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Abstract We examine the final 44 orbits of the Cassini spacecraft traversing the midnight sector of
Saturn's magnetosphere to distances of ~21 Saturn radii, to investigate responses to heliospheric
conditions inferred from model solar wind and Cassini galactic cosmic ray flux data. Clear storm responses
to anticipated magnetospheric compressions are observed in magnetic field and energetic particle data,
together with Saturn kilometric radiation (SKR), auroral hiss, and ultraviolet auroral emissions. Most
compression events are associated with corotating interaction regions, producing ~2–3.5 day intervals of
magnetospheric activity that are recurrent with the ~26 day solar rotation period (one or two such events per
rotation), though one on the final pass is related to a nonrecurrent interplanetary shock possibly associated
with an earlier X‐class solar flare. The response to compressions is modulated by the concurrent relative
phasing of the northern and southern planetary period oscillation (PPO) systems, with long (>1 planetary
rotation) SKR low‐frequency extension (LFE) intervals associated with strong field‐aligned coupling
currents being favored when the two PPO systems act together to thin and thicken the tail plasma sheet
during each PPO cycle. LFE onsets/intensifications are then favored at thin plasma sheet phases most
unstable to reconnection, producing energetic nightside particle injections and poleward contractions of
dawn‐brightened auroras. Correspondingly, solar rotation recurrent intervals of magnetospheric quiet
conditions also occur with weak energetic particle fluxes and auroral emissions, associated with extended
solar wind rarefactions. Overall, the results emphasize how strongly activity in Saturn's magnetosphere is
modulated by concurrent heliospheric conditions.

1. Introduction

This paper is principally concerned with the dynamics in Saturn's magnetic tail observed by the Cassini
spacecraft during the final set of Grand Finale F ring and proximal orbits, between December 2016 and
September 2017. Research using Cassini data over the past ~15 years, together with auroral observations
from the Hubble Space Telescope (HST), have shown that dynamical events can broadly be divided into
two types. One is driven internally to the magnetosphere and modulated near the planetary rotation period.
The other is driven by interaction with the solar wind and modulated at periods related to the solar rotation
period, and at sporadic intervals by interplanetary coronal mass ejections (ICMEs). Here we begin by briefly
reviewing present understanding of these related topics.

1.1. Internally Generated Dynamics in Saturn's Magnetosphere

While it has long been appreciated that the flow in Saturn's magnetosphere is dominated by rotation with
the planet driven by coupling to the ionosphere and upper atmosphere (e.g., Badman & Cowley, 2007),
results from the Cassini mission have transformed understanding of the consequent dynamics in two major
respects. The first is the discovery of a ~100 kg s−1 source of water plasma from the moon Enceladus located
deep within the equatorial magnetosphere at a radial distance of ~4 RS (e.g., Bagenal & Delamere, 2011) (RS
is Saturn's 1 bar equatorial radius equal to 60,268 km). Associated dynamics are consequently dominated by
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outward radial transport via centrifugally driven flux tube interchange motions (e.g., Azari et al., 2019; Chen
et al., 2010; Liu et al., 2010; Liu & Hill, 2012), with subsequent outflow and mass loss occurring downtail via
reconnection and plasmoid formation (Cowley et al., 2015; Thomsen et al., 2013; Vasyliunas, 1983).

Figure 1. Sketches of the magnetic fields and currents associated with the northern (Figures 1a–1d) and southern
(Figures 1e–1h) PPO systems, where green arrowed lines and symbols represent electric currents, and blue arrowed
lines and symbols the associated perturbation fields. Circled dots and crosses indicate vectors pointing out of and into the
plane of the diagram, respectively. Figures 1a and 1e show views of the ionosphere looking down from the north
“through” the planet for the southern ionosphere, where the arrowed red lines also indicate the associated ionospheric/
atmospheric flow streamlines. Also shown are the phase quantities ΨN,S employed to define azimuth with respect to the
rotating PPO systems. Figures 1b and 1f show the currents and field perturbations in the ΨN,S = 90 – 270° meridian,
while Figures 1c and 1g show the field perturbations in the ΨN,S = 0 – 180° meridian, where the arrowed black lines
indicate the quasi‐axisymmetric planetary field on which these perturbations are superposed. Figures 1d and 1h indicate
the effect of the PPO field perturbations on the magnetic field in the ΨN,S = 0 – 180° meridian plane, where the effects
at ΨN,S = 0° and 180° drawn for convenience on opposite sides of the planet are intended principally to show the
effects at those phases on tail field lines. The arrowed black lines show the perturbed field lines, while the dashed lines
indicate the outer boundary of the plasma/current sheet. Adapted from Andrews et al. (2010), Provan et al. (2012),
Hunt et al. (2015), and Cowley et al. (2017).
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Frequent downtail propagation of ~5–10 min duration plasmoids have been observed (Hill et al., 2008;
Jackman et al., 2008, 2011, 2014; Smith et al., 2016), as well as field dipolarizations with plasma energization
and planetward flow lasting for several tens of minutes (Jackman et al., 2015; Smith et al., 2018; Thomsen
et al., 2013; Yao et al., 2017), resulting from such “Vasyliunas cycle” reconnection events. Irrespective of
whether these events take place in a quasi‐steady or time‐dependent manner (e.g., Kivelson &
Southwood, 2005), however, the basic magnetospheric structure to which this scenario gives rise consists
of an inner region where the rotating flux tubes are mass loaded with cool outflowing Enceladus plasma, sur-
rounded by an outer mass‐depleted region of residual cool plasma combined with hot plasma energized by
the recurrent reconnection events in the tail (Cowley et al., 2004; Thomsen & Coates, 2019). Empirically, this
division occurs at a radial distance of ~10 RS in the equatorial plane (e.g., Kellett et al., 2011), across which
region the primary flux tube interchange motions are excited (e.g., Thomsen & Coates, 2019).

The second important finding is that the down tail plasma loss by plasmoid release is strongly modulated
by the rotating planetary period oscillation (PPOs) systems that are separately driven from the
northern and southern polar ionospheres, whose effects are ubiquitously observed in Saturn's magneto-
sphere (e.g., Carbary et al., 2018). As discussed in some detail below, these systems give rise to intervals of
thickening and thinning of the nightside plasma/current sheet during their rotational cycles, as well as to
north‐south oscillations (Cowley & Provan, 2017; Cowley et al., 2017; Morooka et al., 2009; Provan
et al., 2012), with plasmoids being released preferentially when rotation phases associated with current sheet
thinning sweep across the tail (Bradley et al., 2018; Jackman et al., 2016). Correspondingly, PPO‐modulated
injections of hot plasma into the outer region occur on the nightside, followed by rotation around the planet
via dawn, as observed remotely both in energetic neutral atom (ENA) images and auroral emissions at var-
ious (ultraviolet (UV), infrared, and radio) wavelengths (Bader, Badman, Cowley et al., 2019; Kinrade
et al., 2020; Lamy et al., 2013; Mitchell et al., 2005, 2009).

These injection events are also associated with few‐hour enhancements in Saturn kilometric radiation
(SKR), an electromagnetic emission usually peaking in the frequency range ~100–400 kHz, generated
by the cyclotron maser instability of accelerated auroral electrons (Lamy et al., 2011). In addition to an
increase in power, the emission in such events also typically extends to lower frequencies ~10 kHz, form-
ing a “low‐frequency extension” (LFE) event (Jackman et al., 2009; Reed et al., 2018). Since SKR is gen-
erated in its source region at frequencies very close to the electron cyclotron frequency, proportional to
the field strength, an LFE event implies an extension of the source region to higher altitudes along aur-
oral field lines, likely resulting from an intensification of the associated upward directed auroral
field‐aligned currents. The thinned plasma/current sheet condition for preferential plasmoid release
down‐tail occurs when the primary PPO‐related upward directed field‐aligned currents for both northern
and southern PPO systems are centered in the dusk/premidnight sector (see Figure 1 introduced in
section 1.3 below). This is also the condition for near‐minimum SKR emitted power from the primary
dawn/prenoon SKR sources in the usual PPO modulation cycle. Maximum power occurs when the
PPO‐related upward field‐aligned currents rotate through half a cycle into the postdawn sector (e.g.,
Provan et al., 2019). Consequently, these few‐hour LFE events, together with their ENA and UV auroral
counterparts, generally start and develop during the rising phase of the usual SKR modulation cycle
(Jackman et al., 2009; Reed et al., 2018). We note, however, that while clearly modulated by the PPO sys-
tems, such dynamic events do not occur during every PPO cycle. The number of independent reconnec-
tion episodes in the Smith et al. (2016) catalog of plasmoid and dipolarization events observed in Saturn's
tail, for example, corresponds to one event for every ~1.5 PPO cycles of 10.7 hr (Bradley et al., 2018).
However, each such reconnection episode may consist of a sequence (typically ~5) of individual
~5–10 min duration plasmoid/dipolarization events over an interval of ~3 hr.

