
1.  Introduction
Saturn's magnetosphere is a dynamic, rapidly rotating, and internally mass-loaded environment (Dougherty, 2006), 
within which energy circulation and mass loss are thought to be governed by various drivers of a phenomenon 
known as “magnetic reconnection” (Thomsen, 2013).

Magnetic reconnection is a highly energetic process during which near-antiparallel magnetic field lines undergo 
topological reconfiguration in the form of “breaking” and “reconnecting” within a sufficiently thin current sheet 
(Phan et al., 2011). This phenomenon results in stored magnetic energy being released as kinetic energy, and the 
formation of loop-like structures enclosing magnetic flux and plasma (“plasmoids”) that are removed from the 
magnetosphere. For the onset of magnetic reconnection to occur, the half-thickness of the current sheet must be 
on the order of the kinetic length scales (e.g., gyroradius/inertial length) associated with the dominant species in 
the current sheet (Sanny et al., 1994).

Evidence of both solar wind driven magnetic reconnection (i.e., the Dungey Cycle Dungey,  1963; Fuselier 
et al., 2014; Huddleston et al., 1997; McAndrews et al., 2008) and reconnection driven by the rapid rotation of 
equatorially mass-loaded flux tubes (i.e., the Vasyliunas Cycle Vasyliunas, 1983) have been observed at Saturn, 
which is consistent with the early predictions of Badman and Cowley (2007). The interplanetary magnetic field 
“reconnects” with Saturn's magnetic field across the dayside magnetopause current sheet, followed by the open 
lobes of planetary magnetic field lines reconnecting across the (disrupted) midplane current sheet of the magne-
totail, during the Dungey cycle. Meanwhile, the Vasyliunas cycle involves reconnection occurring on the radially 
distended planetary field separated by the equatorial current sheet in the post-dusk local time sector. Arridge 
et al. (2015), Badman et al. (2015), Badman and Cowley (2007), Jackman et al. (2014), and Masters et al. (2014) 
have shown that while the Dungey Cycle could be expected to be a significant driver of magnetic reconnection 
on short-term timescales in Saturn's magnetosphere (i.e., while it is actively occurring), on year-long average 
timescales, the Vasyliunas Cycle is significantly more dominant.
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We investigate a phenomenon unique to Saturn known as “planetary period oscillations” (PPOs) as an additional 
driver of magnetic reconnection within the magnetosphere. PPOs refer to a ∼10.6 hr oscillation (close to the 
expected planetary rotation period of ∼10 hr 33 min [Mankovich et al., 2019]) that are ubiquitously observed in all 
magnetospheric data sets at Saturn (see Carbary et al., 2012, and references therein) and have been shown to glob-
ally modulate the thickness and position of the equatorial current sheet (e.g., Agiwal et al., 2020; Cowley, 2017; 
Morooka et al., 2009; Provan et al., 2012; Thomsen et al., 2017).

Bradley et al. (2018) and Jackman et al. (2016) have shown a strong correlation between the occurrence of recon-
nection signatures identified in magnetic field data and intervals where PPO dynamics are expected to thin the 
equatorial current sheet. Cowley and Provan (2021) have shown that certain signatures of recurrent reconnection 
every ∼11 hr identified in Saturn's magnetosphere by Yao et al. (2018) are also consistent with PPO-driven thin-
ning of the equatorial current sheet. While the correlation between the thinning of the equatorial current sheet and 
an enhancement in reconnection signatures is intuitive, a direct causation between PPO dynamics and magnetic 
reconnection has yet to be investigated.

In this study, we use empirical constraints on the PPO systems determined by Agiwal  (2021) and Agiwal 
et al. (2020) to show that PPO dynamics are expected to be able to sufficiently thin the equatorial current sheet to 
the typical characteristic length scales in certain regions of Saturn's magnetosphere. Consequently, we evaluate 
the relative contribution of this phenomenon as compared to the more established drivers of global magneto-
spheric circulation and mass loss at Saturn.

This paper is laid out as follows: in Section 2, we outline the relevant theory of PPO dynamics and key char-
acteristics of Saturn's equatorial magnetosphere that allow us to determine the relative occurrence and overall 
significance of PPO-driven magnetic reconnection. In Section 3, we use empirical constraints on the strength of 
the PPO systems to show that PPO-driven reconnection is likely to occur in Saturn's magnetosphere, and discuss 
the spatial scales and expected occurrence rate of this phenomena. In Section 4, we present estimates for the 
reconnection voltage and mass loss associated with PPO-driven reconnection and discuss how they compare to 
the more established drivers of magnetic reconnection at Saturn. In Section 5, we present a summary of our main 
results and final conclusions.

2.  Theory
2.1.  Periodic Modulation of the Equatorial Current Sheet

The structure of the magnetic perturbation systems associated with PPOs are relatively well established in liter-
ature. For brevity, we will only discuss the aspects of these perturbation systems that are required to understand 
their role in triggering the onset of magnetic reconnection at Saturn in this section, that is, the thickness modula-
tion of the equatorial current sheet.

The works of Andrews et  al.  (2008,  2010), Cowley et  al.  (2017), Espinosa and Dougherty  (2000), Espinosa 
et al. (2003), and Southwood and Kivelson (2007) show that PPOs in Saturn's magnetosphere are driven by two 
independently rotating large-scale field-aligned current systems, one in each hemisphere. Observations show 
that the northern and southern systems have slightly differing rotation periods in the range ∼10.6–10.8 hr, which 
causes them to drift in and out of phase. Chowdhury et  al.  (2022) present direct evidence of polar thermo-
spheric winds driving these current systems, confirming previous predictions of ionospheric twin vortices driv-
ing these perturbation systems from simulations (Jia & Kivelson, 2012; Kivelson & Jia, 2014; C. G. Smith & 
Achilleos, 2012) and indirect observations (Hunt et al., 2014).

