negative values
with increasing distance. Further exceptions to this general behavior are often present in the outermost
bins on the dayside, where significant spatial “scatter” in the phases can be seen, adjacent bins often having
values discrepant with their immediate neighbors.

ANDREWS ET AL. 8375



Journal of Geophysical Research: Space Physics 10.1029/2019JA026804

Figure 8. Plots showing the relative phases of the three field components in the equatorial plane, in a format related to
the southern planetary period oscillation system and otherwise similar to that used in Figure 7. (a)–(c) show the
differences between pairs of spatial phase components 𝜓 i, as indicated in each panel, determined from fits to magnetic
field data in each bin. Adding (or subtracting) 180◦ to the data shown in (a) and (b) produces the equivalent quantities
northern planetary period oscillation system.

Meanwhile, the azimuthal component exhibits a rapid increase in relative phase 𝜉𝜑 outside of the core
region, at radial distances centered on ∼15 RS. The magnitude of this phase increase is largest at ∼03 hr LT
and is cumulatively ∼180◦ over an interval of ∼6 RS spanning ∼12 to ∼18 RS, thus leading to a complete
reversal of the sense of the azimuthal PPO field component over this range. This phase increase is associated
with a shear in the azimuthal field produced by the most significant PPO field-aligned currents, as will be
shown below. However, the magnitude of this azimuthal component phase increase is somewhat reduced
at LTs from ∼09 to ∼21 hr (via dusk) and, indeed, is entirely absent from the measurements in the afternoon
quadrant centered on 15 hr LT.

The relative phases of the three field components are shown color coded in Figure 8, presented in a format
appropriate to the southern hemisphere system. An entirely equivalent set of plots appropriate to the north-
ern hemisphere is obtained by the addition of a constant 𝛾𝜃N − 𝛾𝜃S = 180◦ to the values shown in Figures 8a
and 8b. Figure 8c is identical for both the northern and southern hemisphere systems. Calculating first the
component phases 𝜓 iS = 𝜉i + 𝛾 iS, Figures 8a–8c show the phase differences Δ𝜓 r−𝜃S = 𝜓 rS − 𝜓𝜃S, Δ𝜓𝜑−𝜃S =
𝜓𝜑S − 𝜓𝜃S, and Δ𝜓𝜑−rS = 𝜓𝜑S − 𝜓 rS, respectively, determined in the same spatial bins used for Figure 7.
Considering first the core region r < 12 RS, the data shown in Figure 8 again clearly show results consis-
tent with those reported previously, in which the radial and colatitudinal components are close to in-phase,
Δ𝜓 r𝜃 = 5.8 ± 26◦. Meanwhile, the azimuthal component is in lagging quadrature with both the radial and
colatitudinal components in this region, Δ𝜓𝜑𝜃 = 95.0 ± 18◦ and Δ𝜓𝜑r = 89.2 ± 16◦. This approximate lag-
ging quadrature of the azimuthal component is maintained at larger distances in the afternoon and evening
sectors of the magnetosphere. However, the rapid change in the phase of the azimuthal field oscillation that
takes place across radial distances r ≈ 15 RS and LTs from approximately midnight to prenoon (through
dawn) breaks this lagging quadrature, instead producing a leading quadrature relationship. No such rapid,
localized relative phase changes are observed in any of the other components.

5.4. Radial and Azimuthal Phase Velocities
The spatial variations of the relative phases 𝜉i(r, 𝜑) discussed in the previous section necessarily imply the
propagation of phase fronts, surfaces of constant oscillation phase, through the system during the oscillation
cycle. The typically increasing values of relative phase 𝜉i with increasing radial distance noted in section 5.3
is indicative of outward propagation of these phase fronts, as found previously by Andrews et al. (2010).
Meanwhile, LT variations of 𝜉i at a given radial distance indicate asymmetric propagation speeds of these
phase fronts in the azimuthal direction. In this section, we calculate phase velocities from the profiles of
relative phase 𝜉i presented in the previous section.

Taking the approach presented by Andrews et al. (2010) and combining all phase terms into a single quantity,
Ψ∗

iN ,S = ΨN,S(𝜑, t) − 𝛾iN ,S − 𝜉i(r, 𝜑), the rate of change of phase in the frame of an observer at a point (r, 𝜑)
on the equatorial plane moving with velocity v⃗ = vrr̂ + v𝜑�̂�, is given by

dΨ∗
iN,S

dt
=

𝜕Ψ∗
iN,S

𝜕t
− v⃗ · ∇Ψ∗

iN,S = ΩN,S − vr
𝜕𝜉i

𝜕r
−

v𝜑
r

(
1 +

𝜕𝜉i

𝜕𝜑

)
, (7)
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Figure 9. (a–c) Relative phases 𝜉i plotted versus radial distance computed in four local time (LT) quadrants centered at
03, 09, 15, and 21 hr for each component i, as per Figures 7g–7i. Linear fits to data at each LT are shown by the solid
lines. For the specific case of the azimuthal component, two fits are performed over separated radial ranges, r < 15 and
r > 18 RS. (d–f) Radial phase velocities vri and uncertainties, computed using equation (9) using the linear fits shown
in (a)–(c). Triangular symbols in (f) indicate those fits obtained in the outer radial range, and open symbols indicate
negative values of velocity obtained. Meaningful uncertainties cannot be obtained for vr𝜑 given the small number of
points in each fit.

where

ΩN,S =
dΦN,S

dt
= 360◦

𝜏N,S
. (8)

An expression for the radial phase velocity vr is then obtained by setting v𝜑 = 0 and
dΨ∗

iN ,S
dt

= 0 and solving
equation (7), giving the radial velocity of a point moving at constantΨ∗

iN ,S. Explicitly, the radial phase velocity
of component i is given by

vri =
360◦

𝜏N,S

(
𝜕𝜉i

𝜕r

)−1

, (9)

and therefore depends on the instantaneous rotation period 𝜏N,S of the PPO fields in the appropriate hemi-
sphere. However, per its definition, the relative phase 𝜉i is taken to be common to both PPO systems, and
hence, gradients in this quantity do not depend on the system in question. In Figure 9, we show radial phase
gradients and resultant values of vri computed at the four LT quadrants as in Figures 7g–7i. Panels a–c of
Figure 9 show relative phases 𝜉i plotted versus radial distance for each component i and least-squares lin-
ear fits to these data at each LT. For the azimuthal component data shown in Figure 9c, relative phases are
split into two radial ranges at each LT, specifically those obtained within 15 RS and those obtained outside
of 18 RS. We discount data taken in the intermediate range, 15–18 RS and thereby remove the contribution
of the large rapid ∼180◦ phase shift occurring across this range, performing instead two separate fits to the
remaining data. The lower panels of Figure 9 show radial phase velocities vri, computed from the gradients
of the linear fits in the upper panels using equation (9), with points plotted in the appropriate color. For the
purposes of presentation, we compute vri using a single constant value of the rotation period 𝜏 = 10.7 hr
rather than showing values specific to a single hemisphere at some instant of time. Differences in radial
phase velocities between those shown in Figure 9 and those calculated at any other interval for a specific
hemisphere, and therefore some other specific value of 𝜏N,S, are at most ±1%. In Figure 9f, for the azimuthal
component, two values of vr𝜑 are therefore shown, with circles and triangles indicating values obtained over
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the inner and outer radial range values, respectively. Open symbols denote negative values of vri, that is,
inward rather than outward phase propagation and are found only in the outer radial range in the azimuthal
component. Values of the radial phase velocities, averaged over all LT, v̄ri,N ,S, are given for each component
in Table 1. For the case of the azimuthal component, the average is computed only over the innermost region
of radial distances shown in Figure 9f. To aid comparison with other studies, equivalent radial phase gradi-
ents in units of ◦R−1

S are given in parentheses in Table 1. These values are simply the gradients of the linear
fits shown in Figures 9a–9c.