1.2. Solar Wind Generated Dynamics in Saturn's Magnetosphere

Thoughmost of the dynamical events observed in Saturn's magnetosphere are thus internally generated and
modulated at the planetary (PPO) rotation period as described above, more infrequent but longer‐lasting
events also occur which are related to the magnetospheric interaction with the solar wind. These were first
detected via enhancements in SKR power correlated with the solar wind dynamic pressure observed during
approach to Saturn by the Voyager spacecraft in 1980/1981 (Desch, 1982; Desch & Rucker, 1983), thus being
modulated on ~26 day solar rotation timescales by the structure of the interplanetary medium. Related
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observationsmade by the Cassini spacecraft during its approach in 2004, combined with UV auroral imaging
by the HST, showed that the impact of a recurrent corotating interaction region (CIR) was associated with a
brightening and poleward expansion of the dawn auroras reaching almost to the planetary pole (Clarke
et al., 2005; Grodent et al., 2005; Kurth et al., 2005). The impact of an ICME was implicated in a related aur-
oral event observed in earlier HST images (Prangé et al., 2004). Subsequent “auroral storm” events have been
discussed extensively (e.g., Badman et al., 2016; Clarke et al., 2009; Kurth et al., 2015; Lamy et al., 2018;
Meredith et al., 2014; Nichols et al., 2014), while Bunce et al. (2010) have reported Cassini in situ observations
of intense field‐aligned currents and hot plasma extending near to the planetary pole in the midnight‐dawn
sector, with further discussion on the same event by Lamy et al. (2010) showing its solar wind‐driven nature.
Such observations are indicative of compression‐induced closure of significant openmagneticflux in Saturn's
tail (Badman et al., 2005; Bunce et al., 2006; Cowley et al., 2005), as is sometimes also observed to occur at
Earth (e.g., Boudouridis et al., 2004). Though it is possible that reconnection events associated principally
with recurrent Vasyliunas‐cycle downtail mass loss continue for some interval after plasmoid release to close
some surrounding open tail lobe flux (Jackman et al., 2011), the overall closure of open flux in these events
appears to be modest (Jackman et al., 2013; Radioti et al., 2016). The appropriate comparator is the total
amount of open flux within the system, typically ~30 GWb as determined from the dark area poleward of
the typical quiet auroral oval (e.g., Badman et al., 2005), as well as from studies of the poleward limit of
hot trapped plasma (Jasinski et al., 2019). The “Dungey cycle” (Dungey, 1961) of open flux production and
closure at Saturn then appears broadly divided into two types of interval (Jackman et al., 2004; Badman et al.,
2005). During intervals of solar wind rarefaction when the interplanetary magnetic field (IMF) is weak
(~0.1 nT or less), open flux is accumulated and lost at low rates, corresponding to reconnection voltages of
order tens of kilovolts (flux rates of order tens of kWb per second), though possibly integrating to significant
amounts over rarefaction intervals lasting several days. During few‐day intervals of solar wind compression
associatedwith CIRs or ICMEswhen the IMF is strong (~1 nT), however, open fluxmay be lost and also accu-
mulated at much greater rates, corresponding to hundreds of kilovolts (hundreds of kWb per second). It is
clearly the latter intervals that correspond to the observed auroral storms with longer‐lived SKR LFE events,
typically lasting for a few Saturn rotations (e.g., Meredith et al., 2014b; Reed et al., 2018). We note that unlike
the recurrent shorter‐lived (few hour) LFE events, Reed et al. (2018) found no PPO‐dependence of the onset
of such longer‐lived events. As previously reported by Badman et al. (2008), however, they also note that SKR
emissions during such intervals may continue to be modulated by the ongoing PPO cycle, possibly indicative
of multiple PPO‐related activations of enhanced tail reconnection. Although estimates of open flux produc-
tion rates at Saturn based on interplanetary parameters are somewhat uncertain, considerable evidence has
been gathered during the Cassini mission, both from in situ and auroral data, for its frequent occurrence at
the dayside magnetopause (Badman et al., 2013, 2014; Fuselier et al., 2014; Jasinski et al., 2014, 2016;
Meredith et al., 2014; Radioti et al., 2011; 2013; Sawyer et al., 2019).

By comparison, in situ observations of Saturn's magnetotail dynamics associated with such solar
wind‐driven storm intervals have been less well studied to date, one particular reason being that without
an upstream monitor, it is difficult to be clear about concurrent solar wind conditions when Cassini is
located in the magnetic tail. One such event, however, was observed during the first Cassini outbound pass
through Saturn's magnetotail following orbit insertion in July 2004, Jackman et al. (2005) having shown
from inbound and outbound observations outside of the magnetosphere that a recurrent CIR had impinged
upon the systemwhile the spacecraft was inside. Observations within the tail included amajor enhancement
in SKR power with a LFE, an associated injection of hot plasma with ion energies extending to >100 keV,
and a dipolarization in the field observed at a radial distance of ~16.5 RS in the postmidnight sector
(Bunce et al., 2005). Thomsen et al. (2015) also presented observations of a ~5 hr interval of open tail field
reconnection, judged from the relative lack of water ion content in the planetward streaming plasma, that
was likely associated with a solar wind compression. Similar water ion‐poor conditions indicative of open
field reconnection were also found in dipolarization events studied by Smith et al. (2018). No auroral ima-
gery was available for any of these intervals. Another example involving an SKR burst and field dipolariza-
tion observed during an auroral storm on the final inbound Cassini pass in September 2017 has, however,
been briefly described by Palmaerts et al. (2018). This event also forms part of the present study.

The lack of upstream monitoring may be ameliorated in two ways. The first, as employed by Thomsen
et al. (2015), is to use solar wind data obtained from near‐Earth orbit to initialize an MHD calculation of
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the plasma outflow propagated to Saturn (e.g., Tao et al., 2005; Zieger & Hansen, 2008). Such modeled para-
meters can be effective in accounting for major structures in the flow and field to within a day or so, provided
that the data source and Saturn are in sufficient radial alignment. Second, it has been shown by Roussos,
Jackman, et al. (2018) and Roussos, Krupp, et al. (2018) that contemporaneous if relatively low temporal
resolution solar wind conditions can be near‐continuously discerned from Cassini energetic particle mea-
surements that are sensitive to solar energetic particle (SEP) and galactic cosmic ray (GCRs) fluxes that pene-
trate deep within Saturn's magnetosphere. Forbush decreases in the GCR flux (Lockwood, 1971) are
indicative of the arrival at Saturn of CIR‐ or ICME‐related high field compression regions in the solar wind,
while increases in SEPs are indicative of connection to approaching related interplanetary shocks where
these particles are energized before streaming out ahead of the shock.

Here we employ both techniques to study the solar wind dependence of dynamical events in Saturn's night-
side magnetosphere observed on the final set of F ring and proximal orbits. These data are well‐adapted to
this study since the orbits lie near continuously on the nightside in the midnight and postmidnight sector,
apart from relatively brief periapsis passes on the dayside, consisting of 20 F ring orbits that are closely simi-
lar to each other, followed by 23 proximal orbits (including the final inbound half orbit prior to atmospheric
entry) that are likewise closely similar to each other. Pass‐to‐pass differences in the data within each set thus
relate specifically to temporal variations in the magnetospheric system associated with dynamics, which we
compare with inferred heliospheric conditions. The interval is also reasonably well supported by auroral
imagery obtained both by Cassini and by the HST. We also examine these events for PPO‐related dependen-
cies. To this end we conclude this introduction with a brief discussion of nightside plasma/current sheet
modulations associated with the PPO phenomenon.

1.3. PPO Modulations of Saturn's Nightside Plasma/Current Sheet

The physical picture of PPO modulations in Saturn's magnetospheric tail, to which we refer extensively in
subsequent sections, is shown in Figure 1, based on observations and modeling presented by Morooka
et al. (2009), Carbary et al. (2008), Andrews et al. (2010), Arridge et al. (2011), Provan et al. (2012),
Jackman et al. (2016), Thomsen et al. (2017), Cowley et al. (2017), Cowley and Provan (2017), Hunt
et al. (2015), and Agiwal et al. (2020). Figures 1a–1d in the left column refer to modulations due to the north-
ern (N) PPO system driven from the northern polar ionosphere, while Figures 1e–1h in the right column
refer to modulations due to the southern (S) PPO system driven from the southern polar ionosphere.
Figures 1a and 1e show views of the ionosphere looking down from the north, “through” the planet for
the southern ionosphere in Figure 1e. These figures also show the phase quantities ΨN,S employed to define
azimuthal position with respect to these rotating systems. Figures 1b and 1f show the current flows (green)
and field perturbations (blue) in the ΨN,S= 90 – 270° meridian plane, while Figures 1c and 1g show the field
perturbations in the ΨN,S = 0 – 180° meridian plane. Red arrowed lines show the sense of the
atmospheric/ionospheric flow associated with each current system (Hunt et al., 2014; Jia et al., 2012), while
black arrowed lines indicate the near‐axisymmetric planetary background magnetic field. We note that the
PPOΨN,S= 0° meridians are defined to be those where the near‐equatorial quasi‐uniform perturbation field
in the near‐planet region points directly radially outward from the planet.

The black arrowed lines in Figures 1d and 1h show the overall effect of the perturbation fields in the
ΨN,S = 0 – 180° meridian plane, where the effects represented at ΨN,S = 0° and 180° on opposite sides
of the planet are principally intended to indicate the PPO‐related modulations at those phases on tail field
lines. These diagrams first show the displacement of the plasma/current sheet center to the south for ΨN,

S = 0° and to the north for ΨN,S = 180°, associated with the effect of the radial field components, which vary
as cosΨN,S for both systems. The figures also show thickening of the plasma/current sheet for ΨN= 180° and
ΨS= 0°, and thinning of the plasma/current sheet forΨN= 0° andΨS= 180°, associated with the effect of the
colatitudinalfield (positive toward the south near the equator), which varies as cosΨS for the southern system
(Figure 1g), but as −cosΨN for the northern system (Figure 1c). Thickening of the plasma/current sheet is
associated with phases for which the PPO fields augment the southward planetary field at the equator, while
thinning is associated with phases for which the PPO fields reduce the southward planetary field in this
region. In addition, the PPO systems are also associated with radial transport of field and plasma within
the magnetosphere, indicated by the associated ionospheric flow streamlines shown by the arrowed red
dashed lines in Figures 1a and 1e. Consideration of the meridional flows imposed as these systems rotate
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anticlockwise relative to the subcorotating magnetospheric plasma shows that, for example, the largest out-
ward radial displacements occur at ΨN = 270° for the northern system, and at ΨS = 90° for the southern
system.

The effects of the two systems are in general simultaneously present in the nightside plasma/current sheet,
with comparable amplitudes during the interval examined here, thoughwithmodest northern dominance as
outlined in section 2.3.1. The resulting overall modulation thus depends on the relative rotation phase of the
two PPO systems (the “beat phase”). Figures 1d and 1h show that the north‐south oscillations will be max-
imized when the two systems are in phase (beat phase 0°/360°), while the thickening‐thinning effect will
then be minimized, since the radial perturbation fields of the two systems will be in phase while the colati-
tudinal fields will be in antiphase. Conversely, the thickening‐thinning effect (and the radial displacement
effect) will be maximized when the two systems are in antiphase (beat phase 180°), while the north‐south
oscillations will be minimized, since the colatitudinal perturbation fields of the two systems will then be
in phase while the radial fields will be in antiphase. Since we may expect reconnection to be favored at
phases corresponding to thin current sheets with weakened southward directed fields, it is under the latter
antiphase conditions that we may expect the greatest PPO modulation of reconnection in the tail current
sheet, that is, at phases of ~0°/360° for the northern system and ~180° for the southern system, consistent
with the results of Bradley et al. (2018) for the dominantly short‐lived plasmoid/dipolarization events in
the tail.

2. Data Set

In this study we combine examination of magnetic field, charged particle, radio emission, auroral UV, and
model data to identify intervals of solar wind‐related tail dynamics at Saturn, observed during the final set of
Cassini orbits. In section 2.1 we introduce the interval employed and the properties of the Cassini orbit that
determine the nature of the in situ data. In section 2.2 we then describe the instrument data sets and the pur-
pose for which they are employed, while in section 2.3 we similarly describe the model data sets. Section 2.4
then discusses the concurrent heliospheric conditions inferred from the model solar wind/IMF data com-
bined with the Cassini GCR/SEP data.