Each rotating field-aligned current system produces a quasi-uniform perturbation field in the core equatorial region 
(within 10–12 RS) that closes over the corresponding pole as a quasi-dipolar field (Andrews et al., 2008, 2010; 
Cowley et al., 2017; Espinosa & Dougherty, 2000; Espinosa et al., 2003; Southwood & Kivelson, 2007). Since 
the two PPO systems have different rotation periods (Provan et al., 2011) and have been observed to dual-modu-
late the equatorial magnetosphere (Provan et al., 2012), observations from this region present a “beating” of the 
two signals which affects the amplitude and phase of the combined signal. The beat phase (or, relative phasing) 
between the two systems is quantified by the parameter ΔΦ, given by,

ΔΦ = Ψ𝑁𝑁 − Ψ𝑆𝑆 ,� (1)
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where the PPO phase angle ΨN,S is an azimuthal angle that can be likened to a longitude system. It indicates the 
location or “local phase” of the northern (N) and southern (S) PPO systems in the magnetosphere: ΨN,S = 0° 
refers to where the quasi-uniform PPO magnetic perturbation fields point radially outwards from the planet in 
the equatorial region as they rotate within the magnetosphere; ΨN,S = 180° refers to where they point radially into 
the planet. The radial perturbation fields have no effect on the planetary field at ΨN,S = 90°/270°, however, this is 
where the associated field-aligned currents are observed.

When the two PPO systems are in antiphase, that is, the quasi-uniform radial vectors of the northern and southern 
PPO fields in the equatorial region are antiparallel (ΔΦ = 180°), thickness modulations of the nightside current 
sheet are enhanced. When the PPO radial vectors are parallel, that is, the two systems are in phase (ΔΦ = 0°), 
thickness modulations are minimized. When the PPO systems are ±90° out of phase with each other, that is, in 
quadrature, the observed thickness modulation is somewhere between in phase and in antiphase behavior.

An illustration showing the dual-modulation of the equatorial current sheet by the two PPO systems while they 
are in antiphase (ΔΦ = 180°) is presented in Figure 1, where panels (a–c) each illustrate the dynamics at different 
PPO phases within one PPO cycle (∼10.6 hr). These dynamics can trivially be understood by vector addition of 
the perturbation fields and Saturn's background magnetospheric field. The equatorial quasi-uniform component 
of each PPO field cancels out and the quasi-dipolar component of each of the PPO fields add, yielding a resultant 
perturbation field that points either northward or southward. An illustration and description of the global configu-
ration of the PPO perturbation fields and associate current systems can be found in Provan et al. (2018, Figure 1).

Since the planetary magnetic field is orientated southward in Saturn's equatorial magnetosphere, when the result-
ant PPO perturbation field points northward (ΨN  =  0°, ΨS  =  180°), the planetary dipole is reduced and the 
current sheet is thinned (e.g., Figure 1a); when the resultant PPO perturbation field points southward (ΨN = 180°, 
ΨS = 0°), the planetary dipole is enhanced which is accompanied by a thicker current sheet (e.g., Figure 1c). At 
ΨN = 90°/270° and ΨS = 270°/90°; e.g., Figure 1b), the perturbation fields have no effect on the poloidal compo-
nent of the background field.

An empirical model of the dual PPO modulation of Saturn's equatorial current sheet presented by Cowley 
et al.  (2017) has shown excellent agreement with Cassini magnetic field observations (Agiwal, 2021; Agiwal 
et al., 2020; Thomsen et al., 2017). While the full model considers both the displacement and thickness modula-
tions of the equatorial current sheet in order to model the PPO modulated magnetic field in Saturn's magnetotail, 
only the equations associated with the thickness modulation will be discussed in this study.

Cowley et al. (2017) show that the the PPO modulated half-thickness of the current sheet D* can be determined 
using,

�∗ = � − [�� cos (Ψ� ) −�� cos (Ψ� )] ,� (2)

where D is the half-thickness of the current sheet in the absence of PPO modulation, and DN,S is the amplitude 
of PPO modulation for each system. Enhancements in thickness modulation are evaluated from Equation 2 when 
the two PPO systems are in antiphase, with D* maximizing for ΨN = 0° and ΨS = 180°, and minimizing for 
ΨN = 180° and ΨS = 0°, which is consistent with the observations of Provan et al. (2012; further discussed in 
Section 2.2).

The relative strengths of the northern and southern amplitudes in Equation 2 are related by the parameter k, which 
gives the amplitude ratio of the northern and southern PPO systems:

𝑘𝑘 =

𝐷𝐷𝑁𝑁

𝐷𝐷𝑆𝑆

.� (3)

For k ≫ 1, the northern PPO system dominates the southern, and vice versa for k ≪ 1. Andrews et al. (2012) and 
Provan et al. (2013, 2016, 2018) empirically determine k throughout the Cassini mission, and generally find k < 1 
to be characteristic during southern solstice at Saturn, and k > 1 to be characteristic during northern solstice. For 
a brief interval following equinox, k ∼ 1 was determined from observations.

Agiwal (2021) and Agiwal et al. (2020) use magnetic field data, the empirically constrained values of the PPO 
phases and values of k, and the Cowley et al. (2017) model to determine empirical constraints on the amplitude of 
PPO modulation DN,S and the thickness of the unperturbed current sheet D for two intervals from the Cassini data 
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set. In Section 3, we use these constraints and Equation 2 to evaluate the PPO modulated half-thickness of the 
current sheet D* for an exhaustive range of PPO dynamics. Comparing these results with the characteristic length 

Figure 1.  A meridional slice of the magnetosphere is presented in each panel, where we illustrate the dual modulation effect 
of the northern (blue) and southern (red) planetary period oscillation (PPO) magnetic perturbation fields while they are in 
antiphase (ΔΦ = 0°). The perturbation fields are quasi-uniform in the equatorial plane, and close in a quasi-dipolar fashion 
over the northern and southern poles, respectively, where the planet is to the left of each panel. The equatorial magnetospheric 
field (internal planetary field + magnetodisc) is illustrated by gray lines and separated by the equatorial current sheet 
(shaded gray region) and the radial component of the planetary field is positive above the current sheet, and negative below. 
Simple vector addition of the two PPO fields shows that in panel (a) the resultant PPO perturbation field subtracts from 
the southward planetary dipole and thus results in a thinning of the current sheet (D* < D from Equation 2); (b) there is no 
resultant perturbation field acting on the current sheet (D* = D); (c) the resultant PPO field adds to the southward planetary 
dipole and thus results in a thicker current sheet (D* > D). The phase angle of the PPO system ΨN,S ranges between 0° and 
360°, where ΨN,S = 0° is where the quasi-uniform radial PPO vector points directly out from the planet, and ΨN,S = 180° is 
where the radial PPO vector points directly into the planet.
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scales in Saturn's magnetosphere, that will be discussed in Section 2.2, allows us to determine the likelihood and 
significance of PPO-driven magnetic reconnection in Saturn's magnetosphere.