Discussing first the radial phase velocities of the colatitudinal component vr𝜃 shown in Figure 9e, derived
from relative phases 𝜉𝜃 shown in Figure 9b, typical values of vr𝜃 of ∼100 km/s are found, which vary only by
a factor of ∼2 with LT. We note that the two outermost phases 𝜉𝜃 determined in the 09 hr LT sector are not
included in the linear fit, as they are significantly off the trend established at smaller radial distances. As
discussed previously in relation to Figure 7, relative phases determined in this region are likely influenced
by external factors, having small amplitudes and phases that are discrepant when comparing adjacent bins.
Meanwhile, the radial phase velocities of the radial component oscillation, vrr, are everywhere elevated com-
pared to those of the colatitudinal component, having typically values of ∼300 km/s. A more pronounced
variation with LT is also apparent, with relative phases almost constant with radial distance at 09 hr LT,
indicative of faster outward propagation postdawn than at other LTs.

Radial phase velocities of the azimuthal component vr𝜑 determined in the range r < 15 RS show little appre-
ciable variation with LT, having values that are comparable to vr𝜃 in magnitude and positive, again indicative
of outward propagation of phase fronts. Then, at larger radial distances r > 18 RS, beyond the localized rapid
phase increase associated with the reversal in B𝜑 in the premidnight to postdawn sector, relative phases 𝜉𝜑
apparently decrease with increasing radial distance in all except the postdusk LT sector, indicative of inward
propagation of phase fronts (vr𝜑 negative). However, the subdivision into two radial ranges and the corre-
sponding reduction in the number of relative phase measurements available does not lend great confidence
to these results.

Corresponding profiles of azimuthal phase velocity are obtained by instead setting vr = 0 and solving
dΨ∗

iN ,S
dt

= 0 for v𝜑, yielding an expression for the azimuthal phase velocity Ωi relative to the “system” rotation
rate ΩN,S,

Ωi

ΩN,S
=
(

1 +
𝜕𝜉i

𝜕𝜑

)−1

. (10)

Figure 10 shows relative phases 𝜉i and determined azimuthal phase velocities Ωi∕ΩN,S. In Figures 10a–10c,
we show 𝜉i for each component i, grouped into four separate radial ranges: 3–9, 9–15, 15–21, and 21–30 RS.
These data were initially displayed in Figures 7j–7l but here have an additional arbitrary constant phase
offset added in each radial range for presentational purposes. Sinusoidal least-squares fits are performed
to each group of phase data and are shown by the colored dashed lines. Only variations with azimuthal
wave number m = 1 are considered, these being found to reasonably approximate the variations in the
data that are most evident. From these fits, equation (10) is evaluated, and resulting relative phase velocities
are plotted in Figures 10d–10f, using the same color scheme. Again, we proceed by discussing the results
obtained for the colatitudinal component, shown in Figures 10b and 10e. Here relatively little variation
in phase is noted with LT at radial distances less than ∼15 RS (red and green points and lines in these
panels), with the result that the relative azimuthal phase velocity Ω𝜃∕ΩN,S ≈ 1 and independent of LT in
this range. At larger distances, an m = 1 variation becomes apparent despite the simultaneously increasing
scatter in the relative phases (orange and blue points and lines), and a profile of relative azimuthal phase
velocity that peaks in the prenoon sector is obtained. Phase fronts thus progress through azimuth (LT) fastest
postmidnight, ahead of the nominal rotation rate of the system, while being retarded relative to the system
rotation rate in the opposing postnoon-midnight sector. Peak velocities are of the order of 1.4–2 times the
system rotation rate, with corresponding reductions at opposing LTs.

Turning to the remaining two (transverse) components, with relative phases 𝜉r and 𝜉𝜑 shown in Figures 10a
and 10c, larger variations with LT are seen than in the colatitudinal component. These correspond to larger
departures from the system rotation rate, as computed using equation (10) and shown in Figures 10d and 10f.
In each case, phase fronts are seen to exceed the system rotation rate through the predawn to postnoon sector,
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Figure 10. (a)–(c) show relative phases 𝜉i versus local time for field component i, respectively, in four groups of radial
distance as indicated in the legend to the right. In each group, an arbitrary constant is added to the phase
measurements to separate them over the page, and black dashed lines indicate their respective zeroes. Colored dashed
lines meanwhile show sinusoidal fits to the data in each group. (d)–(f) show azimuthal phase velocities determined in
each component i from the fits shown in the corresponding (a)–(c).

to progressively larger degrees with increasing radial distance. Correspondingly, in the opposing LT sector
spanning predusk to postmidnight, the phase fronts are retarded relative to the system rotation rate. We note
that at the locations of the maxima in Ωi∕ΩN,S, the magnitude of the departure from unity is rather sensitive
to the exact parameters of the sinusoidal fit to the underlying relative phase data, and hence, only the broad
regions of departure from near-unit values in Figures 10d–10f should be considered of consequence.

5.5. Equatorial Field Reconstruction
The fits determined above fully describe the amplitude and phase of the equatorial PPO magnetic field
throughout the oscillation cycle, within each spatial bin. We are therefore able to reconstruct the oscillat-
ing field throughout the equatorial plane, at arbitrary rotation phase ΦN,S, such that the full structure of the
rotating fields can be appreciated. This is shown in Figure 11, in a format similar to that used by Andrews
et al. (2010) and in Figure 4. Here we show field vectors appropriate to the southern PPO system, plotted
at eight intervals of southern phase ΦS throughout the complete cycle. Using the results obtained from the
fits to equations (6a) and (6b), one could in principle compute field patterns separately for each equatorial
temporal interval using the individual southern system core region amplitudes BiS0 shown in Figures 1e–1g.
However, because the ratios of the core amplitudes for each field component are approximately constant
from interval to interval, with, for example, the radial component being approximately half the azimuthal,
to a good first approximation, the patterns remain fixed over time and simply scale in magnitude with
the overall southern system amplitude. Here, therefore, we instead use the overall averaged southern core
amplitudes B̄iS0 shown by the red dotted lines in Figures 1e–1g and given in Table 1.

The plotted vectors are then given by

BiS(Φ, r, 𝜑) = 𝑓i(r, 𝜑)B̄iS0 cos(ΦS − 𝜑 − 𝜉i(r, 𝜑) − 𝛾iS)
= 𝑓i(r, 𝜑)B̄iS0 cos(ΦS − 𝜑 − 𝜓iS(r, 𝜑)),

(11)

where the values fi and 𝜉i are those determined from fits to field data within each bin, for each component i.
We note that since the ratios of the core amplitudes for each field component for the northern system is the
same as those for the southern system for each interval (equal k value), with near-equal overall averaged
values as well, the field vector pattern for the northern system relative to ΦN given by an expression corre-
sponding to equation (11) will be almost the same as that for the southern system shown in Figure 11, except
for a reversal in the color table showing the colatitudinal field.