2.1. Interval of Study

Data from two main intervals are studied here. The first corresponds to the Cassini F ring orbits, revolutions
(Revs) 251–270, starting on 1 December 2016 (Day 336 of 2016 or Day 4,718 in doy2004) and ending on 23
April 2017 (Day 113 of 2017 or Day 4,861 in doy2004), though we also examine data from Rev 250, similar
to the F ring orbits, occurring immediately prior to this interval. The second corresponds to the proximal
orbits (Revs 271–293), starting on 23 April 2017, and ending on 15 September 2017 (Day 258 of 2017 or
Day 5,006 in doy2004). Doy2004 is employed as a convenient time parameter for multiyear data sets and
is defined such that t = 0 corresponds to 00 UT on 1 January 2004, effectively the start of the Cassini science
mission. The trajectories of these Revs are plotted in Figure 2 in Krono‐Graphic Stationary (KGS) coordi-
nates, in which Z is Saturn's spin/magnetic axis positive to the north, the X‐Z plane contains the Sun (toward
positive X), and Y completes the right‐hand triad pointing toward dusk. Figure 2a shows the Y‐X plane
viewed from the north, Figure 2b the Z‐X plane viewed from dawn, and Figure 2c the Z‐Y plane viewed from
the Sun. The trajectories are color coded by Rev as shown at the top of the figure, with Rev numbers
employed here following the usual Cassini mission scheme defined from apoapsis to apoapsis.

The F ring Revs consist of 20 highly inclined orbits of Saturn (inclination ~63.5°) with periods of ~7.1 days,
that dive at periapsis past the outer edge of Saturn's rings at ~2.5 RS on the dayside of the planet, with apoap-
sis at ~21 RS on the nightside (Figures 2a and 2b). Apoapsides are confined in local time (LT) to near ~2 hr LT
in the postmidnight sector, located ~3 RS north of the equatorial plane. The proximal Revs consist of 22.5
similarly highly inclined orbits (inclination ~61.8°) with a period of ~6.7 days, though with the orbit near
periapsis now crossing between the inner edge of the D‐ring and Saturn's upper atmosphere at a radial dis-
tance of a little over 1 RS, culminating with the end of the Cassini mission in Saturn's dayside upper atmo-
sphere on Rev 293. The proximal orbits are thus similar to the F ring orbits, though with a few differences.
Most importantly, while the apoapsides are nearly at the same radial distance throughout, and with a similar
northward displacement from the equatorial plane, the orbit ellipse is more eccentric for the proximal orbits
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than for the F ring orbits, such that Cassini is in general located closer to the nightside equatorial plane
where it is more sensitive to variations in the thickness of the plasma/current sheet. We also note the greater
rate of change of the LT of apoapsis during the proximal orbits, with that for Rev 271 being at ~2 hr LT in the
morning sector, similar to the F ring orbits, decreasing over successive orbits to a final apoapsis LT of ~23 hr
premidnight for Rev 293.

In Figure 2b the Arridge et al. (2008) bowl model of the center of Saturn's current sheet is plotted for the
noon‐midnight meridian using the equation

ZCS ¼ ρ − rH tanh
ρ
rH

� �� �
tanθSUN ; (1)

in which ZCS is the position of the center of the current sheet (where Br changes sign) northward of the equa-
torial plane (for ZCS positive), ρ is the cylindrical radial distance from Saturn's spin/magnetic axis, rH is the
characteristic hinging distance of the current sheet, and θSUN is the latitude of the solar wind flow, taken
to be the negative of the latitude of the Sun. All units of distance are given in RS. Northern solstice occurred
on 24May 2017 during our study interval (Day 114 of 2017 or Day 4,862 doy2004), such that the latitude of the
Sun is nearly fixed at itsmaximumvalue ~26.5° throughout the interval considered here (taken to be constant
in the plot). Fits to data in prior studies have provided varying estimates of the hinging distance of 16 and 29
RS in Arridge et al. (2008) and ~27 ± 6 RS in Carbary et al. (2015). Here we take illustrative rH values of 20 RS,
shown by the southernmost black dashed line in Figure 2b, and 30 RS shown by the northernmost black
dashed line, with the region between being shaded dark gray. The lighter‐gray‐shaded regions extend 2.5
RS north and south of the darker‐shaded region, giving an initial indication of the region where Cassini
may be expected to encounter the tail plasma/current sheet. Due to the northward displacement of apoapsis,
combined with the southward seasonal displacement of the plasma/current sheet, in all cases the spacecraft
is expected to be located closer to the center of the plasma sheet on its southern outbound passes than on its
northern inbound passes, crossing through the sheet center outbound ~2RS southward of the planetary equa-
torial plane at a radial distance from Saturn of ~17 RS. Of course, this picture of the current sheet and its loca-
tion should be considered only as a rough guide, given the PPO‐related north–south oscillations and
thickening and thinning effect discussed in section 1 (Figure 1).

Overall, we thus examine data from 43.5 Cassini Revs over an interval of ~9.5 months. As will be discussed in
section 2.3, during this interval the northern PPO period was near fixed at ~10.79 hr while the southern

Figure 2. Plot of the Cassini trajectory during the F ring and proximal orbits (1 December 2016 to 15 September 2017) in KGS coordinates. Figure 2a shows
the trajectory projected into the X‐Y plane looking along Saturn's spin/magnetic axis from the north, Figure 2b shows the X‐Z plane viewed from dawn toward
dusk, while Figure 2c shows the Y‐Z plane viewed from the Sun toward Saturn. Unit distances in each figure are given in RS. Individual revs are color coded
according to the scheme shown above the panels, with the F ring orbits (Revs 251–270) colored blue to green, and the proximal orbits (Revs 271–293) colored
yellow to red. In Figure 2b the dark‐gray‐shaded region bordered by black dashed lines shows the expected location of the center of the tail current sheet according
to the Arridge et al. (2008) model, where the southern and northern dashed lines correspond to limiting model hinging distances of 20 and 30 RS, respectively.
The lighter‐gray‐shaded regions extend 2.5 RS either side of these central locations, giving an indication of the thickness of the current sheet.
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period was likewise near fixed at ~10.68 hr (Provan et al., 2018). These periods imply a PPO beat period of
~42.5 days, such that the overall interval corresponds to ~7 cycles of beat phase. Similarly, at the solar
rotation period of ~26 days the interval also corresponds to ~11 cycles of periodic solar wind conditions,
to which additional nonrecurrent (e.g., ICME) events may be added. Brief examination then shows that
the difference between the beat period and the solar rotation period, or near multiples thereof, is such
that a broad range of relative phase conditions occurs between the PPO beat cycle and the solar rotation
cycle over the data set as a whole, upon which the natural variability of the heliospheric medium is also
superposed. Consequently, the interval allows the study of the response to a significant number of solar
wind compression events over a range of PPO conditions, thus allowing examination of the influences of
both.

2.2. Instrument Data Sets

In this section we provide relevant details of each of the data sets used in this study, together with the pur-
pose for which they are employed.
2.2.1. MAG
Magnetic field data from the Cassini MAG instrument (Dougherty et al., 2004) are first employed to detect
the onset of solar wind compressions in Saturn's magnetic tail through rapid enhancements in the field
strength, combined with deflections in the field direction away from the planetary equatorial plane toward
the direction of the solar wind flow. In effect, increases in solar wind dynamic pressure result in decreases in
the hinging distance rH in Equation 1, such that the tail field deflects toward the solar wind direction at
increasingly small radial distances downtail (Figure 2b).

Second, previous studies discussed in section 1 (e.g., Smith et al., 2016, 2018; Thomsen et al., 2013, 2015)
have shown that in situ signatures of tail reconnection may be also be identified, usually combined with
hot plasma signatures (section 2.2.2 below). Dipolarizations are marked by a southward deflection of the
field, associated with an increase in the colatitudinal component, generally combined with a reduction in
the radial component. By contrast, plasmoids are marked by small southward deflections of the field fol-
lowed by larger northward deflections. The associated tail X‐line has been suggested to be formed at highly
variable radial distances between ~20 and ~70 RS. Thus, with the apoapsis of Cassini being at ~21 RS during
the interval (Figure 2), close to the minimum value, the principal signatures of reconnection are expected to
be dipolarization events rather than plasmoids.

In Figure 3 we show a diagram of the near‐planet magnetic field response to dipolarizations, where Figure 3a
shows a meridional cross section of Saturn's nightside magnetotail before reconnection, while Figure 3b)
shows the same region after reconnection. Following tail reconnection occurring at larger distances, tail field
lines collapse toward the planet, reducing the tail current and perturbation field such that the field in the
inner tail becomes more dipolar in form. For a spacecraft located northward of the current sheet in
Figure 3a, and near stationary in position on the timescale of the field reconfiguration, the dipolarization
will be seen as an increase in the colatitudinal field (Bθ), positive southward, and a reduction in the radial
field (Br). In addition, if the spacecraft is sufficiently close to the equatorial plane it may also become

Figure 3. Diagram (not to scale) of the expected response of Saturn's magnetic field close to the planet following tail
reconnection. Figure 3a shows a meridional cross section of Saturn's magnetosphere near the noon‐midnight
meridian, with noon on the left and midnight on the right. The total magnetic field is shown by black arrowed lines with
gray‐shaded areas indicating regions of hot plasma. The circled green crosses indicate Saturn's tail current sheet, flowing
into the page, with the associated magnetic perturbation field shown via arrowed black dashed lines. Following tail
reconnection the current sheet and perturbation field effectively contracts tailward as shown in Figure 3b, such that the
field assumes a more dipolar form in the inner part of the system, while the hot plasma region expands outward.
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engulfed in hot plasma as shown in Figure 3b, as the plasma sheet expands north‐south away from the equa-
torial region. This will cause further reduction in the radial field as the spacecraft enters the current sheet,
together with the appearance of high‐frequency field fluctuations, absent in the tail lobes, associated with
the presence of hot plasma.
2.2.2. MIMI/LEMMS
Following tail reconnection, hot plasma is accelerated inward toward Saturn forming a dipolarization front
as sketched in Figure 3, causing the plasma sheet to expand away from the equator in the near‐planet tail.
Given an appropriate spacecraft location, such plasma injections are readily observed using the energetic
particle detection capabilities of the Cassini Low Energy Magnetospheric Measuring System (LEMMS) of
the Magnetospheric Imaging Instrument (MIMI), full details of which are presented by Krimigis et al. (2004)
and Armstrong et al. (2009). Here we use LEMMS channels A1–A5 which detect protons of energy 35–
56 keV (A1), 56–106 keV (A2), 106–255 keV (A3), 255–506 keV (A4), and 506–805 keV (A5). We note that
although these channels also detect heavier ions at energy ranges given by Armstrong et al. (2009), they
are typically dominated by protons in the energy ranges specified above (Kotova et al., 2015). We also use
channels E0–E4 which detect electrons with energies of 110–365 keV (E0), 220–485 keV (E1), 340–
1,350 keV (E2), 600–4,950 keV (E3), and 790–4,750 keV (E4). The typical time resolution of these data is
~5.3 s, though this can increase or decrease during some specific intervals. The fluxes in these channels in
general correspond to the high‐energy tail of the thermal distribution (observations of which are not avail-
able due to prior malfunction of the Cassini low‐energy plasma instrument), showing significant increases
on entering the plasma sheet from near background levels in the open tail lobes. Dynamical events are thus
detected, while the relative flux observed from Rev to Rev also gives an overall indication of the magneto-
spheric state in terms of its hot plasma population.