2.2.  Characteristics of Saturn's Magnetosphere

Saturn's equatorial current sheet is a highly dynamic, azimuthally asymmetric structure, with an inner boundary 
at ∼5–7 RS (1 RS = 60, 628 km; Carbary et al., 2012; Sergis et al., 2018). This structure extends all the way out to 
the magnetopause boundary at all local times, except at dawn where Staniland et al. (2021) show the occasional 
existence of a cushion region at Saturn and merges with the magnetotail current sheet in the nightside magneto-
sphere. It is populated by outgassing from the moon Enceladus (Dougherty, 2006) and predominantly comprised 
of water group ions (W +), protons (H +), and electrons, where the abundance ratio of the two species is H +/W + 
∼ 0.7 (Wilson et al., 2017). The equatorial current sheet acts to radially distend Saturn's planetary field into a 
“magnetodisc” structure (Arridge et al., 2007; Connerney et al., 1983; thus resulting in a thinner current sheet) 
beyond ∼10–12 RS at all local times (Sergis et al., 2007, 2009, 2010).

Magnetic field observations have shown the current sheet half-thickness to be temporally variable between ∼0.7 
and 3 Rs at noon, and ∼0.3 and 3 Rs at midnight (e.g., Giampieri, 2004; Kellett et al., 2011; Sergis et al., 2011; 
Staniland et al., 2020), where the temporal variability is attributed to a combination of solar wind compressional 
effects, PPO modulation, and variable mass-loading from Enceladus. Agiwal (2021) and Agiwal et al. (2020) find 
the statistical median of the half-thickness of the nightside current sheet in the absence of PPO modulation to be 
∼1.25 RS from magnetic field data taken near northern solstice, and ∼2 RS from an interval near southern solstice.

The midnight and dawn current sheet are on average expected to be thinner than the dusk and noon current sheet 
(e.g., Agiwal, 2021; Arridge et al., 2015; Delamere et al., 2015; Jia & Kivelson, 2016; Martin & Arridge, 2017; 
Staniland et al., 2020), although during times of solar wind compression, it is possible that the current sheet may 
be thinner at dusk than at dawn (Sorba et al., 2019). Staniland et al. (2020) show that the average dayside current 
sheet may be ∼2 times thicker than the nightside current sheet beyond ∼15 RS in Saturn's magnetosphere. Assum-
ing azimuthal symmetry in the amplitude of PPO modulation between radial distances of ∼20–30 RS, we might 
thus expect PPO-driven magnetic reconnection to be more likely in the nightside magnetosphere/the midnight 
and dawn local time sectors, where the current sheet is typically expected to be thinner.

As discussed in Section 1, the onset of magnetic reconnection requires the current sheet to be thinner than some 
characteristic kinetic length scale λi associated with the dominant charged particles in the current sheet. Authors 
such as Biskamp et al. (1997) and Tóth et al. (2017) show that the important length scales are the gyroradius and 
the inertial length of the charged particles. Most studies do not distinguish between the gyroradius or inertial 
length of a species when discussing reconnection dynamics, however, Liu et al. (2014, and references therein) 
provide evidence for the gyroradius of the dominant ion species being more significant than the ion inertial length 
for reconnection in Earth's magnetotail.

The typical gyroradii and inertial lengths of the dominant ions in Saturn's equatorial current sheet are presented 
in Figure 2. These length scales were evaluated using plasma moments from CAPS-IMS measurements presented 
by Wilson et al. (2017). The W + ion kinetic length scales λi(W +) are much larger than the proton kinetic length 
scales λi(H +) for almost all radial distances presented in Figure 2, and we note that W+ is the dominant ion species 
in Saturn's equatorial current sheet. While we cannot be certain if Earth-like conditions would also apply at 
Saturn, in the absence of other observations, we assume that violating the W+ ion length scales would make the 
onset of magnetic reconnection more likely.

A. W. Smith et  al.  (2016) show that the statistical location of reconnection sites at Saturn is highly variable 
between ρ ∼ 20 and 30 RS in the nightside magnetosphere. Thus, we average over the W + inertial length and gyro-
radius between these radial distances at all local times and find an average length scale of ∼0.05 RS that we will 
subsequently use as the threshold length scale that must have to be violated by the thinned current sheet for the 
onset of magnetic reconnection to become more likely. While we have averaged over local time to evaluate this 
threshold, the typical ion kinetic length scales presented in Figure 2 are larger in the midnight and dawn local time 
sectors, than at noon and dusk. The larger ion kinetic length scales in the midnight and dawn local time sectors, 
combined with the thinner current sheets expected in these sectors further imply that PPO-driven reconnection 
may be more likely to occur in the midnight and dawn local time sectors.
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2.3.  Magnetic Reconnection in Space Plasmas

To determine the contribution of PPO-driven magnetic reconnection toward global circulation within Saturn's 
magnetosphere relative to the more established drivers of reconnection, that is, the Dungey and Vasyliunas cycles, 
we evaluate the “reconnection voltage” associated with the proposed mechanism.

The specific area in which magnetic reconnection occurs is referred to as the diffusion region, which is a few 
multiples of the typical ion kinetic length scales λi in the current sheet. The magnetic field has an X-like geometry 
inside the electron diffusion region, where the center of the X-line is a magnetic null point. The reconnecting 
magnetic field within the diffusion region is thus known as the reconnection X-line.