Figure 11a depicts the oscillation field at ΦS = 0◦. This corresponds to the point in the cycle where the
“quasi-uniform” core field (r < 12 RS) is expected to point toward the Sun. Within the core region, field
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Figure 11. Plots showing equatorial magnetic field oscillation vectors derived from fits of equation (6a) to data,
evaluated at phases ΦS = 0◦, 45◦, … 315◦ and presented in a format appropriate for the southern hemisphere system.
Vectors are calculated using equation (11) and are thus shown specifically for the southern planetary period oscillation
system, using averaged core region amplitudes shown by the dotted lines in Figures 1e–1g. (a)–(h) depict the transverse
component (r-𝜑) within each bin by an arrow along the field direction at the phase ΦS indicated. The arrows are
nonlinearly scaled, with the icons in the lower left of each panel indicating 1-, 2-, and 5-nT vectors oriented along the
expected instantaneous direction of the transverse core region field. The colatitudinal component is color coded using
the color table, such that positive values, shown by red colors, are into the plane of the page (and negative blue
outward). Each panel is labeled according to the oscillation phase ΦS and is spaced by 45◦ from the previous.
A corresponding set of plots appropriate to the northern hemisphere system can be approximated by inverting the
sense of the transverse component, that is, inverting the color table used to display the B𝜃 component. Red and blue
circles in (a) indicate the approximate central locations of the two regions of curl discussed in the text.
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vectors need to show the expected quasi-uniform structure, each individual plotted vector oriented approxi-
mately toward noon. At larger radial distances (r > 12 RS), the field becomes that of a transverse dipole, the
dipole being oriented toward noon at this phase. However, as was noted previously by Andrews et al. (2010),
despite the overall agreement, there are nevertheless clear differences in the observed structure of the field
oscillations from those depicted in the simple model, for example, in Figure 3. For example, a reduction in
the magnitude of the field is evident in the innermost bins for which it is computed, suggestive of exclusion
of this field from the innermost regions of the magnetosphere at radial distances below ∼3 RS. There is also
a clear tendency of the innermost ring of field vectors to be “deflected” around the planet as a consequence
of the low values of fr (and therefore Br) in this region. At larger distances, toward the outer edge of the core
region in the midnight sector (∼21–03 hr LT), the transverse field vectors can be seen to be displaced rela-
tive to the nominal core region quasi-uniform field and “lag” in the sense of rotation by ∼45◦. Beyond the
core region, the rapid shear in the phase of the azimuthal component that takes place at distances beyond
∼15 RS in the ∼21 to ∼09 hr (via midnight) LT range is here seen to correspond to two distinct and extended
regions of circulation (curl) in the field, one centered in the postdusk sector and the other most evident in
the dawn sector. To guide the eye, we indicate the approximate center of each region of curl by the blue and
red filled circles in Figure 11a. The two regions of field curl, having opposite senses (clockwise at dawn and
counterclockwise at dusk), correspond to two distinct regions of electrical current crossing the equatorial
plane, as discussed below. However, these two regions of curl are of markedly different form when com-
pared at dawn and dusk at the instant shown, with the reversal of the transverse field in the dawn sector
occurring over a narrower range of radial distance and a more extended range of LT than its dusk sector
counterpart. This necessarily implies that the strength of the currents flowing through the equatorial plane
is also asymmetric. Such a pronounced dawn-dusk asymmetry, as found originally by Andrews et al. (2010)
but nevertheless also present in this much larger survey, is not explained by the simple LT-independent
theoretical description of PPO fields and currents given in section 4.

Following the evolution of the field through the oscillation cycle, through ΦS = 45◦ to ΦS = 90◦ (Figures 11b
and 11c), the steady rotation of the core region field in the sense of planetary rotation is evident, along with
the motions of the two distinct regions of field circulation (counterclockwise in this figure). The region of
field circulation originally present in the post-dusk sector, having a counterclockwise sense, grows in its
intensity through this part of the cycle, the magnitude of the deflection in the field through this region
increasing as it moves into the premidnight sector. At the same time, the region of opposite sense field
circulation found in the dawn sector weakens, becoming distributed over a larger radial extent as it rotates
into and through the dayside magnetosphere, more rapidly than its dusk-side counterpart.

At the following instant depicted, ΦS = 135◦ (Figure 11d), the weaker, more extended clockwise circulation
of the field moves from the dayside into the dusk sector and now grows in intensity through this part of
the cycle. At the same time, the counterclockwise circulation region moves into the predawn sector, and its
radial extent is reduced, suggesting intensification of the current threading this region. The field continues
to evolve, and at ΦS = 180◦, the configuration is (necessarily) identical and opposite to that at ΦS = 0◦, with
the sense of each field component reversed. The relative motions of the different structures evident in the
equatorial field then evolve from ΦS = 180◦ to ΦS = 360◦ = 0◦ in precisely the same manner as already
described from ΦS = 0◦ to ΦS = 180◦, albeit with the senses of all components of the field reversed (along
with the sense of any circulation present). In Movie S1 in the supporting information, we show the evolution
of the equatorial field throughout the whole cycle at smaller phase increments.

Comparing these results with those obtained previously by Andrews et al. (2010), we find that the large-scale
structure of the rotating fields is clearly comparable throughout the oscillation cycle. This is expected given
the commonality of the northern and southern system oscillations found in section 5.1, and the high degree
to which the latter was dominant over the former during the interval was analyzed by Andrews et al. (2010).
Nevertheless, the improved coverage afforded by including data obtained in the later stages of the mission is
clear, with suitable fits now obtained in ∼98% of bins outside of 3 RS increased from ∼80% in Andrews et al.
(2010). Further direct comparison with their original results also highlights the much improved coverage
of the dusk sector presented here, our results confirming a clear dawn-dusk asymmetry in the form of the
perturbation field, not described by the simple theoretical pictures. Similarly, the larger typical volume of
field data obtained within each bin, along with improved understanding of the nature of the PPO fields
and their rotation rates, yields fits that are more contiguous in space, for example, with better-organized
variations from one bin to those immediately adjacent.
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As with previous plots derived from these “common” relative amplitude and phase determinations, an
equivalent northern system plot can be obtained from that shown in Figure 11 by adjusting the phase of
the colatitudinal component by 180◦ or equivalently inverting the color table used to indicate the B𝜃 com-
ponent. Strictly, the averaged core region amplitudes B̄iS0 used must also be substituted by the equivalent
northern system quantities given in Table 1, although this correction represents only a few percent change
in the amplitudes of the individual components of the field.

6. Inferred North-South Currents
Fully determining the transverse (Br − B𝜑) equatorial PPO field permits the calculation of the associated
north-south (colatitudinal) currents j𝜃 , positive southward, throughout the equatorial plane. Evaluating
Ampères law in the equatorial plane yields

𝑗𝜃 =
1
𝜇0r

(
𝜕Br

𝜕𝜑
− 𝜕

𝜕r
(rB𝜑)

)
, (12)

where 𝜇0 = 4𝜋 × 10−7 Hm−1. At radial distances less than ∼20 RS, where Saturn's planetary field dominates
over external contributions, these currents flow approximately along the direction of the magnetic field and
therefore can be considered approximately field aligned. At larger distances, this is not necessarily the case.

The derivatives on the right-hand side of equation (12) can be evaluated numerically. In this paper, princi-
pally for the sake of simplicity, we make a minor adjustment to the approach used previously be Andrews
et al. (2010), here taking instead so-called “centered differences.” This avoids the use of the more complex
binning scheme employed by Andrews et al. (2010), in which staggered bins were used for determining the
radial and azimuthal fields prior to the calculation of currents. Specifically, we approximate, for example,
the azimuthal gradient in Br at point (r, 𝜑) as

𝜕

𝜕𝜑
Br(r, 𝜑) ≈

Br(r, 𝜑 + 𝛿𝜑) − Br(r, 𝜑 − 𝛿𝜑)
2 𝛿𝜑

,

where 𝛿𝜑 is the azimuthal spacing in the bins, equivalent to 1 hr of LT (i.e., accounting for the overlap used
in this direction). This approach also has the effect of determining the currents over a slightly larger spatial
scale and, moreover, appears to give more stable results, particularly with regard to the determination of
(typically smaller) radial gradients in the azimuthal field.

Colatitudinal current densities computed in this manner are shown color coded in Figure 12, with positive
values of j𝜃 shown red and negative blue. Positive (southward) or negative (northward) values therefore indi-
cate currents directed into or out of the plane of the figure, respectively. The format of the figure is otherwise
comparable to that in Figure 11, depicting eight different instants of rotation phaseΦS. As the determination
of current density in a given bin depends on field values in adjacent bins, the regions of the figure in which
no current density could be computed (shown gray) are larger than those in which no fits to the underly-
ing field data were obtained. For the innermost and outermost bins (3–6 and 27–30 RS), we compute the
current assuming that 𝜕B𝜑∕𝜕r tends to zero at the inner and outer edges of the region considered. Colored
circles indicate the current-weighted mean locations of all individual upward and downward currents at
each phase plotted (i.e., the “center of mass” of each current system).