As indicated in section 1.2, data fromMIMI/LEMMS can also be used to provide an indication of solar wind
conditions external to Saturn's magnetosphere evenwhen the spacecraft is located inside (Roussos, Jackman,
et al., 2018). Background noise in various LEMMS channels can be used, under appropriate conditions and
with appropriatefiltering, to provide ameasure of theGCRflux. These GCRs are predominantly protonswith
energies in the range from several hundred MeV to 1 GeV, from sources external to the heliosphere. Regions
of compressed magnetic field in the heliosphere repel the GCRs, such that the passing of both CIRs and
ICMEs cause sharp decreases in flux followed by a slow recovery over several days. Such Forbush decreases
thus provide evidence of the passage of high‐field compression regions in the solar wind. Here we use 6‐hr
averaged counts from channel E6, which while designed to detect 1.6–21 MeV electrons, also has a response
to >120MeV protons. By filtering the data, removing the significant enhancements observed during the short
intervals when Cassini crosses Saturn's radiation belts and other instrument effects, these high‐energy pro-
tons can be isolated to provide a measure of the GCR proton flux (Roussos et al., 2019).

The LEMMS instrument can also observe SEPs in its P2–P9 channels, which detect ~2 to >60 MeV protons
that readily penetrate Saturn's magnetosphere. As indicated in section 1, SEPs are shock‐accelerated parti-
cles magnetically connected with a CIR or ICME (e.g., Cane et al., 1988), and when observed together with
a Forbush decrease can also provide evidence of the passage of a compression region in the solar wind. The
P2‐P8 channels are also found to exhibit a weak response to GCRs, onto which profile transient SEP events
are superposed. Here we employ data from the P2 channel sensitive to ~2.3–4.5 MeV protons, which have
again been 6‐hr averaged and filtered following the same procedure as for channel E6.
2.2.3. RPWS
The Cassini Radio and Plasma Wave Science (RPWS) electric field instrument (Gurnett et al., 2004) allows
measurement of radio emissions over a wide frequency range in the vicinity of Saturn, which include the
spectral ranges of SKR and auroral hiss. SKR is generated via cyclotron maser instability on field lines above
the aurora, forming beamed radio emissions excited by energetic auroral electrons (Treumann, 2006; Lamy
et al., 2010, 2011). It is emitted close to the local electron cyclotron frequency, with a typical frequency range
overall between ~3 kHz and ~1.2 MHz, peaking in intensity roughly between 100 and 400 kHz (Kaiser &
Desch, 1984; Lamy, 2017). Northern sources of SKR are observable from latitudes typically northward of
−20°, while southern sources of SKR are observable from latitudes southward of +20°. Both northern and
southern sources are thus simultaneously observable in the equatorial region between −20° and +20°. On
the F ring orbits the northern sources will thus be observable everywhere except within ~12 RS of Saturn dur-
ing the southern outbound portion of the orbit, while southern sources will be observable everywhere except
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within ~18 RS of Saturn during the northern inbound portion of the orbit. Thus, sources of SKR from both
hemispheres will be observable through much of the ~7.1 day F ring orbits, except for ~40 hr prior to peri-
apsis during which only northern sources will be observable, and ~20 hr after periapsis during which only
southern sources will be observable. For the proximal orbits northern sources will be observable everywhere
except within ~10 RS during the outbound portion of the orbit, while southern sources will be observable
everywhere except within ~15 RS during the inbound portion of the orbit. Thus, both sources will again
be visible over most of the ~6.7 day orbits, except for ~30 hr prior to periapsis during which only northern
sources will be observable, and ~15 hr after periapsis during which only southern sources will be observable.

With their connection to auroral field‐aligned currents and associated electron acceleration, SKR emissions
are intimately connected with Saturn's magnetospheric dynamics. On the longest timescales the intensity of
the northern and southern emissions vary with Saturn's seasons, with brighter emissions occurring in the
summer hemisphere (Nakamura et al., 2019), while on shorter timescales they are modulated at the same
periods as their magnetic PPO and auroral UV counterparts (e.g., Gurnett et al., 2009; Provan, Cowley,
et al., 2019; Provan et al., 2019), associated with the rotation of the PPO field‐aligned current systems shown
in Figure 1. As outlined in section 1, these emissions also exhibit sudden intensifications and LFEs indica-
tive of enhancements in auroral field‐aligned current intensity that are related to tail dynamics and recon-
nection (e.g., Jackman et al., 2009; Reed et al., 2018). These may be divided into shorter few‐hour LFE
events that are PPO‐modulated and related to Vasyliunas‐cycle reconnection and downtail mass loss, and
longer typically few Saturn rotation events, observed following the arrival of dynamic pressure fronts at
Saturn's orbit, that are related to Dungey cycle tail reconnection and open flux closure. Here we employ
such longer‐lived SKR LFE events as indicators of Dungey cycle tail dynamics at Saturn, which will be
employed together with in situ field and particle measurements as described above, as well as with UV aur-
oral images when available.

Auroral hiss is a whistler mode emission frequently observed in Saturn's magnetosphere, which is generated
by upward moving field‐aligned electron beams, that is, downward FAC (Kopf et al., 2010). The emissions
occur at frequencies ~10–100 Hz, cut off at the electron plasma frequency. The presence of auroral hiss is
commonly found on high latitude magnetic field lines (Gurnett et al., 2010; Menietti et al., 2020), generated
in the downward current region associated with subcorotating flow poleward of the auroral oval (e.g.,
Cowley et al., 2004; Hunt et al., 2015). It has thus been found to be a suitable indicator of the open‐closed
field line boundary, with weaker emissions occurring on closed field lines (Jinks et al., 2014). Immersion
in dipolarized newly closed field lines as depicted in Figure 3b, for example, is then expected to be accom-
panied by a decrease in auroral hiss emission power, indicative of recent tail reconnection.
2.2.4. UVIS
The Ultraviolet Imaging Spectrograph (UVIS) data set employed here uses the far ultraviolet (FUV) channel
of the instrument consisting of 64 spatial × 1,024 spectral pixels, providing observing in the range 110–
190 nm. The detector slews over portions of Saturn with the rotation of the spacecraft, providing a
two‐dimensional pseudo‐image of the area covered. Depending on the distance of Cassini from Saturn's
poles, multiple sweeps are occasionally necessary to complete a fully mapped image of Saturn's aurora.
Mapping of the information from each pixel is achieved using Cassini SPICE pointing information from
the NAIF Planetary Data System by projecting the data onto an ellipsoid 1,100 km above Saturn's 1 bar level,
the altitude at which auroral emissions peak in intensity (Gérard et al., 2009). To obtain the total intensity of
the unabsorbed H2 spectrum over the whole UV wavelength range, intensities over the unabsorbed range
155–162 nm are multiplied by a factor of 8.1 (Gustin et al., 2016; Gustin et al., 2017).

To remove dayglow we follow the approach of Bader, Badman, Yao et al. (2019), where for each
pseudo‐image the solar zenith angle (SZA) is determined for each pixel in the mapping grid with a colatitude
greater than 23° (away from the main auroral oval). The brightness values and SZAs are also taken for
pseudo‐images 3 hr either side of the original image where available. All brightness values are then median
averaged as a function of SZA across 10° wide bins to determine a smoothed SZA‐dependent dayglow profile,
and this profile is then subtracted from the image, leaving only the auroral emissions.
2.2.5. HST
During this interval of study, the HST obtained 24 time‐tagged ~44min exposures of Saturn's northern hemi-
sphere FUV auroras using the Space Telescope Imaging Spectrograph (STIS) instrument, scheduled to
match intervals when Cassini was expected to probe the auroral regions (Lamy et al., 2018). The STIS
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F25SrF2 filter employed has a central wavelength of 145.2 nm with a full width at half maximum of 28 nm,
rejecting the hydrogen Lyman‐α line, though including the H2 Lyman and Werner bands. The time‐tag
mode enables tracking of dynamics at shorter timescales than the exposure, though all images shown here
have been integrated over the full exposure duration to reduce noise. The dynamics considered here are
expected to evolve over timescales of typically a few hours, such that we do not expect to lose significant
information by integrating over the full exposures (~7% of a planetary/PPO rotation period). Processing of
the images follows the usual pipeline, including flat‐fielding and geometric correction (e.g., Clarke
et al., 2009; Nichols et al., 2009), after which nonauroral emissions are removed following methods outlined
by Clarke et al. (2009). As for the UVIS pseudo‐images (section 2.2.4), the auroral emissions are then pro-
jected onto a latitude/longitude grid at an altitude of 1,100 km.

2.3. Model Data Sets
2.3.1. PPO Phase Data
As discussed in section 1.3 and illustrated in Figure 1, PPO phase is a significant factor when considering
Saturn's tail dynamics. The global phases ΦN,S give the orientation of each PPO system relative to the noon
meridian, taken positive in the sense of planetary rotation, while the local phasesΨN,S refer to the azimuthal
position relative to the northern and southern PPO systems, derived from the global phases and the azimuth
of the spacecraft. The local phases in the near‐planet regime are thus given by

ΨN ; S t;φð Þ ¼ ΦN ; S tð Þ − φ; (2a)

where φ is the azimuth of the spacecraft similarly measured from noon, positive in the sense of planetary
rotation. Beyond a radial distance of 12 RS, however, we also introduce a radial propagation delay of the
PPO phase away from the planet, so that

ΨN ; S t; r; φð Þ ¼ ΦN ; S tð Þ − φ − G r − 12ð Þ; (2b)

with r in RS and gradient G in deg RS
−1. Following the studies of Arridge et al. (2011), Provan et al. (2012),

and Bradley et al. (2018), here we take G equal to 3° RS
−1. We note that because the data employed here

were obtained predominantly near the midnight meridian, or a little later in LT (Figure 2a), the local and
global PPO phases are generally connected by ΨN,S ≈ ΦN,S − 180°. In principle we could therefore discuss
the PPO dependency of the data in terms of either the local or global phases. However, it seems most fruit-
ful physically to discuss the data in terms of the local phases determining local conditions in the plasma
sheet as the rotating PPO systems sweep across the tail, such that we employ the local phases for purposes
of such discussion throughout this paper. We note in particular that Bradley et al. (2018) have shown that
observations of reconnection signatures in Saturn's tail are best organized by the local rather than the glo-
bal PPO phases, it being recalled from section 1.3 and Figure 1 that the optimum conditions for local thin-
ning of the plasma sheet conducive to reconnection are ΨN ≈ 0° and ΨS ≈ 180°.

As also discussed in section 1.3, the relative phases of the two systems, that is, the beat phase, is also impor-
tant for tail dynamics, particularly during intervals such as this where the amplitudes are similar (see below),
determining whether the two PPO systems act together constructively or destructively. The beat phase,
which of course does not depend on the position of the spacecraft, is defined as

ΔΦ ¼ ΨN − ΨS ¼ ΦN − ΦS; (3)

where values ΔΦ = 0° (modulo 360°) correspond to PPO in phase conditions, and ΔΦ = 180° to antiphase.
As indicated above, with regard to plasma sheet thickening and thinning related to reconnection, the two
systems act in concert for antiphase conditions, and oppositely for in phase conditions.