The inflow of plasma into the magnetic reconnection site maintains a reconnection electric field E, which is 
tangential to the plasma inflow and reconnecting magnetic field, and assumed to be constant along the length of 
the X-line lx (the azimuthal extent of the reconnection site). The potential difference V applied to the magneto-
sphere due to this E can be determined using,

𝑉𝑉 = 𝑙𝑙𝑥𝑥𝐸𝐸𝐸� (4)

In the equatorial current sheet, where the magnetic field strength B and the plasma properties are expected to be 
symmetric on either side of the current sheet center, E can be computed using,

𝐸𝐸 = 𝜅𝜅𝜅𝜅𝜅𝜅𝑜𝑜𝑜𝑜𝑜𝑜,� (5)

where κ = 0.1 is the reconnection efficiency determined empirically in the near-Earth solar wind environment. 
The reconnection efficiency is thought to be dependent on the plasma environment surrounding the reconnec-
tion site (e.g., Chen et al., 2017; Nakamura et al., 2018; Slavin & Holzer, 1979), and controls the rate at which 
magnetic energy is converted to kinetic energy. While this rate can be variable in different plasma environments 

Figure 2.  The radial profiles of the characteristic ion inertial lengths (solid lines) and gyroradii (dashed lines) for W + (blue) 
and H + (pink) ions are presented for each of the four local time sectors (panels (a– d) respectively). The local time quadrants 
are centered on (a) 00 (b) 12 (c) 18, and (d) 06 hr. These profiles were determined using plasma moments from (Wilson 
et al., 2017), where the raw profiles calculated with associated error bars are shown as fainter lines in the background, and the 
solid lines in the foreground are smoothed, averaged profiles. The W + ion is the more abundant species in Saturn's equatorial 
current sheet, and the associated length scales are much larger than those for H + between ∼20–30 RS, where the reconnection 
sites are statistically most likely to form in Saturn's magnetosphere (A. W. Smith et al., 2016).
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(e.g., DiBraccio et al., 2013; Slavin & Holzer, 1979), it is not particularly well constrained elsewhere. Therefore, 
this nominal value of ∼0.1 has also been applied to Saturn's magnetosphere by authors such as Badman and 
Cowley (2007) and Masters (2015).

The speed at which ions are accelerated away from the reconnection site is given by vout, where the ions move 
radially away from the reconnection site in the tailward/planetward sense. In the equatorial magnetosphere, vout 
can be evaluated using,

𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜 =
𝐵𝐵

√

𝜇𝜇0𝑚𝑚𝐷𝐷𝐷𝐷

,� (6)

where B is the magnetic field strength tangential to the reconnection site (i.e., the lobe field strength in the magne-
totail), mDi = Σmini is the total mass density of the current sheet, where the density is the sum of all the dominant 
ion species i in the current sheet, and μ0 is the magnetic permeability of free space.

In Figure 3, we present the radial profiles of (a) the median ion number densities from W17, (b) the mass density, 
(c) the ion outflow velocity, and (d) the reconnection electric field. Two profiles are presented in each panel, 
one depicting a “heavier” current sheet with W + and H + ions with relative abundance H +/W + ∼ 0.7 (the nominal 
mass density of the equatorial current sheet), and one depicting a “lighter” current sheet with H + only (a proxy 
for a mass-depleted current sheet). We employ the Jackman and Arridge  (2011) empirical model of Saturn's 
lobe field strength to evaluate B to calculate vout using Equation 6 and consequently, E using Equation 5. The vout 

Figure 3.  We present the radial profiles of (a) the median ion number densities from (Wilson et al., 2017), (b) the mass 
density, (c) the ion outflow velocity, and (d) the reconnection electric field. Two profiles are presented in each panel, one 
depicting a “heavier” current (green) sheet with W + and H + ions with relative abundance H +/W + ∼ 0.7 (the nominal mass 
density of the equatorial current sheet), and one depicting a “lighter” current sheet (pink) with H + only (a proxy for a 
mass-depleted current sheet). The vout and E profiles associated with the lighter current sheet are approximately an order of 
magnitude larger than the corresponding outputs for a heavier current sheet. In panel (d), smoothed running averages of the 
electric field profile are shown by solid lines.
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and E profiles associated with the lighter current sheet are approximately an order of magnitude larger than the 
corresponding outputs for a heavier current sheet. Provided that PPO dynamics can sufficiently thin the equato-
rial current sheet to length scales <0.05 RS, the only parameter that still needs to be computed to determine the 
reconnection voltage is the length of the reconnection X-line.

While the heavier current sheet profile presented in Figure 3 is representative of typical densities in Saturn's equa-
torial current sheet, Arridge et al. (2016) identify ions leaving a reconnection site observed at a radial distance of 
∼30 RS in Saturn's nightside magnetosphere with velocities on the order of ∼1,200 km/s, which are more consist-
ent with the H+ only current sheet presented in Figure 3. The authors provided evidence of ongoing but time 
variable reconnection over a ∼19 hr interval, and thus attributed the higher velocities to a mass-depleted current 
sheet at the reconnection site, where the water group ions had been expelled downtail. As this study is concerned 
with a phenomenon that may drive recurrent reconnection, we find it appropriate to consider both the lighter and 
heavier current sheet approximations in our discussion.

3.  Results
Agiwal (2021) and Agiwal et al. (2020) (hereafter A20/21) evaluate empirical constraints on the amplitude of PPO 
modulation DN,S and current sheet half-thickness in the absence of PPO modulation D. In this section, we will 
use these parameters to constrain the length of the reconnection X-line formed during PPO-driven reconnection.

A20/21 use Cassini magnetic field data (Dougherty et al., 2004), empirically determined values of k and ΨN,S 
determined by (Andrews et al., 2012; Provan et al., 2013, 2016, 2018) throughout the Cassini mission, and the 
fully resolved Cowley et al. (2017) model to determine empirical constraints on the values of D and DN,S from two 
intervals in the Cassini data set in the nightside magnetosphere: Revs 0–55 (southern solstice) and Revs 251–292 
(northern solstice). These distributions are shown in Figure 4 as box-whisker plots, where the box represents the 
median and inter-quartile range, and the whiskers represent the inter-decile range, and the amplitudes shown are 
for the dominant PPO system during that interval, that is, DS for the southern solstice interval, and DN for the 
northern solstice interval. A20/21 show the best-fit amplitude of PPO oscillation DN,S to vary on a Rev-by-Rev 
basis, where during the northern solstice interval, where Cassini performed its fastest orbits, the amplitudes were 
observed to be variable on ∼1–2 weeks-long timescales.