Current densities shown in Figure 12 are calculated specifically for the southern hemisphere PPO system.
However, as equation (12) does not depend on the colatitudinal field B𝜃 , the calculated current density
profile j𝜃 is approximately the same for both the northern and southern PPO systems within this analysis.
The only difference arises due to the marginally different ratios of the time-averaged amplitudes B̄iS0 and
B̄iN0 used, specifically the slight departures from unity of the ratios B̄rS0∕B̄𝜑S0 and B̄rN0∕B̄𝜑N0. These ratios
are equivalent at the ∼5% level, well below the uncertainties in their respective values and the uncertainties
in the fitted field amplitude ratios in individual bins. Consequently, the current density profile shown in
Figure 12 can also be taken to represent the northern system at the rotation phase indicated ΦN = ΦS to a
good approximation.

We first discuss the currents computed at the start of the cycle ΦS = 0◦ shown in Figure 12a. Two regions of
current, one of positive and one of negative sense, can be clearly discerned, each associated with the regions
of net circulation in the transverse magnetic field noted in the corresponding Figure 11a. Each region can
be seen to be composed of contiguous bins of the same sign of current, at least for those bins in which the
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Figure 12. Plots showing the north-south current density j𝜃 in Saturn's equatorial plane, computed from centered
differences of the transverse magnetic fields shown in Figure 11. (a)–(h) show the current density computed at an
instant of (southern) oscillation phase ΦS, presented in a format which is otherwise equivalent to that used in
Figure 11. The current density is shown color coded in each spatial bin and is derived from the gradient in the fields
across it. Positive (red) values indicate currents into the plane of the figure, in the positive 𝜃 direction.
Current-weighted average locations of the positive and negative current regions are marked by the appropriately
colored small circles, while two dashed lines are shown that loosely approximate the spiral structure referenced in the
text in (a) only. The total integrated current of either sign is given below the panel label. As presented, the computed
current densities are equivalent (to a scale factor close to unity) in the northern and southern systems, as their
averaged core amplitudes shown in Figures 1e–1g are almost the same, and their calculation does not depend on the
colatititudinal component B𝜃 .
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current carried is significant. However, this contiguity is less evident beyond ∼20 RS on the dayside, where
the current densities determined are themselves low, likely once again, the result of poor fits due to external
variations present in the underlying magnetic field data. The region of negative (northward) current peaks
in intensity at around ∼20 hr LT at ∼17 RS while extending at lower intensities outward at earlier LTs and
inward at later LTs, forming a distinct spiral pattern. Similarly, the region of positive (red) current, which
has its peak intensities at ∼02 hr LT again at ∼17 RS at ΦS = 0◦, also forms a clear spiral pattern as it
weakens away from this maximum. Red and blue dashed lines in Figure 12a are used as visual guides as to
the approximate structure of these two spirals. These spirals significantly overlap, however, such that the
sense of the current generally reverses in sense at a radial distance of ∼12 RS over a large interval of LT.
Values of the separately integrated total positive and negative currents are given in each panel of the figure.
Specifically, at ΦS = 0◦, the total integrated current of either sign is 4.9 MA. Boundary value effects and the
presence of bins in which the current density j𝜃 cannot be computed result in minor differences < 0.1 MA
between the total integrated positive and negative currents at a given phase.

As the cycle progresses through ΦS = 45◦ to ΦS = 90◦, both current regions identified above rotate around
in the equatorial plane in the sense of planetary rotation. At the same time, the total current carried drops
to ∼4.1 MA. The region of negative current rotates relatively slowly through the evening sector, its averaged
location only shift by ∼3 hr of LT through this quarter cycle. Meanwhile, the positive current region rotates
much faster in LT, traversing the entire dayside and reaching the afternoon sector by ΦS = 90◦, having
traversed ∼18 hr of LT. The spiral structure of these two current systems nevertheless remains evident,
despite their progression in LT at markedly different rates. Total integrated currents remain ∼20% lower
during this part of the cycle than at other phases. By ΦS = 135◦, the positive current region is now more
clearly identifiable as a contiguous region of current, centered now at midnight in the core region, and
occupying the entire dusk sector at larger radial distances. The region of peak negative current remains
centered on ∼17 RS and continues to rotate further into the dawn sector. Total integrated currents for both
regions have risen to ∼4.9 MA. At ΦS = 180◦, the spatial distribution of these currents is now (by definition)
equivalent to that at ΦS = 0◦, with the sense of current density reversed in each bin. The evolution of
each region through the remaining half cycle is thus as described above but with the senses of the two
regions reversed.

In Movie S2, we show the evolution of currents flowing through the equatorial plane as computed at smaller
phase increments, to be compared with Movie S1.

Once again, in comparing with those related results shown by Andrews et al. (2010), the spatial variation of
the currents obtained in this analysis shows many familiar elements, namely, the dominance of those regions
of current flowing in the premidnight to postdawn sectors at radial distances of ∼12–18 RS. Andrews et al.
(2010) decomposed their observations into six individual current regions: two associated with the inner-
most bins, spanning 3–6 RS (one of each sign), and four in the outer region, spanning the principal current
regions at distances greater than ∼12 RS (two of each sign). Instead, we here suggest instead that one need
only consider two individual current carrying regions at any phase ΦS, the improved coverage afforded in
this study clearly indicating that this is the case throughout the cycle. The original computation of the total
maximal current carried through the equatorial plane made by Andrews et al. (2010) of ∼5–6 MA is compa-
rable to, if slightly larger than, that reported here, noting that the contribution of edge effects and data gaps
is significantly reduced in the analysis presented here.

In Figure 13, we show integrated currents in mega-ampere, computed as in Figure 12 but now at 3◦ incre-
ments of phase ΦN,S. The “residual” integrated current, shown by the dotted black line and computed by
integrating all individual current regions irrespective of sign, can be taken to give some measure of the
uncertainty on these results, as it takes nonzero values at least in part due to the treatment of the bound-
aries of the region studied in deriving currents and the presence of data gaps. Peak values of this residual
or “missing” current are ∼0.05 MA, that is, well below both the average values and the amplitude of the
variations in the individual regions of positive (or negative) sign discussed below. Hence, the total positive
current is equal and opposite to the total negative current at a given phase to a very good approximation.
The total positive current is shown by the solid black trace in Figure 13 and varies significantly with phase
between 4.0 and 5.1 MA, with an average value of 4.5 MA across the whole cycle. Two distinct maxima are
evident in the trace, at ΦN,S ≈ 165◦ and ∼345◦, of approximately equal value. The two interleaving minima
are however somewhat different in value. A relatively constant fraction, ∼80%, of this total positive current
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Figure 13. Integrated positive currents I𝜃 computed from the data shown in Figure 12 and at intermediate phases ΦN,S.
The solid black trace shows the total current carried of positive sign at all local times and radial distances for a given
phase ΦN,S. The red solid and dashed lines shows the positive currents flowing at radial distances r greater and less
than 12 RS, respectively. Blue solid and dashed lines show total positive currents flowing on the dayside and on the
nightside, respectively. The black dotted line shows the total integrated current of both signs, that is, the residual
current flowing at given phase.

is carried outside the core region, as shown by the solid red trace, computed only for those bins centered on
radial distances greater than 12 RS. Those bins inside this boundary meanwhile contribute 0.5 to 1.1 MA,
shown by the dashed red line in Figure 13, and average 0.7 MA over the cycle.

We note that in the most basic model of PPO current systems proposed variously by Southwood and Kivelson
(2007), Andrews et al. (2010), and Hunt et al. (2014), the quantities shown in Figure 13 are expected to
remain approximately constant with rotation phase ΦN,S. However, the departure from constant value is
significant in each case, with the outermost current displaying two distinct maxima per rotation, while only
a single maximum is present in the inner region currents.

In addition, we split the data into total currents carried on the dayside and nightside, shown by the solid and
dashed blue lines in Figure 13, respectively. As readily deduced from the data shown in Figure 12, typical
current densities are significantly elevated on the nightside, carrying an average of 3.1 MA over the whole
cycle compared to 1.4 MA on the dayside. Implications of this asymmetry are discussed in section 8.