The global phases ΦN,S employed here, from which the local phases are calculated using spacecraft position
data, are those derived by Provan et al. (2018) from analysis of oscillations observed in near‐apoapsis F ring
and proximal orbit data north and south of the equator. The PPO rotation periods were shown to be
near‐constant over the interval, with a period of 10.792 hr for the northern system and 10.679 hr for the
southern system. The global phases ΦN,S thus increase linearly with time at a rate given by these periods,
with the southern phase increasing more rapidly than the northern phase, such that the beat phase
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defined by Equation 3 decreases linearly with time with a beat period of ~42.5 days (~6 Cassini Revs), with
~6.9 beat cycles over the study interval.

The ratio of the amplitudes of the two PPO systems is also relevant (section 1.3), denoted by k, the northern
amplitude divided by the southern amplitude. This ratio is variable over the Cassini mission, from southern
dominance (k < 1) early in the mission during late southern summer (equinox in August 2009), to northern
dominance (k > 1) during the northern summer interval studied here. During the F ring orbits Hunt
et al. (2018) found k to be ~1.3, while Provan et al. (2018) and Provan, Lamy, et al. (2019) found values of
~1.4 and ~1.25 from analysis of near‐apoapsis and near‐periapsis proximal orbit data, respectively. These
results thus indicate relatively weak northern dominance in the near‐equatorial plasma sheet region, with
northern system modulations more important than southern, but not by a large factor. The k ~ 1 condition
also implies that beat phase modulation of the plasma sheet will be strong during the interval, with large
modulations occurring when the two systems act in concert, and near‐cancelation when they act oppositely.
2.3.2. Model Solar Wind Parameters
In addition to the information obtained from GCR and SEP fluxes, solar wind conditions can also be esti-
mated from magnetohydrodynamic (MHD) modeling using upstream data as input. Solar wind parameters
are numerically propagated to Saturn as an ideal MHD fluid affected by solar gravity in a one‐dimensional
spherically symmetric coordinate system (Tao et al., 2005). Inputs during the interval are given by
near‐Earth in situ solar wind observations provided by the Operating Missions as a Node on the Internet
(OMNI) data set, and by Stereo‐Ameasurements near 1 AU but widely separated from Earth, with a separa-
tion angle of ~150° at the start of our interval and ~128° at the end. Uncertainties principally depend on the
angular separation relative to the Sun between the source of data and Saturn, and have been investigated in
some detail using results from a similar 1‐D MHD model by Zieger and Hansen (2008). This study showed
that prediction is significantly better during intervals with larger solar wind recurrence indices, these being
the correlation coefficients between hourly solar wind speed data over successive solar rotation periods.
High recurrence indices are typically found in the late declining phase of the solar cycle, such as the interval
studied here. For such data significant prediction efficiencies, for example, the solar wind velocity extend to
separation angles of at least ~90° either side of opposition, with uncertainties in the timing of dynamic pres-
sure fronts then being typically less than ±35 hr (see further discussion by Lamy et al. (2018)).

2.4. Overview of Heliospheric Conditions

Figure 4 provides an overview of the heliospheric conditions during our study interval, as indicated both by
the model solar wind/IMF and GCR/SEP data introduced in sections 2.2.2 and 2.3.2, respectively. Solar
wind/IMF data sourced from Stereo‐A (blue) and OMNI (red) derived using the Tao et al. (2005) model
are shown in Figures 4a–4e. GCR/SEPs data from LEMMS channels E6 and P2 are shown in Figures 4f
and 4g, respectively. Tick marks at the top of the figure show the time of apoapsis at the start of each
Cassini Rev, numbered every other Rev, with alternating vertical white‐/light‐gray‐shaded regions indicat-
ing individual Revs from apoapsis to apoapsis. Arrows in Figure 4f indicate the 4‐Rev sequences whose data
are discussed in Text S3 and in the supporting information.

Figure 4a shows the model data source‐Sun‐Saturn separation angle corresponding to the solar wind plasma
arriving at Saturn at that time, with horizontal black dotted lines being plotted at 90° intervals. We recall
from section 2.3.2 that the ±90° separation angle range shown centrally in the panel is a reasonable indicator
of approximate validity of these data. The Stereo‐A separation angle at the start of the interval was −20°,
increasing at a rate of ~1° per day via 0°/360° to ~280°, equivalent to ~ −80° modulo 360°, at the end of
the Cassini mission. The OMNI data separation angle at the start of the interval was ~140°, increasing at a
similar rate via 0°/360° to ~60° at the end of the mission. Considering the ±90° range for expected approx-
imate validity, we note that from the start of the interval until Day 55 of 2017 Stereo‐A lay within this angular
range while OMNI did not, such that only the Stereo‐A data (blue) are shown as the more reliable source
during this interval. The same is true of the OMNI data (red) shown exclusively over the interval from
Day 121 of 2017 to the end of the Cassini mission, except for the last ~10 days of the mission when the
Stereo‐A separation angle again lay within the ±90° range such that both data sets are then shown. For
the interval between Days 55 and 121 of 2017, however, shown shaded dark gray in Figure 4a, neither
separation angle lay within the ±90° limit, such that we again plot both data sets due to the likely uncertain-
ties of each.
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Figures 4b–4e show the model solar wind particle density, velocity, dynamic pressure, and total IMF
strength, respectively, limited as indicated above. We recall that the interval concerned corresponds to the
late declining phase of the solar cycle when ICMEs are expected to occur infrequently, such that interplane-
tary disturbances are dominated by CIRs, often with two compression regions per solar rotation related to a
modestly tilted solar magnetic dipole (e.g., Jackman et al., 2004). Examination of the model data clearly indi-
cates the presence of modulations governed by the ~26 day solar rotation period, as observed in the recurrent
sudden increases in both the number density and flow speed across outwardly propagating shocks, both
increases leading to sudden increases in solar wind dynamic pressure typically by more than an order of
magnitude. Under usual conditions at Saturn the solar wind dynamic pressure lies between ~0.01 and
~0.03 nPa, corresponding to subsolar magnetopause distances between ~26 and ~21 RS according to the
Kanani et al. (2010) magnetopause model. We may then consider dynamic pressure values of ~0.1 nPa

Figure 4. Plot indicating heliospheric conditions at Saturn from Day 326 of 2016 to Day 270 of 2017, spanning the Cassini F ring and proximal orbit interval
(plus Rev 250). The 2016/2017 boundary is marked at the top of the figure. Also marked at the top are the times of apoapsides at the start of each Rev, labeled every
other Rev, with vertical alternate white/light‐gray striping across all panels marking full Cassini Revs. Figures 4a–4e show solar wind/IMF parameters derived
from the Tao et al. (2006) propagation model, using data from Stereo‐A (blue) and OMNI (red). Figure 4a shows the data source‐Sun‐Saturn separation angle for
each data set, where the dark‐gray‐shaded region between Days 55 and 121 of 2017 corresponds to the interval where the separation angles of both data
sets lie outside the ±90° range of expected approximate validity. Both (less certain) model data sets are shown in this interval. Outside this range, only those data
that lie within the ±90° uncertainty limit are plotted (both of them for a short time near the end of the interval shown). Figures 4b–4e show the model solar wind
density, velocity, dynamic pressure, and IMF magnitude, respectively. In Figure 4d the horizontal dotted line at 0.1 nPa gives a rough indication of dynamic
pressures producing a significant compression of Saturn's magnetosphere. Figure 4f shows a profile of >120 MeV proton GCRs at Saturn determined from 6 hr
averages of LEMMS channel E6 count rates (gray line), together with a seven‐point (1.75 day) centered running average (black line). Four‐Rev data intervals
discussed in section 3 and the supporting information are indicated with the relevant section numbers by the horizontal arrows. Figure 4g shows 6 hr averaged
and seven‐point smoothed values of LEMMS channel P2 count rates presented in the same format, showing a weak response to energetic GCR protons, as for
channel E6 in Figure 4f, onto which SEP proton fluxes in the energy range 2.3–4.5 MeV are superposed (see section 2.4). Assessment of the times of solar
wind compressions of Saturn's magnetosphere, to within a day or two in either direction, are shown by vertical black dashed lines. These are labeled in Figure 4g,
where letters indicate events within a given solar rotation, with further information on the choice of times being given in Table 1.
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and above, a near order of magnitude increase, to be indicative of
significant solar wind‐driven compressions of the magneto-
sphere, resulting in the subsolar magnetopause being displaced
inward to ~16 RS or less. This indicative value is plotted as a hor-
izontal dotted line in Figure 4d. The model data then generally
indicate the presence of two significant compressions per solar
rotation in the early interval sourced from Stereo‐A, and gener-
ally one compression region per solar rotation in the later inter-
val sourced from OMNI. These findings are in accord with solar
coronal field measurements from the Wilcox Solar Observatory
(http://wso.stanford.edu/synsourcel.html). Early in the interval
the effective tilt of the solar magnetic dipole was sufficient to
result in two clear equatorial crossings of the heliospheric cur-
rent sheet per solar rotation, consistent with two fast solar wind
streams and two CIR‐related compressions with a ~13 day peri-
odicity. After March 2017 (Day ~60, equivalent to Day ~100 at
Saturn), however, the solar magnetic equator is generally only
significantly displaced from the rotational equator once per solar
rotation, consistent with only one fast stream and one CIR com-
pression region every ~26 days.

These model data may be compared with the >120 MeV proton
GCR fluxmeasured in situ at Saturn shown in Figure 4f, where 6 hr averaged count rates shown by gray lines
have been further smoothed using a seven‐point running average (thus over ~2 days) in order to reduce
noise. These fluxes clearly display a ~26 day solar rotation periodicity, though with an apparent change in
phase by approximately half a solar rotation around Day ~50 of 2017. The periodicity is particularly marked
by abrupt drops in the GCR counts corresponding to Forbush decreases associated with the arrival of inter-
planetary shocks and large field strengths in the solar wind as outlined in section 2.2.2. Comparison of the
principal drops with the model solar wind/IMF data in Figures 4d and 4e shows good consistency overall,
with significant increases in the model dynamic pressure and field strength occurring near the start of each
drop, generally to within a day or two in the intervals of expected model validity. During the early part of the
interval to Day ~35 of 2017 a secondary modulation of the GCR flux is also present, consisting of a marked
cessation in the GCR count rate increase roughly half way between each sudden drop, followed by a further
increase to peak values. These features give rise to an additional ~13 day period in the spectral analysis of
these data presented by Roussos, Jackman, et al. (2018). They are also associated with peaks in the model
solar wind dynamic pressure and IMF strength in Figures 4d and 4e, during the initial interval in which
the model data exhibit two compressions per solar rotation, thus with a ~13 day periodicity.