Rearranging Equation 2 for DN,S by making the substitution k = DN/DS to only solve for DS when k < 1 and DN 
when k > 1, we can determine the PPO amplitudes required to thin a current sheet with unperturbed half-thick-
ness D to D* = 0.05 RS, for any given configuration of the PPO systems. We initially investigate the conditions 

Figure 4.  Box-whisker plots indicate empirically constrained distributions of DN,S for two intervals from the Cassini mission: 
Revs 0–55 (purple, at k = 0.4) and Revs 251–292 (yellow, at k = 1.3). The box indicates the median and inter-quartile 
range, while the whiskers indicate the inter-decile range of the distributions. Gray dotted lines indicate the amplitude of 
DN,S amplitudes required to thin a current sheet with half-thickness D (as indicated on plot) to D* ∼ 0.05 RS for k = DN/DS 
between 0.2 and 5 when ΨN,S = 0°, 180°, that is, the two planetary period oscillations (PPO) systems are in antiphase and 
maximum thinning of the current sheet is expected. For k < 1 (k > 1), the gray dotted lines correspond to the DS (DN) axis. At 
k = 1, DN = DS. For each interval, the median value of D (the current sheet half-thickness in the absence of PPO modulation) 
constrained by A20/21 is shown by a gray triangle marker placed on the corresponding D isocontour and the associated gray 
errorbars indicate the inter-quartile range of the distribution.
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when the current sheet undergoes maximum thinning, that is, the two PPO systems are perfectly in antiphase 
ΔΦ = 180°, and the northern and southern PPO systems are at phase angles ΨN,S = 0°, 180° respectively. By 
comparing the evaluated DN,S amplitudes with the DN,S amplitudes constrained by A20/21, we can determine if 
PPO-driven reconnection is likely to occur in Saturn's magnetosphere.

In Figure 4, we present the DN,S amplitude (DS for k < 1 and DN for k > 1) required to sufficiently thin a current 
sheet with unperturbed half-thickness D as dotted gray lines, where the D associated with each line is indicated 
on the plot. The gray triangle markers with error-bars at k = 0.4 and k = 1.3 indicate the median and inter-quartile 
range of the distribution of D values constrained by A20/21 from each interval. A20/21 attribute the variability in 
D to the compression state of the magnetosphere, where thinner current sheets are thought to be associated with 
a more expanded magnetosphere (e.g., Sorba et al., 2019).

A20/21 find that the data is typically better fit by a thicker current sheet (D ∼ 2 RS) during the southern solstice 
interval than the northern solstice interval (D ∼ 1.25 RS). Correspondingly, the DS amplitudes that fit the data 
well during the southern solstice interval are on average larger than the DN amplitudes that best-fit the northern 
solstice interval. From the DN,S distributions, we see that PPO modulation amplitudes greater than the median 
are required to thin the a current sheet with median D to length scales of D* = 0.05 RS for both intervals. For the 
northern solstice interval DN is greater than the median of the distribution for a duration of ∼1–2 weeks every 
∼6–8 weeks. For the southern solstice interval, A20/21 were unable to determine an equivalent timescale for 
when DS is greater than the median of the distribution due to the events analyzed being more spaced apart in time.

Therefore, even though PPO-driven reconnection can occur in Saturn's magnetosphere, it is not expected to 
be an ongoing process. Additionally, the similarity in the relative distribution of the DN,S amplitudes that can 
sufficiently thin the equatorial current sheet between the two intervals analyzed indicates that the likelihood of 
PPO-driven reconnection may not be significantly variable with Saturnian season.

We now investigate if PPO-driven reconnection can occur at other phase angles in a single PPO cycle, and for 
non-antiphase beat phase conditions as well, assuming the median D half-thickness values of ∼2 RS for the 
southern solstice interval and ∼1.25 RS for the northern solstice interval. For a given PPO beat phase ΔΦ, the 
phase angles ΨN where Equation 2 yields D* < 0.05 RS are then used to constrain the azimuthal extent over 
which PPO-driven reconnection is favorable. We find that the PPO phase angles that satisfy the aforementioned 
condition are always sequential, thus returning an “arc” of PPO phases that would be able to trigger the onset of 
magnetic reconnection as they rotate within the magnetosphere. Such an arc effectively gives us the azimuthal 
extent of the PPO-driven reconnection site θx, which consequently allows us to evaluate the associated reconnec-
tion voltage (Section 2.3).

In Figure 5a, we present profiles of the angular extent of the reconnection favorable PPO phases θx evaluated 
assuming the upper-quartile values of DS = 1.9 RS for the southern solstice interval (dotted purple line) and 
DN = 0.9 Rs for the northern solstice interval (dotted yellow line). As expected, the largest θx is evaluated when 
the two PPO systems are in antiphase (ΔΦ ∼ 180°), with θx ∼ 86° and 82° for the southern and northern intervals 
respectively, where the similarity between the two profiles indicates that the occurrence of PPO-driven reconnec-
tion may not be significantly variable with Saturnian season. Across the two intervals presented in Figure 5, we 
observe that PPO-driven reconnection is only favorable while ΔΦ ∼ 180° ± 90°.

We have thus far shown that the onset of PPO-driven reconnection is dependent on multiple factors, including: 
the amplitude of PPO modulation DN,S, the beat phase ΔΦ between the two PPO systems, and the half-thickness 
of the equatorial current sheet in the absence of PPO modulation D. In order to understand the significance of 
this process in driving the magnetosphere compared to the more established drivers of reconnection, we will 
evaluate an average value of θx taking into account the temporal variability of the amplitude and beat phases of 
the PPO systems.