7. Combined Northern and Southern System PPO Fields
As has been discussed, at any instant in time, the equatorial PPO field is composed of the sum of fields pro-
duced by the northern and southern PPO current systems. In the preceding section, the common structure
of these oscillations was determined by fitting equation (6a) to field data and presented in a format appropri-
ate for the southern PPO system in Figures 7–12. Here we briefly elucidate some features of the combined
oscillations, and their variation both with the relative phase ΔΦ = ΦN −ΦS and with the amplitudes of the
core region fields, BiN,S0. To illustrate the variation in PPO fields and currents throughout the mission, in
Figure 14, we show the combined northern and southern PPO fields, computed using equation (6a) and the
determined values fi and 𝜉i, doing so using three different sets of core region amplitudes. Specifically, we
substitute those amplitudes determined (a) during the extended interval of southern hemisphere dominance
spanning 2004–2007, (b) during the interval of near-equal southern and northern amplitudes following
equinox, spanning late 2009 to the beginning of 2011, and (c) during the interval of northern dominance
in 2015 (cf. Figures 1d–1g). Within each subpanel, vectorially combined PPO field vectors are plotted using
arrows in the same format used in Figure 11. We additionally underplot the computed field-aligned current
densities obtained at the same instant using the same central-difference scheme described in section 6 and
using the same format for these data as was used previously in Figure 12. Each subpanel is labeled with the
values of ΦN and ΦS at which it is calculated. For simplicity, ΦS is held fixed at 0◦, while each panel within
a row is computed at constant ΦN, taking equally spaced values ΦN = 0◦, 90◦, 180◦, and 270◦ from top to
bottom. The beat phase ΔΦ is therefore constant within each row, at the same value as ΦN, as indicated
on the left of the figure. Consequently, while the southern system oscillation is fixed in each panel, with
its quasi-uniform core field pointing toward the Sun, the northern oscillation is computed at representative
phase offsets from this, as indicated by the arrow icon below each labeled value of ΦN,S. The total integrated
positive current flowing through the equatorial plane, I, is given to the lower right of each panel.

We discuss first Figures 14a–14d, calculated using northern and southern system amplitudes BiN0 = (0.33,
0.63, 0.65) nT and BiS0 = (0.86, 1.65, 1.71) nT (from Figures 1e–1g), that is, where the southern system is
dominant over the northern with k ≈ 0.38. Southern system amplitudes BiS0 in this interval are thus ∼30%
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Figure 14. Plots showing the effect of vectorially combining the northern and southern planetary period oscillation
fields and currents in the equatorial plane, for three specific epochs as shown at the top of the figure, that is, the
southern summer interval (2004–2007) in (a)–(d), the postequinox interval (2009–2011) in (e)–(h), and the northern
spring interval (2015) in (i)–(l). In each case, we use the core region amplitudes for each field component as shown in
Figures 1e–1g, with k values as also shown at the top of this figure. The format of each panel is comparable to those
used in Figures 11 and 12, except that the field plotted in each is the sum of both the northern and southern oscillation,
determined at the instantaneous values of ΦN and ΦS indicated in each panel. Arrows below each marked value of
ΦN,S show the expected core-field orientation of each system at this particular phase. For simplicity, we have taken the
southern phase ΦS = 0◦ throughout, while the northern phase ΦN is fixed at 0◦ in the top row, 0◦ in the second, 180◦in
the third, and 270◦ in the bottom row. The corresponding beat phase ΔΦ = ΦN − ΦS is shown to the left of each row.
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larger than the averaged values B̄iS0 used in constructing previous figures. Compared with the averaged
values B̄iN0, the northern system amplitudes BiN0 are reduced over this interval by a factor of ∼50%. Here
the simultaneous presence of weaker oscillations associated with the northern system is seen to have only a
minor effect on the large-scale structure of the equatorial field oscillations and inferred north-south currents.
In Figure 14a, at ΦN = ΦS = 0◦, the transverse fields of both systems are everywhere aligned, oscillating in
phase in both systems and therefore constructively interfering and resulting in larger total amplitudes than
for the southern system in isolation. The antiphase relationship between the colatitudinal field components
in the northern and southern system leads to the converse situation, with amplitudes reduced relative to the
southern system value. The enhanced transverse fields lead to an approximately proportional increase in
the total (positive) current carried by factor ∼ (1+k)BS0∕B̄S0 ≈ 1.8 to ∼9 MA, relative to the “pure” southern
system value of ∼4.9 MA at ΦS = 0◦. This increase is due to the presence of the co-oriented albeit weaker
northern system currents at ΦN = 0◦ everywhere reinforcing the southern system currents.

As the northern system oscillation phase ΦN is increased from 0◦ (Figure 14a) to 270◦ (Figure 14d), the
total core field orientation and the orientation of the individual field vectors are rotated by a maximum
of arctan(k) ≈ 20◦ from their initial orientation, with this maximum deflection being reached at a beat
phase of ΔΦ = 90◦ (and 270◦), where the two systems are in quadrature. The amplitude of the field drops
to a minimum as ΔΦ reaches 180◦. The central locations of the field circulations, and the peaks in the
north-south current densities at larger radial distances, are similarly rotated by ∼20◦. However, we note that
it is precisely these small systematic shifts in field orientation about that expected for a pure southern system
signal that allowed the detection of the presence of this northern system and the inference of its properties.
At ΦN = 180◦ (Figure 14c), the weaker northern PPO fields now oppose those of the dominant southern
system in the transverse components while reinforcing them in the colatitudinal component. Similarly, the
total current drops as ΦN increases, reaching a minimum of ∼4.1 MA at ΦN = 180◦, when the northern
currents are everywhere opposite in sign to those of the southern.

Figures 14e–14h show total fields and currents computed during a situation of near-equal northern and
southern system amplitudes, that is, where k is close to unity. Such intervals have occurred at least twice
during the Cassini epoch, namely, from August 2009 to February 2011 and again from October 2012 to July
2013, the former interval being represented here. Specifically, fields are evaluated using core amplitudes
BiN0 = (0.72, 1.15, 1.46) nT and BiS0 = (0.70, 1.12, 1.42) nT, k ≈ 1.03. During these two intervals for which
k has been explicitly measured as being close to unity, the rotation periods of the two systems were never-
theless distinct, separated by several minutes with the northern being the shorter of the two. Consequently,
ΔΦ was not fixed during these intervals but slowly increased with time by a few degrees per day.

Modulations in the amplitude and phase of the combined field oscillations are maximal when k = 1, and
consequently, the total current flowing through the equatorial plane may also reach extremal values. When
the two systems reinforce each another at ΔΦ = 0◦ (Figure 14e), the transverse components of the field
constructively interfere and are similarly doubled in magnitude without altering their direction, and the
magnitudes of the currents flowing through the equatorial plane are similarly increased. Meanwhile, the
colatitudinal fields, having opposite sense in the two systems, destructively interfere and are reduced to
near-zero values. These effects can be discerned in Figure 14e, in which the colatitudinal component of the
field is reduced to near zero (displayed vectors all black), the transverse component is increased (vectors
longer than in Figure 14a, although somewhat obscured by the nonlinear scale used). The total current
through the system is increased to ∼13 MA.

In Figure 14f for ΔΦ = 90◦, the transverse components of the fields can be seen to be everywhere rotated
toward later LTs and lie along the mean direction of the northern and southern systems. The core field, for
example, inside of ∼15 RS is oriented toward ∼ 15 ∶ 00 hr LT (𝜑 = ΔΦ∕2 = 45◦) in Figure 14f. Meanwhile,
the colatitudinal components no longer perfectly cancel between the northern and southern systems, and
the total current flowing decreases toward typical values for the individual systems themselves. When ΔΦ
reaches 180◦ as shown in Figure 14g and the core fields of the two systems are oppositely directed, the other
extreme is reached. In this situation, the transverse fields have almost completely cancelled one another
(individual field vectors so small as to be invisible in the scale used), and as a result, almost no current flows
through the equatorial plane in this situation. However, although the presentation does not emphasize this,
the colatitudinal component of the field is still present, and at relatively enhanced amplitudes, as the two
systems now constructively interfere with one another at this relative phase in this field component.
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Finally, Figures 14i–14l show fields and currents representative of the interval of strong northern dominance
in 2015, where BiN0 = (0.85, 1.66, 1.39) nT and BiS0 = (0.38, 0.75, 0.63) nT, and k ≈ 2.22. Here we keep
ΦS = 0◦, as in the other panels in Figures 14, such that the total fields and currents rotate about the planet
with the phase ΦN of the now-dominant northern system.