Consideration of both the GCR and model solar wind/IMF data in Figure 4 allows us to make an initial
assessment of the expected times at which solar wind compressions arrived at Saturn during this interval,
indicated to within a day or two in either direction by the vertical black dashed lines. In order of relative
importance, our criteria for identification of these times are (a) the times of Forbush decrease onsets in
the GCR counts in Figure 4f, (b) the times of model dynamic pressure/IMF magnitude peaks in
Figures 4d and 4e, (c) the times of SEPs transients in Figure 4g to be discussed below, and (d) smaller scale
features in these data sets that are modulated with a solar periodicity of ~13 or ~26 days. These times are
labeled in Figure 4g, where the letters in each label identify successive ~26 day solar rotation periods, while
numbers identify successive events within each solar rotation. Information on these times and their selec-
tion is given in Table 1. Overall, this analysis indicates the occurrence of 18 significant solar wind compres-
sions (dynamic pressure > ~0.1 nPa) during the ~9.5 month study interval. Given the ~7 day period of
Cassini's F ring and proximal orbits, this corresponds approximately to one compression every other Rev
in the early F ring orbit interval with ~13 day solar recurrence, decreasing to one compression every fourth
Rev in the later proximal orbit interval with ~26 day solar recurrence.

Figure 4g also shows the count rate of LEMMS channel P2, which has been 6 hr averaged (gray line) and
seven‐point smoothed (black line) as for the GCR flux in Figure 4f. While designed to measure 2.3–
4.5 MeV protons in the usual SEPs energy range, channel P2 is also weakly sensitive to higher energy

Table 1
Expected Solar Wind Compression Events During the Cassini F Ring and Proximal
Orbit Interval, Based on LEMMS GCR/SEP Data and Tao et al. (2005) model solar
wind/IMF values shown in Figure 4

Event Time doy2004 Time year/doy Cassini rev Timing indicators

A1 4715.7 2016/333.7 250 Stereo‐A
A2 4729.3 2016/347.3 252 GCRs/Stereo‐A
B1 4743.7 2016/361.7 254 Stereo‐A/GCRs
B2 4754.3 2017/006.3 256 GCRs/Stereo‐A
C1 4768.9 2017/020.9 258 Stereo‐A/GCRs
C2 4782.3 2017/034.3 259 GCRs
D1 4795.0 2017/047.0 261 Stereo‐A/solar period
D2 4805.0 2017/057.0 263 GCRs/solar period
E1 4819.5 2017/071.5 265 GCRs/OMNI
F1 4843.8 2017/095.8 268 GCRs/Stereo‐A/OMNI
G1 4870.1 2017/122.1 272 GCRs/OMNI/Stereo‐A
H1 4882.0 2017/134.0 274 OMNI/solar period
H2 4894.5 2017/146.5 276 GCRs/OMNI
I1 4922.8 2017/174.8 280 GCRs/OMNI
J1 4950.8 2017/202.8 284 GCRs/OMNI
K1 4980.0 2017/232.0 289 GCRs/OMNI/SEPs
L1 4999.8 2017/251.8 292 GCRs/solar period/OMNI
L2 5006.0 2017/258.0 293 SEPs
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GCR proton fluxes. These dominate the P2 response for much of the interval, giving weak variations that
mirror those in Figure 4f. However, near the end of the interval two significant enhancements are observed
which deviate from the GCR behavior, classified as SEP transients by Roussos, Krupp, et al. (2018). The first
starts on Day 215 of 2017, peaks on Day 228, and ends on Day 240. For this event no protons above 10 MeV
were observed, such that the shock could be related to a CIR or an ICME, though Roussos, Krupp, et al.
(2018) favor an ICME due to the long duration of the enhancement. The peak of the SEP counts occurs close
to the time of a Forbush decrease in Figure 4f together with a dynamic pressure and IMF increase in
Figures 4d and 4e, such that we consider these as the signatures of the same compression, labeled K1
(Table 1). The second SEP transient began on Day 254 of 2017, 2 days after the onset of the last observed
Forbush decrease in Figure 4f labeled L1, with flux increases also being observed in LEMMS channels reach-
ing proton energies of at least 60 MeV (Roussos, Krupp, et al., 2018). This indicates connection to a
fast‐approaching interplanetary shock, it being noted by Roussos, Krupp, et al. (2018) that the largest (X‐
class) solar flare of the previous decade occurred ~9 days before the end of the Cassini mission, suggesting
that this SEP transient was related to the ICME counterpart of this event. Due to the temporal separation
from Forbush decrease L1, and since the SEP flux was still increasing at the end of the Cassini mission such
that its duration and the time of peak flux remain unknown, we treat this as a separate event labeled L2,
taken to be approximately contemporaneous with the end of mission.

3. Data Examples

We now examine three intervals illustrating aspects of the data during the F ring and proximal orbits. Each
interval encompasses four full spacecraft Revs, thus spanning close to one full solar rotation, in order to
examine the response of Saturn's magnetosphere to the recurrent variations in solar wind/IMF evident in
Figure 4. Discussion of a further three such intervals is given in the supporting information, together encom-
passing over half of the overall data set. In choosing these examples, indicated by the numbered arrowed
lines in Figure 4f, preference has been given to intervals where the model solar wind/IMF data lie within
their regime of expected validity, and for which the generally sparse auroral imagery is optimally available.

3.1. Revs 278–281: Compression Event I1

We begin by discussing data from proximal Revs 278–281, indicated by the arrowed line marked “1” in
Figure 4f. These data represent a suitable starting point since they correspond to the later part of the interval
when both the modeled heliospheric parameters and the GCR flux exhibit a relatively simple periodicity
with one clear compression event occurring each solar rotation. Data from these four Revs are shown in
Figure 5, spanning ~25.9 days from 7.2 hr UT on Day 158 to 3.8 hr UT on Day 184 of 2017, close to the effec-
tive solar rotation period at Saturn of ~26 days (as determined empirically from recurrent GCR fluxes by
Roussos, Krupp, et al. (2019)). Figure 4 shows that these Revs span a single recurrent maximum in GCR flux,
with solar wind rarefaction conditions being indicated at the start and end of the interval, and a single major
compression event occurring centrally during Rev 280. This is associated with a flattening of the previously
increasing GCR flux profile near the beginning of Rev 280 and the start of a Forbush decrease near its end.
The approximate anticipated time of this compression, indicated as event I1 in Figure 4 and Table 1, is indi-
cated by the vertical red arrow above the time series panels.

Figures 5a to 5e show field and plasma parameters in a time series format plotted over the interval of Revs
278–281. Figure 5a shows a RPWS spectrogram (section 2.2.3) between frequencies of 1 Hz and 2 MHz, with
powers given in dB above background for each frequency band, as indicated by the color scale on the right of
the panel, saturating at 40 dB. The background values were determined from the powers in each band over
the full ~9.5 month interval examined in this paper, given by the minimum 10% of values in each channel,
thus providing consistency across all the RPWS spectrograms shown in the paper. The principal emissions
observed are SKR at frequencies above a few kHz, and auroral hiss at frequencies below a few 100 Hz.
Figure 5b shows 1 min averaged residual magnetic field data in spherical KGS coordinates, from which
the Dougherty et al. (2018) Saturn internal field model has been subtracted, showing the residual radial com-
ponent ΔBr (red), the residual colatitudinal component ΔBθ (green) line, and the azimuthal component Bφ
(blue). Since the model field is exactly axisymmetric with zero azimuthal field, the azimuthal component is
shown as measured. Figure 5c shows color‐coded ion intensities for LEMMS channels A1–A4 spanning 35–
506 keV as indicated on the right of the panel, while Figure 5d shows color‐coded electron intensities for the
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LEMMS channels E0–E2 spanning 110–1,350 keV as also indicated on the right (section 2.2.2). Figure 5e
shows the local northern ΨN (blue) and southern ΨS (red) PPO phases determined from the Provan
et al. (2018) model (section 2.3.1), with successive rotations highlighted across the time series panels by
vertical dotted lines showing the times when ΨN = 0° (blue) and ΨS = 180° (red), these being the phases
for which the plasma sheet is expected to be thin and tail reconnection favored as discussed in section 1.3
(Figure 1). Maximally favored times for which the two systems act in concert are those for which the two
PPO systems are near antiphase, thus near the times when the blue and red vertical dotted lines occur
close together. The PPO data in Figure 5e show that the two PPO systems were rotating nearly in phase
with each other at the start of the interval, thus with a beat phase not favorable for PPO‐modulated

Figure 5. Four‐orbit plot of data from Revs 278–281 spanning one solar rotation, showing the effect of solar wind compression event I1 on Rev 280. Figures 5a–5e
show time series data as follows. (a) Color‐coded RPWS wave‐frequency spectrogram with emission powers in dB above background as indicated on the
right of the panel; (b) residual magnetic field components in spherical polar coordinates referenced to the northern planetary spin/magnetic axis with the
Dougherty et al. (2018) internal field model subtracted (nT), ΔBr red, ΔBθ green, and Bφ (as measured) blue; (c) and (d) LEMMS energetic ion and electron fluxes
(cm−2 sr−1 s−1 keV−1) as labeled on the right of the panels; (e) local northern ΨN (blue) and southern ΨS (red) PPO phases, with vertical dotted lines
showing times at which ΨN = 0° (blue) and ΨS = 180° (red) indicating when the local plasma sheet is thinned by each system. Time in Doy 2017 is shown at
the bottom, together with spacecraft position in KGS coordinates, radial distance (RS), colatitude (deg), and LT (hr). The vertical red arrow at the top shows the
expected time of arrival of compression I1 (Figure 4 and Table 1), while the interval during which responses were observed is indicated by the horizontal blue
arrow (Table 2). Figures 5f–5k show UVIS and HST auroral images projected into the northern (NH) and southern (SH) hemispheres, together with Rev
number and start and stop times. Start times are also indicated in the time series panels by the vertical black dashed lines, with correspondingly labeled ticks
shown at the top of the panels. White dotted circles and radial lines show 10° steps of latitude and 30° intervals of longitude (2 hr LT), respectively. All images
are oriented with midnight (00/24 hr LT) at the top and dawn (06 hr LT) to the left. Brightness is given by the logarithmic color scale on the right saturating
at 100 kR, with regions for which no data are available being shaded gray. The mapped Cassini magnetic footprint is shown by the yellow circle.
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reconnection, moving toward antiphase conditions favorable for modulated reconnection at the end. The
relative phase of the two systems was near to quadrature for Rev 280, during the anticipated compression
event.

Figures 5f to 5k above the time series panels show selected Cassini UVIS and HST images of Saturn's north-
ern hemisphere (NH) and southern hemisphere (SH) auroras projected onto the ionosphere as described in
sections 2.2.4 and 2.2.5, with the start and end times of each and the Rev number being provided at the upper
left of each image. The start times are also indicated by the black vertical dashed lines in the time series
panels, with correspondingly labeled ticks shown at the top. In this case, images are available only for
Revs 279 and 280, where we show three NH UVIS images obtained prior to periapsis on Rev 279
(Figures 5f–5h), a further SH UVIS image obtained after periapsis on Rev 279 (Figure 5i), and two HST
NH images obtained near to periapsis on Rev 280 (Figures 5j and 5k). Intensities in kilo‐Rayleighs (kR)
are indicated by the color scale to the right of the projections, saturating white at 100 kR. The same scale
is used for all the images displayed in this paper, again allowing ready cross‐comparison between intervals.
The footprint of the Cassini spacecraft, mapped along model field lines into the ionosphere is shown as a yel-
low circle. Themodel employed consists of the Dougherty et al. (2018) internal planetary fieldmodel plus the
Bunce et al. (2007) ring current model for a subsolar magnetopause at 22 RS.