Thus, for each interval, we evaluate θx profiles as a function of PPO beat phase for the full distribution of DN,S 
amplitudes constrained by A20/21. Using the normalized distribution of DN,S values (presented in Figure 5b) as 
weightings, we then compute a weighted average θx profile for each interval, which are shown solid purple (north-
ern interval) and yellow (southern interval) in Figure 5a. The weighted average θx profiles peak at much lower θx 
values than the dotted profiles corresponding to the upper-quartile DN,S values, which shows that the variability in 
DN,S is equivalent to a shorter X-line forming in the magnetosphere. However, the solid line profiles in Figure 5a 
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also indicate that PPO-driven reconnection may be expected to occur over a much wider range ΔΦ values, owing 
to values of DN,S that are greater than the upper-quartile in the distribution. The weighted average θx is non-zero 
even during perfectly in phase (ΔΦ = 0°) conditions for the southern solstice profile. This is not entirely unex-
pected, seeing as the southern PPO system is ∼2.5 times more dominant than the northern PPO system during 
this time, and thus the thickness modulation of the current sheet is not expected to fully cancel out in Equation 2.

In order to constrain a θx value without any significant dependency on PPO dynamics, we now weight both of the 
solid line profiles presented in Figure 5a by the normalized distribution of empirically constrained PPO beat phases 
over the entire Cassini mission presented in Figure 5c (Andrews et al., 2012; Provan et al., 2013, 2016, 2018). 
Though this distribution is mostly flat, the beat phases close to near anti-phase values have a modestly higher 
count.

From this calculation, we evaluate the weighted average value of the angular extent of reconnection favorable 
PPO phases to be θx ∼ 23°. This value is much smaller than the peak θx values considered during active times of 
PPO driven reconnection, but this shorter X-line that is consistently present in the magnetosphere is a proxy that 
accounts for the temporal variability of PPO amplitude, PPO beat phase, and Saturnian season.

4.  Discussion
4.1.  Evaluating the Reconnection Voltage

Using our constraints on the azimuthal extent of the X-line on both short-term (while PPO-driven reconnection 
is expected to be active) and long-term timescales (>year-long timescales), we now evaluate the reconnection 
voltages associated with this phenomenon in Saturn's magnetosphere.

Figure 5.  In panel (a), we present the total angular extent of planetary period oscillation (PPO) phases for which 
reconnection may be favorable, θx, as shown as a function of PPO beat phase ΔΦ for two intervals from the Cassini data 
set: Revs 0–55 (purple) and Revs 251–292 (yellow). The empirical constraints on the PPO systems and magnetospheric 
conditions used to evaluate each profile are indicated on the plot. The dotted lines indicate θx calculated using DN,S using the 
upper-quartiles constrained from A20/21, whereas the solid lines show the average θx profile weighted by the empirically 
constrained DN,S distributions from the same authors, presented in panel (b). The solid yellow and purple lines are then 
additionally weighted by the empirically constrained ΔΦ distributions presented in panel (c), and then averaged to return the 
solid black line in panel (a), which represents the weighted average θx value of 23° that has been temporally averaged for the 
variability in PPO amplitude, beat phase, and Saturnian season.
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In Section 2.2, we discussed that PPO-driven reconnection may be more likely in the midnight and dawn local 
time sectors, where the current sheet is expected to be thinner and the characteristic kinetic length scales are 
shown to be larger. Thus, only half, or ∼180° of the equatorial magnetosphere would have current sheet condi-
tions favorable for PPO-driven reconnection. For our proposed phenomenon to occur in the dusk/noon local time 
sectors, additional thinning of the current sheet due to non-PPO driving, or local time asymmetries in the strength 
of the PPO systems would be required, but such behavior is not expected to be “typical” in Saturn's magneto-
sphere. Therefore, for the remainder of our discussion, we assume that PPO-driven reconnection might only be 
triggered while the reconnection favorable PPO phases θx are within the midnight and dawn local time sectors. 
The angular extent of the region where the equatorial current sheet allows for reconnection to be favorable will 
hereafter be characterized by θm.

In Figure 6, we show the time-variable evolution of the reconnection voltage associated with a modeled event, 
where we assume the azimuthal extent of the reconnection favorable PPO phases to be θx = 23°. In our modeled 
event, this ∼23° arc of reconnection favorable PPO phases rotates through the midnight and dawn local time 
sectors, that is, θm = 180°. The voltage is evaluated using Equation 4, for a predicted reconnection site at ρ = 25 
RS. The time taken for the PPO phases to rotate through 1° of Saturn's magnetosphere is ∼1.77  min. Thus, 
for θx = 23°, a time-variable voltage is applied for ∼38 min at the beginning and end of the event modeled in 
Figure 6. There is a potential difference applied to Saturn's magnetosphere for a total of ∼360 min (∼6 hr) during 
our modeled event, and assuming that PPO-driven reconnection can persist over 1–2 weeks-long timescales as 
inferred by A20/21, this process would then restart ∼4 hr later. The ∼6 hr reconnection event modeled in this 
section is found to be consistent with the results of Reed et al. (2018), who show that ∼264 short-duration events 
(<20 hr) of low frequency extensions in Saturn kilometric radiation, a feature associated with tail reconnection, 
can typically last up to ∼8 hr.

Figures 6a and 6b use E associated with the heavier and lighter current sheets presented in Figure 3, where E is 
variable with radial distance, but constant over time in each panel. The peak voltage applied to the magnetosphere 
changes drastically depending on the mass-content of the current sheet, where in the heavier current sheet approx-
imation, the predicted voltage peaks at ∼45 kV, whereas for the lighter current sheet, V peaks at ∼180 kV. We 
cannot constrain the extent of mass-depletion without more specific knowledge of each reconnection event, but 
assume instead that the peak voltage applied to the Saturnian system during the modeled reconnection event lies 
in the range between ∼45 kV (heavier current sheet) and 180 kV (lighter current sheet).