Here the presence of the weaker southern system subtly perturbs the field oscillations of the dominant
northern system as it rotates, leading to small changes at the level of ∼25◦ in the orientation of individual
vectors in the equatorial plane and variations in the total current carried of similar magnitudes to those
discussed in relation to the opposing situation depicted in the left column of Figure 14.

8. Discussion
We now discuss the implications of the results presented here, and their connection to related observations,
beginning by considering their relationship to observations of PPO field-aligned currents determined from
high-latitude observations by Cassini. Directly from Ampère's law, the electrical currents determined in this
study at a given location on the equatorial plane reflect only those PPO-related variations in the component
of the current flowing north-south through the equatorial plane. Such currents may arise as the result of two
distinct current systems. First, field-aligned currents flowing from one hemisphere to the other will in prin-
cipal be accurately determined, both in location and intensity. Second, currents associated with PPO-related
motions of Saturn's quasi-static field-perpendicular current systems will also contribute, if the modulation
results in periodic deflections toward the north and south across the equatorial plane. Specifically, both the
ring current, flowing azimuthally in the sense of planetary rotation at radial distances of ∼7–20 RS, and the
cross-tail current, flowing in the same sense beyond this at larger distances on the nightside, are expected to
be modulated in response to the PPOs (see, e.g., Arridge et al., 2011; Carbary, 2013; Cowley & Provan, 2017;
Cowley et al., 2017).

Comparing results presented here to studies of field-aligned currents modulated by PPO phase, we note that
the most intense currents found in this study at ∼15 RS in the equatorial plane lie on field lines approx-
imately colocated with Saturn's main auroral oval, at latitudes of ∼70◦ (Bunce et al., 2008). Perturbations
in the high-latitude magnetic field due to these currents, principally in the azimuthal component, have
been studied independently of the equatorial data, PPO modulations in these observations first having been
noted by Talboys, Arridge, Bunce, Coates, Cowley, & Dougherty (2009) and Talboys, Arridge, Bunce, Coates,
Cowley, Dougherty, & Khurana (2009) with the first detailed analysis by Hunt et al. (2014) and recently
extended by Bradley et al. (2018). Analyses of data obtained by Cassini on high-latitude orbits have
suggested currents of the order of ∼2–3 MA per half cycle during the 2008 and 2012–2013 intervals (Hunt
et al., 2014; Bradley et al., 2018) and further inferred at least partial interhemispheric closure of these cur-
rents (Hunt et al., 2015). These estimates of the total current should be compared to those given in this study
for the average total current flowing through the equatorial plane at radial distance r ≥ 12 RS of ∼4 MA,
that is, showing a 25–50% discrepancy. Those departures from the simple theoretical description of PPO
currents noted in the results presented in this paper, for example, in the variation in the total current car-
ried with oscillation phase (Figure 13) are not sufficient to explain this discrepancy. However, considering
only the currents flowing through the equatorial plane on the dayside, the peak positive current is ∼2 MA
(occurring at ΦN,S ≈ 0◦ to first order), much closer to the 2–3 MA inferred from high-latitude observations.
The presence of some amount of cross-field closure of the high-latitude currents, such as that proposed, for
example, by Hunt et al. (2014), would further improve the correspondence. The large discrepancy between
the total PPO-related currents flowing on the dayside as compared to the nightside is indicative of a signif-
icant additional contribution due to the periodic motion of the cross-tail currents occurring tailward of the
dawn-dusk meridian.

The significant discrepancy between the total PPO associated north-south currents measured here on the
nightside and those reported from studies of high-latitude data may be explained by periodic motion of
the nightside plasma sheet and the cross-tail current, flowing in the sense of planetary rotation, principally
from dusk to dawn across the tail. Modulations of the both the thickness and the vertical location of the
plasma sheet have been shown to be well organized by the phases of the northern and southern PPO systems
(e.g., Arridge et al., 2011; Morooka et al., 2009; Thomsen et al., 2017). The superposition of the PPO fields
is such that the effective center of the plasma sheet, that is, the location where the quasi-static radial field
reverses sense and undergoes a maximal displacement toward the north at ΨN,S = 0◦ and toward the south
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Figure 15. Schematic illustration of the north-south current resulting from the planetary period oscillation
(PPO)-related periodic motion of the plasma sheet and cross tail current, as viewed from the planet in four meridians
of northern or southern phase ΨN,S. The sense of the principal PPO currents are shown by the green lines and arrows,
closing along field lines out of the plane of the page. Purple solid and dashed lines show the location and tilt of the
cross-tail current and its north-south component, respectively. The corresponding orientation of the PPO core field is
shown by the blue arrows and icons.

atΨN,S = 180◦. At intermediate phases, the tilts maximize from north to south at 90◦ and from south to north
at 270◦, giving a southward contribution to the current at 90◦ and a northward contribution at 270◦, just as
do the interhemispheric currents depicted in Figure 3. This periodic tilting of the plasma sheet is illustrated
schematically in Figure 15, as viewed from Saturn in four meridians of phase ΨN,S. The PPO-modulated
interhemispheric currents are shown by the green lines and arrows and close along planetary field lines out
the plane of the page. The plasma sheet current is shown by the solid purple line, flowing in the sense of
planetary rotation, and where tilted, its north-south component is indicated by the arrowed dashed lines,
which can be seen to flow in the same direction as the interhemispheric currents. To aid comparison with
Figure 3, in Figure 15, we also depict the orientation of the core field above and below the current sheet
equator.

The day-night differences evident in the results presented here then suggest that these effects are much
more pronounced in the stretched out magnetodisk and tail field regions on the nightside (where they have
been principally observed) than in the more compressed field region of the dayside magnetosphere. Hence,
the four panels shown in Figure 15 can be viewed as representing the configuration of fields and currents
in the tail as viewed from the planet, with dawn to the left and dusk to the right. As a PPO system rotates
around the planet, an additional northward-directed current then appears near dusk as the ΨN,S = 270◦

meridian passes through that sector (corresponding to ΦN,S = 0◦ as shown in Figure 3), rotates with that
meridian across midnight (corresponding to ΦN,S = 90◦, with appropriate phase delays depending on radial
distance), and then fades again as that meridian passes through dawn (corresponding to ΦN,S = 180◦).
At the same time as the latter, the ΨN,S = 90◦ meridian is passing through the dusk, where a growing
reversed tilt of the current sheet leads to a growing region of enhanced southward current flowing through
the equatorial plane, which similarly rotates via midnight (corresponding to ΦN,S = 270◦) and fades near the
dawn meridian (corresponding to ΦN,S = 0◦). Such behavior seems qualitatively in accord with that deduced
here (and by Andrews et al., 2010) and shown in Figure 12. More quantitatively, a reasonable estimate of the
current density of the cross-tail current at radial distances of 15–30 RS on the nightside is jT ≈ 25 pA/m2,
obtained from inspection of the magnitude and length scale of the reversal of the field across the current
layer. A typical tilt angle of the plasma sheet center of 10◦, in line with values found based on studies of
field and particle data (e.g., Arridge et al., 2011; Morooka et al., 2009; Szego et al., 2013), thus suggests
a PPO-related contribution of the ring current/cross-tail current to the measurements here of amplitude
𝑗Tppo ≈ 𝑗T sin 10◦ ≈ 5 pA/m2. Such a current, in phase with the principal PPO-related currents, therefore
corresponds to ∼50% of the measured peak north-south current density found on the nightside as shown
in Figure 12 or ∼2 MA. This represents a modest fraction of the ∼9 MA expected current flowing cross-tail
in the interval from 15 to 30 RS, based on an empirical model of the tail field (Jackman & Arridge, 2011).
Conversely, on the basis of results presented by Bradley et al. (2018), any PPO-related modulation of the ring
current itself is expected to be of the order of ∼0.5 MA in amplitude and, therefore, only a small fraction
of the quasi-static current of ∼10 MA. The seasonal warping of Saturn's plasma sheet, as described, for
example, by Arridge et al. (2008) and Carbary and Mitchell (2016), deflecting its central location to the
northern hemisphere during southern summer and vice versa, may modify some elements of this discussion.