Figure 6 shows selected data on an expanded time base which we refer to below in discussion of the compres-
sion event, where the right hand panels (Figures 6h–6n) show data from the northern inbound pass of Rev
280 during the compression event, while the left hand panels (Figures 6a–6g) show data from the equivalent
portion of quiet Rev 279. The intervals shown in each case are such that at the end of each plotting interval
Cassini is located 5 RS from Saturn's center, with data from the preceding 3.5 days being shown. These inter-
vals thus contain the inbound apoapsides at the start of these Revs, indicated by the black tick marks at the
top of the plots. Though PPO phases are not shown in the figure, blue and red vertical dotted lines show the
times for local PPO phases ΨN = 0° and ΨS= 180°, respectively, as in Figure 5. These again thus indicate the
times at which the local plasma/current sheet is expected to be thin due to the effects of the northern and
southern PPO systems, respectively. Figures 6a and 6h show RPWS spectrograms using the same range
and background powers as in Figure 5a. Figures 6b–6d and 6i–6k show the three residual spherical polar
components of the magnetic field as in Figure 5b, plotted using a common vertical scale of 12 nT, though
with the ranges adjusted to accommodate the data. Figures 6e and 6l show the tilt angle of the magnetic field
vector in the meridian plane relative to the planet's equator, given by

θB ¼ tan−1 BZ

Bρ

� �
; (4)

where Bρ and BZ are the cylindrical radial and axial field components in the meridian relative to the pla-
net's spin/magnetic axis, respectively, and where we note that the total fields have been employed, not the
residuals. In the northern hemisphere, as in Figure 6, θB positive or negative indicates a field tilted away
from or toward the equatorial plane, respectively. While at small radial distances the tail field is expected
to be organized relative to the planetary equator as depicted in Figure 3, at larger radial distances the lobe
field should deflect to become more aligned with the solar wind flow given approximately by the latitude
of the Sun (Figure 2b), such that in the northern lobe under northern summer solstice conditions
θB ≈ − 26.5°, as marked by the black dashed line in Figures 6e and 6l. Figures 6f, 6g, 6m, and 6n then
show energetic ion and electron fluxes presented in a similar format to Figures 5c and 5d, though now
over a more restricted flux range to better display the data.

We first examine the field and particle data in Figures 5b–5d to establish the physical regimes encountered,
with reference to the spacecraft trajectory in the noon‐midnight meridian projection in Figure 2b. The prin-
cipal features in the residual radial field component (red) in Figure 5b are the successive intervals of positive
and negative values, corresponding to spacecraft locations north and south of the magnetic equator, respec-
tively. This residual field results from the combined action of the ring current dominating in the inner region
and the magnetopause/tail currents at larger distances. It switches sign abruptly across the equator marking
each dayside periapsis pass, and more slowly and with significant fluctuations prior to apoapsis (tick marks
above the time series panels) on each nightside outbound pass. The asymmetry in duration of negative and
positive values on the nightside is due to the displacement of spacecraft apoapsis north of the planetary
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equator, combined with the southward displacement of the tail current sheet during northern summer
conditions, as discussed in section 2.1 (Figure 2b). The residual colatitudinal field (green), also mainly due
to the combined action of the ring current and magnetopause/tail currents, is small around apoapsis, but
generally has significant negative values (northward field) comparable to those of the residual radial field
near to periapsis. The azimuthal field (blue), principally due to magnetosphere‐ionosphere coupling
currents, is generally opposite in sense to the radial field and of lesser magnitude and is associated with
field line sweepback due to subcorotation of the magnetospheric plasma.

As a further consequence of the north‐south displacements of spacecraft apoapsis and the plasma/current
sheet, outbound post‐periapsis in the southern hemisphere the spacecraft is generally located on closed
plasma sheet field lines where significant fluxes of energetic ions and electrons are observed. It then moves
out of the plasma sheet into the northern lobe around apoapsis and during the northern inbound pass, where
the energetic particle fluxes are generally reduced near to background values. The presence of hot plasma
with energetic particle fluxes above background is also accompanied by short timescale fluctuations in the
magnetic field, observed principally as thickening of the field value traces at the cadence shown in
Figure 5 (see also Figure 6). Further effects evident in both particle and field data are the modulations near
the ~10.7 hr periodicity of the PPOs, emphasized by the sets of vertical dotted lines showing the times at
which the two systems should favor thinned currents sheets as described above. The perturbations

Figure 6. Plots showing data from equivalent segments of the northern inbound passes on Revs 279 (Figures 6a–6g) and 280 (Figures 6h–6n) on an expanded
temporal scale compared with Figure 5. The intervals shown extend inward to a radial distance of 5 RS on each inbound pass, with the previous 3.5 days of
data being plotted, encompassing apoapsis at the start of the Revs indicated by the black ticks at the top of the plot. Figures 6a and 6h show RPWS spectrograms
in the same format as Figure 5. Figures 6b–6d and 6i–6k show the residual magnetic field components in spherical polar coordinates as in Figure 5b.
Figures 6e and 6l show θB, the tilt angle of the total (not residual) meridional magnetic field relative to Saturn's equatorial plane given by Equation 4, where the
horizontal dashed line at −26.5° indicates alignment with the solar wind flow radially away from the Sun. Figures 6f, 6g, 6m, and 6n show energetic ion and
electron fluxes in a similar format to Figures 5c and 5d, though with a revised flux scale. Blue and red vertical dotted lines show the times of PPO phases ΨN = 0°
and ΨS = 180°, respectively, as in Figure 5.
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observed in the tail are those due both to north‐south current sheet oscillations, favored during PPO in phase
conditions early in the interval, and thickening/thinning modulations, favored during PPO antiphase con-
ditions later in the interval, as described in section 1.3 (Figure 1).

We now examine these data for dynamical responses to the solar wind magnetospheric compression
expected to occur during Rev 280, the approximate timing of which estimated from the heliospheric data
in Figure 4 is shown by the vertical red arrow labeled I1 in Figure 5 (Table 1). Examining first the wave data
in Figure 5a, we see there is little SKR activity during both Revs 278 and 279, and for the first few
planetary/PPO rotation periods of Rev 280, apart from some short‐lived PPO‐modulated bursts. However,
strong continuous SKR emissions are seen to begin at ~09 hr UT on Day 172 of 2017 on the inbound pass
on Rev 280, following a step‐like ~2 nT increase in the residual radial field in the northern lobe in
Figure 5b at ~04 hr UT, and a decrease to near background in the energetic electron fluxes in Figure 5d.
The residual colatitudinal field also undergoes a step‐like increase from near‐zero to ~1 nT positive (south-
ward) values, unlike the behavior seen in the same region on the other three Revs in Figure 5. These features
are taken to correspond to the initial magnetospheric responses to expected solar wind compression event I1,
but beginning ~2.5 days before the timing estimated in Table 1.

These onset and initial responses are shown in the expanded time base plots in Figures 6h–6n. The
behavior of the residual colatitudinal field (green) in Figure 5b is elucidated by examining the behavior
of the meridional field tilt angle for Revs 279 and 280 in Figures 6e and 6l, respectively. In the
near‐apoapsis data at the start of the intervals shown θB lies typically between −10° and −20° such that
the field in the northern lobe is deflected away from the planetary equatorial plane (θB ≈ 0°) toward the
expected direction of the solar wind flow, shown by the black dashed lines in these panels as indicated
above. In the quiet‐time pass on Rev 279 θB moves gradually toward near‐zero values at smaller dis-
tances, that is, to increasing alignment with the planetary equator, before increasing rapidly to positive
values in the innermost region displayed (see, e.g., Figure 3). On Rev 280, however, the increase in Bθ
following the compression results in θB in Figure 6l remaining at negative values similar to those at
apoapsis to smaller radial distances, before again becoming rapidly positive in the inner region. This
behavior is indicative of the effect of the enhanced solar wind dynamic pressure on the tail field orien-
tation following the onset of the compression event. In effect, the characteristic hinging distance of the
current sheet, rH in Equation 1, is reduced under these circumstances.

Examining the SKR data in Figure 5a following these initial effects, and on an expanded time base in
Figure 6h, it is seen that a quasiperiodic series of LFEs, indicative of enhanced field‐aligned current densities
in the SKR source region, occur near ~18 UT on Day 172, ~05 UT and ~18 UT on Day 173, and ~02 UT on
Day 174. The first of these is relatively short‐lived, while the second is followed by a more enduring approxi-
mately three rotation frequency band expansion, until visibility of the northern hemisphere SKR source
region is lost during the periapsis pass. The vertical dotted lines show that each of these LFEs occur near
times when ΨN ≈ 0° and ΨS ≈ 180°, times that are relatively close together during this interval (unlike
Revs 278 and 279), indicative of the presence of a thinned current sheet conducive to reconnection.
Enhanced emissions continue for at least two planetary rotations on the outbound pass. The overall interval
during which responses to the compression event were observed, as indicated principally by the field and
SKR data, is shown by the horizontal blue arrowed line above the time series panels in Figure 5, in this case
lasting for ~3.3 days or ~7.3 planetary/PPO rotations.

Neither the initial onset of continuously enhanced SKR, nor the following short‐lived LFE at ~18 UT on
Day 172 are associated with notable features in the field or energetic particle flux locally at the space-
craft. However, after the initial main LFE at ~05 UT on Day 173, there follows a ~1 hr burst of ener-
getic ions and electrons, together with a rapid decrease in ΔBr and a simultaneous increase in ΔBθ, such
that the meridional field tilts further toward the planetary equator in Figure 6l. These field and particle
signatures are indicative of the occurrence of a burst of tail reconnection which results in the injection
of hot plasma toward the planet, resulting in an expansion of the plasma sheet and a dipolarization of
the field at the spacecraft, then located ~15 RS from the planet. A positive perturbation in Bφ is also
seen in Figure 6k, indicative of an upward (relative to the ionosphere) field‐aligned current flow within
the perturbed region. A similar field and particle event also occurs in association with the subsequent
frequency extension near ~18 UT on Day 173, though in this case with a strong negative Bφ
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deflection indicative of a downward‐directed field‐aligned current. We also note the presence of a sec-
ondary ~2 hr lower‐intensity burst of energetic particles occurring between these two bursts, centered
near ~13 UT on Day 173, which in this case had no similar field or SKR signatures. This occurred near
PPO phases where the plasma sheet is expected to be expanded due to the combined action of the two
systems, and also possibly displaced somewhat to the north, due to the action of the dominant northern
PPO system (see Figure 1). This provides further evidence for an expanded plasma sheet at this time,
since no similar enhancements were observed on Rev 279 or 281. Following these bursts, the spacecraft
remained within a region of enhanced energetic particle flux as the planet was approached, indicative of
a hot plasma regime on the nightside which was clearly expanded poleward compared with prior and
following Revs 279 and 281, on which no such regime was observed. Overall, these data provide clear
evidence for the occurrence of PPO‐modulated bursts of tail reconnection on Rev 280 following a
CIR‐related magnetospheric compression by the solar wind, resulting in hot plasma injections, expan-
sion of the plasma sheet, dipolarization of the field, and enhanced coupling currents. As a consequence
of this activity significantly enhanced fluxes of both energetic ions and electrons were observed through-
out the outbound plasma sheet on Rev 280 compared with the other Revs in Figure 5, even after the
cessation of significant SKR emissions. We note that the overall plasma flow within this regime is rota-
tional with the planet, at approximately half of rigid corotation (Kane et al., 2020; Thomsen et al., 2014),
such that the injected hot plasma evidently continues to circulate around the planet for at least several
planetary rotations (few days) thereafter. The fluxes are generally lower on Rev 281, however, and even
lower on Rev 282 (Figure S1 in the supporting information), showing that such conditions do not gen-
erally persist on week‐long Rev orbit period timescales.