The total amount of magnetic flux involved in reconnection during our modeled event can be estimated by 
integrating the voltage presented in Figure 6 over time. Assuming (a) the heavier current sheet, we evaluate 
∼0.9 GWb of reconnected flux over the ∼6 hr event, whereas for (b) the lighter current sheet limit, we evaluate 
∼4  GWb of reconnected flux over the same time interval. While reconnection is active, the average voltage 
applied to the magnetosphere lies in the range between (a) ∼45 kV and (b) ∼180 kV. However, on ∼10.6 hr 
timescales (1 PPO cycle), reconnection is not expected to occur for ∼4 hr. Thus, the total voltage applied to the 
system averaged over one PPO cycle is in the range (a) ∼25 kV – (b) ∼100 kV.

Figure 6.  We show the time-evolution of the voltage applied to the magnetosphere for an example X-line with angular extent θx ∼ 40° as it rotates through a θm ∼ 
180° region of the magnetosphere where reconnection is favorable (i.e., D typically thinner). The X-line is assumed to form at radial distance ρ = 25 RS. This voltage is 
calculated for the limits of (a) a heavier current sheet and (b) a lighter current sheet as described in Figure 3.
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In Figure 7, we present the expected reconnection voltage over 1 PPO cycle for all iterations of θx,m between the 
exhaustive limits of 0°–360°, assuming PPO-driven reconnection occurs in a (a) heavier and (b) lighter current 
sheet. We consider a fixed radial distance of ρ ∼ 25 RS, as it lies within the radial distance range ∼20–30 RS where 
the statistical X-line may form in Saturn's magnetosphere (A. W. Smith et al., 2016). The voltages may vary by a 
few kV for reconnection sites at other radial distances, but this variability is not expected to be very large seeing 
as even though E decreases with radial distance, the length of the X-line associated with a fixed angular extent of 
PPO phases increases with radial distance.

Figure 7.  The expected reconnection voltage over 1 planetary period oscillations (PPO) cycle for all iterations of θx,m 
between 0° and 360° is presented. The panels correspond to the (a) heavier current sheet approximation and (b) the lighter 
current sheet approximation from Figure 3. We evaluate the reconnection voltage assuming that the reconnection site forms at 
ρ ∼ 25 RS. In each panel, three black lines indicate: θx = 180°, the “theoretical limit” on the expected extent of the PPO-driven 
reconnection X-line; θx = 84°, a case study of an interval where reconnection is expected to be actively occurring; and 23°, 
the time-average angular extent of the X-line that accounts for the variability of the relative configuration and amplitudes of 
the PPO systems.
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On Figure 7, solid black lines indicate three values of θx: 180° which is the theoretical limit on the extent of the 
X-line, seeing as PPO phase angles ΨN/S that are separated by ∼180° are associated with opposing dynamics (i.e., 
ΨN = 0° is associated with thinning the equatorial current sheet, whereas ΨN = 180° is associated with thickening 
it); 23°, the time-averaged extent of reconnection favorable PPO phases evaluated in Section 3; and ∼84°, which 
is the average θx from the two data intervals presented in Figure 4 at ΔΦ = 180°, calculated using the upper-quar-
tile of the DN,S distributions constrained by A20/21. The final θx value is used as a proxy for a short-timescale, 
“Active Time Case Study”, since we know those conditions are statistically likely and favorable for PPO-driven 
reconnection.

In Figure 7, the reconnection voltages associated with PPO-driven reconnection on short-term timescales, that 
is, for θx ∼ 84° have an upper-limit in the range between (a) ∼75 kV (heavier current sheet) and (b) ∼325 kV 
(lighter current sheet) over 1 PPO cycle for θm = 180°. On longer-term timescales, we assume a more consistent 
θx ∼ 23°, and the reconnection voltages over 1 PPO cycle lie in the range between (a) ∼20 kV (heavier) and (b) 
∼100 kV (lighter).

The long-term reconnection voltages associated with Dungey- and Vasyliunas style reconnection are shown to 
be on the order of ∼40 kV (Masters et al., 2014) and ∼100–200 kV (Badman & Cowley, 2007), respectively. 
Although, on shorter timescales associated with intervals of solar wind compression, voltages associated with 
Dungey style reconnection are expected to reach ∼100 kV (Badman & Cowley, 2007). During intervals of solar 
wind compression, that is, where Dungey style reconnection may be active, Provan et al. (2021) find a ∼15% 
increase in the half-thickness of the nightside current sheet and Bradley et al. (2020) show an enhancement in 
reconnection signatures when the solar wind compressions are coincident with PPO dynamics expected to thin 
the equatorial current sheet (i.e., ΔΦ ∼ 180° ± 90°). While a thicker current sheet corresponds to conditions that 
are less favorable for PPO-driven reconnection, A20/21 suggest that intervals of significant solar wind compres-
sion might be accompanied by an enhancement in PPO amplitude. Although we cannot distinguish which of 
these two drivers controls reconnection dynamics in Saturn's magnetosphere, we speculate that the role of PPOs 
in driving reconnection is not expected to be diminished by the solar wind compressions Saturn's magnetosphere.

The short-term timescale voltage range of ∼75–325 kV evaluated in our study for when PPO-driven reconnection 
is actively occurring shows that this phenomenon may be able to compete with, and perhaps even dominate over, 
the Vasyliunas cycle in Saturn's magnetosphere while it is actively occurring. Reconnection voltages with magni-
tudes of approximately a few hundred kV have previously been determined empirically by Arridge et al. (2016) 
and Jackman et  al.  (2011) over short-term timescales for tail reconnection events in Saturn's magnetosphere. 
However, on long-term timescales, where PPO-driven reconnection is not expected to be an ongoing process, the 
reconnection voltage range evaluated in our study is more comparable to the long-term Dungey Cycle estimates.

4.2.  Mass Loss From the Magnetosphere

Indirect evidence of mass loss from Saturn's magnetosphere had been inferred from the bi-modal distribution 
of the size of Saturn's magnetopause by Achilleos et al. (2008), attributing some of the variability to mass loss 
events that were expected to last “several hours” and recur every ∼5–10 days. Consequent studies by authors such 
as Hill et al. (2008) and Jackman et al. (2009) presented direct evidence of mass loss from the magnetosphere via 
the detection of plasmoids, which are loop-like structures enclosing magnetic flux and plasma that are expelled 
from the magnetosphere following magnetic reconnection. Observational predictions of plasmoid occurrence 
rates vary between ∼1 per hr from specific case studies (Jackman & Arridge, 2011) to more statistically aver-
aged values of ∼5 per day (Garton et al., 2021; A. W. Smith et al., 2016) in Saturn's magnetosphere. Modeled 
predictions of plasmoid occurrence rates vary between ∼1 every 7 min (for plasmoids of volume ∼10 �3

� with 
mass density associated with 18 amu ions; Bagenal & Delamere, 2011), and ∼1 per planetary rotation from 
MHD simulations of Saturn's magnetosphere driven by the polar-ionospheric flows which may drive PPOs (Jia 
& Kivelson, 2012).