The combined modulation of the plasma sheet by both PPO systems leads, under certain conditions, to
significantly nonsinusoidal variations in its location and thickness (Cowley & Provan, 2017; Szego et al.,
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2013; Thomsen et al., 2017), with this effect having been modeled both by refinement of the theoretical
description of the core PPO field perturbations (Cowley et al., 2017) and numerically (Jia & Kivelson, 2012).
The approach taken in this paper, determining common spatial variations of phase and amplitude of the field
oscillations relative to both core region fields, is such that effects associated with dual-modulated motion of
the central plasma sheet are consistently treated.

The improved coverage of the equatorial plane obtained in this study allows meaningful comparisons
between the properties of the PPO oscillations at different LTs. For example, a significant day-night asym-
metry is observed, with typically weaker amplitude oscillations observed on the dayside in all components
and consequently weaker current densities as compared to equivalent radial distances on the nightside.
This asymmetry is likely the result of the larger influence of the periodic motion of the tail current sheet on
the nightside, discussed above. Furthermore, this day-night asymmetry in current density has the effect of
appearing to distort the structure of the PPO currents, such that the maximum upward and downward cur-
rents at a given phase are no longer directly opposite in LT. Aperiodic magnetic field perturbations induced
by motion of the magnetopause in response to solar wind variations likely also introduce appreciable noise
to the analysis presented here, leading to a net underestimate of the PPO field amplitude at large distances
on the dayside. Similarly, a pronounced dawn-dusk asymmetry is also present in the results presented here,
most notably in that the amplitude of the radial component of the oscillation is maximal in a narrow band
of LT centered on ∼21 hr, extending from the edge of the core region at ∼12 RS to the outer boundary of
this study at 30 RS. How this asymmetry in the relative amplitudes of the PPO magnetic fields may relate
to similar asymmetries present in the quasi-static magnetospheric magnetic fields in the same region, or
dynamical processes in the magnetotail and the interaction with the solar wind, remains to be fully explored.
Several studies have elucidated the role played by PPO fields in dynamic processes in Saturn's magnetotail,
for example, through modifying the properties of the tail current sheet and favoring the growth of plasma
instabilities, magnetic reconnection, and the release of plasmoids down-tail at certain PPO phases (e.g.,
Arridge et al., 2011; Jackman et al., 2009, Jackman et al., 2016). Recently, through a large statistical survey
of reconnection events in Saturn's tail, Bradley et al. (2018) have shown that a high degree of organization is
indeed evident when considering specifically the PPO phase at the assumed reconnection site itself, rather
than at the location of the observed plasmoid signature.

The effect of significant contributions to the north-south currents determined in this study by periodic
plasma sheet motions must also be considered when comparing these results to auroral observations. In
a recent analysis of Cassini Ultraviolet Imaging Spectrograph observations, Bader et al. (2018) found that
ultraviolet emissions from the northern hemisphere peaked at ΨN = 114◦, thus close to the expected phase
of maximum upward current in the northern ionosphere (ΨN = 90◦) on the basis of the simple theoretical
model. Bader et al. (2018) show that the peak ultraviolet brightness is found in the prenoon sector, consistent
with related observations of SKR emissions (e.g., Lamy et al., 2009), while no corresponding enhancement
is present in the prenoon sector in the equatorial currents depicted in Figure 12. As we suggest, a signifi-
cant fraction of the north-south current shown in Figures 12 and 13 in the postdusk to predawn sectors is
produced by periodic tilting of the tail current sheet and, therefore, does not close along the field lines via
the auroral ionosphere. Were it possible to accurately remove this component of the current, the remainder
would likely be more constant in amplitude with LT and thus closer to that expected from the simple theo-
retical model. Such a current system would also be more consistent with the results presented by Hunt et al.
(2016), where PPO currents observed on high-latitude field lines were found to have only a small variation
in amplitude with LT. A quasi-sinusoidal variation of the PPO currents with LT at a given oscillation phase
and radial distance is moreover required to produce the observed quasi-uniform magnetic field perturbation
in the core region.

Andrews et al. (2010), in their earlier analysis of equatorial PPO field structures, noted an apparent exclusion
effect in the innermost regions sampled. Currents flowing field aligned at and interior to this region were
inferred to largely screen out the PPO fields from the smallest radial distances, suggested to be a requirement
of the presence of a highly conducting E-ring plasma. However, during the latter part of the Cassini mission,
the periapsis of the spacecraft during the so-called “F-ring” and “proximal” intervals reached smaller dis-
tances than previously attained (excepting briefly during Saturn orbit insertion). During the F-ring orbits,
Hunt et al. (2018) observed field-aligned currents in high-latitude magnetic field data that mapped to dis-
tances of∼2 to 7 RS in the equatorial plane and were modulated with both northern and southern PPO phase,
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well inside the E-ring plasma torus. It remains to be seen whether the PPO fields are, or can be, shown to
be present on field lines both threading and interior to Saturn's rings.

Finally, following Provan et al. (2016), we speculate on the nature of the PPO fields and currents during the
apparently unique interval from mid-2013 to mid-2014 within which the rotation periods of the northern
and southern systems coalesced. Constraints imposed by Cassini's orbit during this interval precluded the
possibility of determining the ratio of the two system amplitudes k, although Provan et al. (2016) tentatively
suggested a value of k ≈ 1 on the basis of measurements made immediately preceding the coalescence of
the two periods. Crucial then is the relative phase of the two systems ΔΦ = ΦN − ΦS. Based on the results
provided by Provan et al. (2016), ΔΦ was ∼180◦ during this interval, and therefore, with approximately
equal amplitudes, the transverse components of the two fields remain opposite and cancel one another on
the equator. Consequently, the net field-aligned currents associated with the PPO fields during this interval
are expected to be vanishingly small at the equator and the transfer of angular momentum between the
hemispheres marginal.

9. Summary
In this study we have revisited the determination of the spatial structure of PPOs in Saturn's equatorial
magnetic field, thereby quantifying departures from the simple theoretical model proposed initially by
Southwood and Kivelson (2007) and Andrews et al. (2008). In doing so, we extend the previous related study
by Andrews et al. (2010) in two important respects.

First, we use all suitable magnetic field data taken throughout the Cassini mission, spanning four extended
intervals of near-equatorial orbits. The total volume of data analyzed in this study is thereby increased by
∼350% over that previously processed by Andrews et al. (2010), and the consequent improvement in spatial
coverage is such that the equatorial plane is now essentially fully sampled over radial distances from ∼3 to
30 RS. Only a few small gaps in coverage remain, in which a suitable volume of data was not obtained during
the Cassini orbital tour. In particular, significantly improved coverage is obtained in the afternoon and pre-
dusk sectors compared to the earlier analysis by Andrews et al. (2010), allowing meaningful investigations
of dawn-dusk asymmetries of the relative amplitude and phase of the PPO fields and currents. Furthermore,
the sampling of the equatorial magnetosphere is such that we can be confident that no major systematic
biases remain in the analysis, such as could lead, for example, to favoring observations in one particular sec-
tor of LT within only specific, restricted seasonal intervals. Nevertheless, the nature of Cassini's orbital tour,
combined with the seasonal warping of the Saturnian plasma sheet, is such that more data are obtained
below the magnetospheric equator than above, although the magnitude of this bias is reduced compared to
that present in the original study by Andrews et al. (2010).