For a fixed point in Saturn's magnetosphere where reconnection is favorable, a PPO X-line with θx = 23° indicates 
the possibility of continuous reconnection occurring for ∼40 min per PPO cycle. Assuming that the current sheet 
loses mass via plasmoid formation during this time, then the reconnection voltage associated with θm ∼ 180° 
would lie in the previously stated range of ∼20 kV (heavier current sheet) and ∼100 kV (lighter current sheet) 
over 1 PPO cycle.
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Since we do not know the full spatial extent of the plasmoid structure that would form during such an event, we 
determine the expected mass loss from the magnetosphere by scaling our modeled rate of flux by the mass-per-
unit magnetic flux of ∼10 −3 kg/Wb determined by McAndrews et al. (2009) for Saturn's magnetosphere.

On short-term timescales, for example, our case study of θx ∼ 84°, the modeled fluxes have an upper-limit in 
the range between ∼0.9 and 4 GWb over 1 PPO cycle. This indicates mass loss rates that lie within the range 
∼75–325 kg/s. Provided that the current sheet is not significantly mass depleated for the majority of the event, the 
modeled mass loss rates are consistent with the short-term mass-loading rates of ∼8–250 kg/s from Enceladus, 
determined by Bagenal and Delamere (2011).

On longer-term timescales, where θx,m = 23°, 180°, the modeled fluxes lie in the range between ∼0.4 and 2 GWb, 
which corresponds to mass loss rates in the range ∼20–100 kg/s. The time-averaged mass-loading from Encela-
dus in the inner magnetosphere is expected to be on the order of ∼100 kg/s, which indicates that at least ∼20% of 
the mass loss from the magnetosphere could be attributed to PPO dynamics.

Since the angular extent of reconnection favorable PPO phases can vary with PPO modulation amplitude and beat 
phase, for smaller values of θx, we might expect the long term mass loss to occur in the form of small-scale “driz-
zle-like” reconnection in Saturn's magnetosphere, as predicted by authors such as Bagenal and Delamere (2011), 
Delamere et al.  (2015), and Thomsen et al.  (2014). Theoretical calculations of magnetodisc equilibria for the 
Jovian middle magnetosphere also suggest the possibility of drizzle-like plasma ejection following reconnection 
in that region (e.g., Nichols et al., 2015).

5.  Conclusions
In this study, we set out to answer the following questions: could the PPO-driven thinning of Saturn's equatorial 
current sheet trigger the onset of magnetic reconnection under typical magnetospheric conditions? If so, what is 
the relative contribution of this phenomenon toward global magnetospheric circulation and mass loss at Saturn 
on both short- and long-term timescales?

Using empirical constraints on the PPO systems presented by Agiwal et al. (2021) and Agiwal et al. (2020) (A20/21) 
and an empirical model of PPO modulation of Saturn's equatorial current sheet (Cowley & Provan, 2017), we 
show that PPO-driven reconnection can in fact occur in Saturn's magnetosphere, but it is not expected to be an 
on-going process. We find that the onset of PPO-driven magnetic reconnection is dependent on the amplitude of 
modulation and beat phase of the PPO systems, which both vary with time, as well as spatial asymmetries in the 
current sheet half-thickness and characteristic ion kinetic length scales, which make PPO-driven reconnection 
more likely in the midnight and dawn local time sectors.

On short-term timescales, while PPO-driven reconnection is expected to be active, we evaluate reconnection volt-
ages that have an upper-limit that lies in the range between ∼75–325 kV on the order of 1 PPO cycle (∼10.6 hr), 
which might consistently be applied to the magnetosphere for ∼1–2 weeks every ∼6–8 weeks. During these 
intervals, while PPO-driven reconnection is expected to be active, the mass loss rate associated with PPO-driven 
reconnection would lie in the range between ∼75–325 kg/s, which is consistent with the short-term mass-loading 
rates of ∼8–250 kg/s from Enceladus (Bagenal & Delamere, 2011).

However, taking into account the irregular nature of this phenomenon, we evaluate long-term reconnection volt-
ages that lie in the range between ∼20–100 kV on the order of 1 PPO cycle, that would consistently be applied 
to the magnetosphere on year-long timescales. The associated mass loss rates are estimated to lie in the range 
∼20–100 kg/s, which is consistent with the time-averaged mass-loading rate of ∼100 kg/s from Enceladus (Bage-
nal & Delamere, 2011).

It is clear then that on long-term timescales, PPO-driven reconnection, where atmospheric perturbations drive 
large-scale thinning of the equatorial current sheet globally, is unlikely to be able to compete with the much 
more dominant Vasyliunas cycle, where equatorially mass-loaded field lines become radially distended in the 
post-dusk magnetosphere. The Vasyliunas cycle is expected to consistently drive which is expected to consist-
ently  drive the magnetosphere with voltages of ∼100–200 kV, unless the PPO dynamics are constantly operating 
in a severely mass depleted current sheet (which is highly unlikely). However, while PPO-driven reconnection is 
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actively occurring, the reconnection voltages and mass loss associated with PPO dynamics may at times be on par 
with, if not more dominant than, co-rotation driven dynamics in Saturn's magnetosphere.

Data Availability Statement
Cassini magnetometer data supporting this work are publicly available on the Imperial College London MAGDA 
server (https://magda.imperial.ac.uk/) and the NASA Planetary Data System at the Jet Propulsion Laboratory 
(https://pds.jpl.nasa.gov/). The Cassini plasma moments used in this study are derived using the data products 
from Wilson et al. (2017).
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