Second, the analysis presented here takes full account of the presence of two superposed systems of field
oscillations, each associated with a specific hemisphere. The original study by Andrews et al. (2010) only
considered the effects of the (then dominant) southern hemisphere system. Here independently varying
northern and southern system rotation periods determined primarily from core-region (dipole L < 12 RS)
magnetic field data are used to define the instantaneous rotation phase of each system. In addition, we con-
sider the piecewise determined secular changes in the amplitudes of the individual components of the core
field for both the northern and southern systems. Both the rotation periods and the amplitudes of the two
systems are obtained in a series of related papers spanning all of Cassini's equatorial orbit intervals and
synthesized for the purposes of this analysis as shown in Figure 1 (Andrews et al., 2012, 2013, 2016, 2018).
The time-varying amplitudes and rotation periods of both systems are used to define a simple superposition
of both quasi-uniform PPO fields in the core region, against which common spatial variations in relative
amplitudes and phases are determined for all three components of the magnetic field. From this determina-
tion of common variations, phase variations associated with the modulations in the northern and southern
hemispheres can be separately constructed via the addition of a constant phase offset appropriate for the
hemisphere and component in question. Fully determining the spatial variations in relative amplitude and
phase of the transverse equatorial fields affords the possibility of determining the component of the electrical
current flowing north-south through the equatorial plane.

We now briefly summarize the central results of this study.
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• An initial analysis was first performed utilizing a simplified method, similar to that used by Andrews et al.
(2010), treating only the PPO fields associated with a single hemisphere in isolation. Since the phases
of the two PPO systems are overall uncorrelated, given sufficient data within each spatial bin, both in
terms of volume and distribution in time, perturbations induced by the simultaneously present field of the
opposing hemisphere will mainly contribute “noise” to the analysis and will only marginally contribute
to the amplitude and phase determined in each case. Results of this analysis, presented in section 5.1,
are clearly suggestive of a spatial structure of the relative amplitudes and phases that is common to both
the northern and southern systems, apart from the reversal in sign of the colatitudinal field component,
hence justifying the “combined-fitting” approach taken in the remainder of the results presented in this
paper. No systematic evidence was found for differences between the two hemispheres on large scales.
That there exists a common spatial variation of the field oscillations in both systems is strongly suggestive
of a common phenomenon driving both systems, albeit with amplitudes and phases that may differ at a
given time.

• The large-scale structure of the equatorial field oscillations, common to both the northern and south-
ern PPO systems as subsequently determined in this paper, is consistent with the results reported first by
Andrews et al. (2010; Figures 7–12). Specifically, the quasi-uniform core field is bounded by regions of net
circulation, indicative of north-south currents flowing at ∼15 RS, which are generally most intense in the
postdusk to postdawn sectors. At larger distances, the amplitude of the PPO fields generally decreases,
most rapidly on the dayside, while the field itself takes on the form of a rotating transverse dipole, to first
order. The observed structure of the PPO field therefore remains in good agreement with the description
provided by the simple axisymmetric models proposed by Southwood and Kivelson (2007) and Andrews
et al. (2008).

• Nevertheless, substantial variations in both amplitude and phase are present in all magnetic field com-
ponents with both radial distance and LT (Figure 7), leading to appreciable departures from the simple
axisymmetric models. These variations are typically smallest within the core region but nevertheless are
measurable here, amounting to steady increases in relative phase with radial distance, and somewhat
smaller amplitudes in the innermost spatial bins sampled. More marked LT variations in amplitude are
seen in all components outside the core region, where field amplitudes are typically larger on the nightside
than on the dayside while falling with radial distance. However, this general trend is not in evidence for the
radial component, in which the amplitudes remain close to their maximum both in a band of LT centered
on radial distances of ∼15 RS and spanning ∼18–09 hr LT (via midnight) and in a connected region extend-
ing outward to at least ∼30 RS at LTs centered on 21 hr. Furthermore, the relative phase of the azimuthal
component is seen to rapidly increase by ∼180◦ across radial distances centered on ∼15 RS within an
extended range of LT spanning the premidnight to prenoon sectors. Meanwhile, for the radial compo-
nent, relative phases in the afternoon sector vary only weakly with increasing radial distance, indicative
of much faster outward propagation of the perturbations in this region. A clear dawn-dusk asymmetry is
thus present and is largest in all respects in the transverse components of the PPO fields. This asymme-
try extends to the currents flowing through the equatorial plane, which are confined to a much narrower
range of radial distance in the dawn sector compared to the dusk sector. Such a dawn-dusk asymmetry in
the north-south currents measured on the equatorial plane may lead to a related dawn-dusk asymmetry in
the modulation of the auroras by the PPO systems. The colatitudinal component shows markedly smaller
variations in amplitude and phase with LT than both the radial and azimuthal components.

• Radial phase velocities, computed from the gradient in phase with radial distance, are typically in the range
∼100-300 km/s across all field components. These values are computed at all radial distances for the radial
r and colatitudinal 𝜃 components and inside of 15 RS for the azimuthal 𝜑 component (thereby avoiding
the “structural” shear in B𝜑 associated with the principal field-aligned currents). We note that a region of
significantly larger phase velocities, ∼800 km/s, is present in the radial component data in the afternoon
sector, 12–18 hr LT.

• Azimuthal phase velocities, computed from estimates of the amplitude of m = 1 variations in relative
phases 𝜉i with LT, show only modest departures from corotation with the core PPO rotation rate in the
colatitudinal component. However, for the transverse r − 𝜑 field components, the velocities are such
that phase fronts significantly lead the core rotation throughout most of the dayside, the angular velocity
typically peaking slightly prenoon while being retarded at other LTs.

• A coherent picture emerges in which two principal regions of current, one of each sign, are present at
all rotation phases (Figure 12). Each current region forms a near-continuous spiral, from the innermost
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radial distances sampled and outward to distances beyond the core region at progressively earlier LTs.
The current density of a given region of current typically peaks as it crosses radial distances of∼15 RS in the
premidnight to postdawn sectors. These two spirals of north-south current are interlinked at all rotation
phases, such that at a given LT, there is generally a reversal in sign of the current at a radial distance∼12 RS.
This interpretation thus represents a simplification compared to the situation described by Andrews et al.
(2010), based on their early analysis of a subset of these data. Considering the averaged behavior over the
interval studied, the total current flowing through the equatorial plane associated with the southern PPO
system varies with phase over the range ∼4.0 to ∼5.1 MA (Figure 13). Of this total, the so-called principal
currents flowing outside of the core r >12 RS carry ∼3.1 to ∼4.5 MA, while those inside 12 RS contribute
∼0.5-1.1 MA.

• Comparing the inferred north-south currents on the equatorial plane with those estimated from separate
analysis of high-latitude magnetic field data by Hunt et al. (2014, 2015) and Bradley et al. (2018), we note
a 25–50% discrepancy in their magnitudes. This discrepancy is however readily explained by considering
the contribution to the north-south current measured on the equatorial plane due to PPO-related vertical
motions of the center of Saturn's nightside tail current sheet. This effect appears principally constrained to
larger radial distances, being most evident beyond ∼15 RS on the nightside. We show in Figure 15 that the
north-south component of the total current flowing within the sheet is modulated in phase with the prin-
cipal PPO currents and thus increases the strength of the measured north-south current on the nightside
by an amount sufficient to explain the observed discrepancy with high-latitude measurements. The addi-
tional contribution of the periodic tilting of the tail current sheet to the measured equatorial currents is
also sufficient to at least partially obscure the underlying sinusoidal nature of the principal PPO currents
associated with each hemisphere. No corresponding evidence is found for the presence of a similar effect
at smaller radial distances and on the dayside associated with periodic displacement of the ring current.

• Considering the fields of the northern and southern systems combined at specific intervals within
the Cassini mission, representative of intervals of either strong southern or northern dominance or
near-equal amplitudes, estimates for the total current flowing through the equatorial plane have been
made (Figure 14). Extremal values are associated with intervals of near-equal amplitudes of the two sys-
tems, where PPO fields and currents almost completely reinforce or destroy one another depending on the
instantaneous value of the beat phase ΔΦ. During these intervals, the total current reaches a maximum of
∼11 MA at ΔΦ = 0◦ and a minimum of ∼0.1 MA at ΔΦ = 180◦.
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