We now examine the auroral images in Figures 5f–5k, recalling that the first four images were acquired by
UVIS around periapsis on Rev 279, while the last two were acquired by the HST just prior to periapsis on
Rev 280, ~2.5 Saturn rotations after the onset of the main LFE, but while the SKR event remained in pro-
gress. For the UVIS images on Rev 279 it can be seen that the main auroral oval was fairly steady in shape
and intensity, with the nightside main emission at typical ~15–16° colatitudes in the NH and ~17–18° in the
SH, with peak intensities of ~40 kR throughout. The relatively steady nature of the emissions over a ~15 hr
interval, together with the modest intensities and typical locations is indicative of a relatively quiet interval
without significant reconnection‐related dynamics in the tail. The Cassini field‐line mapping (yellow dot)
in the inbound images places the spacecraft just poleward of the auroral region in the postmidnight sector,
consistent with the northern tail lobe conditions inferred from the in situ data in Figures 5b–5d, and with
the presence of near‐continuous auroral hiss at frequencies below ~50 Hz in Figure 5a. Examining the HST
images obtained close to periapsis on Rev 280 (Figures 5j and 5k), however, reveals significantly changed
conditions, in which the auroras were strongly contracted to ~10° colatitude in the NH and brightened
to ~100 kR on the dawnside in the first of the images. The auroral contraction from usual ~15° northern
colatitudes prior to periapsis on Rev 179 to ~10° colatitudes near periapsis on Rev 280, is indicative of
the net closure of ~25 GWb of open flux in the LFE event on Rev 280, representing a significant fraction
of the usual open flux in the system. The mapped spacecraft location correspondingly lies well equatorward
of the contracted auroral region, consistent with a location on newly closed field lines within a poleward
expanded plasma sheet containing hot energized plasma. Auroral hiss emissions in Figures 5a and 6h
are also more sporadic, and generally anticorrelated in intensity with the energetic particle fluxes.

The data in Figure 4 suggest that heliospheric conditions over the following solar rotation spanning the next
four spacecraft Revs 282–285 was similar to that during the interval discussed above, leading to the expecta-
tion of a similar single compression event (J1) taking place on Rev 284 (Table 1). However, examination of
these data, presented in Figure S1 in the supporting information. and related text, shows amuchmoremuted
response observed on the outbound pass of Rev 284. While for individual events such differences could result
from variations in heliospheric conditions, here only indirectly determined, consideration of the responses
to all the compression events in section 4 shows that the nature of the response is modulated by the PPO beat
phase, with “major” responses as in the present example generally occurring for beat phases lying in the
~180° sector centered on antiphase, conducive to the occurrence of tail reconnection, but with more “minor”
responses occurring for beat phases lying in the ~180° sector centered on in phase conditions. We note here
that the beat phase for present example I1 was near quadrature moving toward antiphase, while that for
event J1 under similar heliospheric conditions was close to in phase.
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3.2. Revs 257–260: Compression Events C1 and C2

Our second example considers the four‐F ring orbit interval Revs 257–260 during which heliospheric condi-
tions in Figure 4 are different from those on Revs 278–281 (section 3.1), with the occurrence of two compres-
sion events. These Revs spanned ~28.7 days, now slightly longer than a solar rotation, from 23.5 hr UT on
Day 12 to 15.8 hr UT on Day 41 of 2017 shown by the arrow marked “2” in Figure 4f. This interval again
encompassed a full cycle of GCR variation with the flux increasing from minimum values at the start of
Rev 257 back to similar conditions at the end of Rev 260, via a Forbush decrease starting at the end of Rev
259. The model solar wind and IMF data correspondingly indicate rarefaction conditions on starting and
ending Revs 257 and 260, with two compression events between, separated by an interval of weaker dynamic
pressure and IMF magnitudes. The first compression event (C1) began near the start of Rev 258 and was
accompanied by a flattening in the rise of the GCR flux lasting throughout that Rev, while the second
(C2) occurred more uncertainly on Rev 259 and is taken to be associated with the Forbush decrease. Data
from these Revs are shown in Figure 7 in the same format as Figure 5, with the times of anticipated compres-
sions C1 and C2 (Table 1) again indicated by arrows at the top of the time series panels. We note from
Figure 7e that the PPO beat phase was close to antiphase near the start of the interval, conducive to
PPO‐modulated tail reconnection, moving toward in phase conditions toward the end. Figure 8 examines
the response to compression C1 on an expanded time base, showing the inbound portions of Revs 257 and
258 in the same format as Figure 6. The plots for both Revs again end at a radial distance 5 RS from the planet
on the inbound pass, with the previous 3.5 days being shown, again encompassing apoapsis indicated by the
black tick marks at the top of the plots.

Figure 2 shows that themain distinction of the F ring orbits lies in their lesser eccentricity compared with the
proximal orbits, resulting in the trajectory being displaced to greater distances north‐south from the center of
the plasma sheet on both the inbound and outbound passes, while traversing the central tail plasma/current
sheet region outbound at similar ~17.5 RS radial distances. As a consequence, unlike during the proximal
orbits, the spacecraft often exited the plasma sheet into the southern lobe for some interval postperiapsis
on the outbound passes, as evidenced both by the absence of energetic particles and the presence of auroral
hiss. In addition, significantly greater thickening is required to enter the plasma sheet from northern lobe
conditions on the inbound passes.

Examining the data in Figure 7 we first see that, apart from the passage through the radiation belts at peri-
apsis, the energetic ion and electron fluxes were low throughout starting and ending Revs 257 and 260 when
extended solar wind rarefaction conditions are anticipated. On the outbound passes PPO‐modulated transi-
tions between the outer plasma sheet and southern tail lobe are observed on both Revs, as indicated by the
modulated weak energetic particle fluxes and auroral hiss, with entry to the plasma sheet occurring in both
cases near phases when the plasma/current sheet is overall deflected toward the south with the dominant
northern system (blue vertical dotted lines). In both cases, energetic particle fluxes were near background
with strong auroral hiss for much of the inbound passes as expected. However, PPO‐modulated short‐lived
bursts of intense SKR were observed for much of Rev 257 (similar to Rev 283 in Figure S1 in the supporting
information), likely indicative of Vasyliunas cycle activity under PPO antiphase beat phase conditions. As
shown in greater detail in Figure 8a, these SKR bursts typically peak about a quarter cycle after optimum
thin plasma sheet conditions occurred (vertical dotted lines) under local phase conditions ΨN~90°/
ΨS~270° at the spacecraft, possibly associated with rotation of the injected hot plasma into the dawn sector
where the field‐aligned currents and SKR emissions maximize (e.g., Mitchell et al., 2009). If such injections
did occur, however, the effects do not reach sufficiently far north to produce signatures in the inbound in situ
Cassini data, with only steady PPO‐related oscillations being present in the magnetic field data, and with
energetic particle fluxes being near background essentially throughout (Figures 8b–8g). Only weak sporadic
SKR emissions were observed during Rev 260 (after the end of the active interval initiated on Rev 259 dis-
cussed below), under in phase PPO beat phase conditions, together with very weak energetic particle fluxes
throughout. We note that the SH UVIS auroral image in Figure 7f obtained outbound on Rev 257 during the
interval of SKR bursts shows an expanded oval with weak emissions, not indicative of major tail dynamics.
No images are available for Rev 260.

Very different conditions are observed in Figures 7 and 8h–8n on Rev 258, which took place under PPO beat
phase conditions approaching quadrature from antiphase. The onset of the response to compression C1

10.1029/2020JA027907Journal of Geophysical Research: Space Physics

BRADLEY ET AL. 21 of 39



began at ~03 hr UT on Day 21, shortly after the anticipated time (Table 1), with a relatively rapid ~1.5 nT
increase in the residual radial field and a more gradual increase from near zero to ~1–2 nT positive values
in the residual colatitudinal field (Figures 7b, 8i, and 8j). As for compression event I1 in Figure 6, these
changes result in the meridional field remaining more aligned with the solar wind flow inward to smaller
radial distances than for Rev 257, as can be seen by comparing Figure 8l with Figure 8e. For Rev 258 the
field angle starts to increase toward positive values only near the beginning of Day 22, compared with the
more gradual rise on Rev 257. In both cases, however, the positive values attained by the end of the
interval are larger than those for the proximal orbit in Figure 6, due to the more northward displacement
of the F ring trajectories at 5 RS radial distance (Figures 2 and 3).

Following the initiation of these field changes, an interval of continuously enhanced SKR emission occurred
(blue arrow C1), lasting for four planetary/PPO rotations (Figures 7a and 8h). This began at ~06 hr UT on
Day 21, close to the time of optimally thinned plasma sheet conditions following the onset of the compres-
sion, though no LFE or particle event is observed near this time. However, a PPO‐modulated extension of the
SKR spectrum to lower frequencies peaked near to ΨN~180°/ΨS~90° conditions on each of these
planetary/PPO rotations, with the last three accompanied by short‐lived bursts of energetic particles of
diminishing intensity (Figures 8m and 8n) and sharp changes in the residual radial and colatitudinal fields
indicative of brief entries into the plasma sheet (Figures 8i and 8j). While these periodic particle and field
effects may well be related to PPO‐modulated reconnection bursts and consequent particle injections, the
phase conditions under which they are observed correspond to those for which the plasma sheet is expected
to be near maximum thickness, and displaced northward from its averaged southward seasonally displaced
position due to the net action of the northern PPO system (Figures 1d and 2b). This is approximately opposite

Figure 7. Data from Cassini F ring Revs 257–260 plotted in the same format as Figure 5. The approximate anticipated times of compression events C1 and C2
shown in Figure 4 and Table 1 are indicated by the labeled vertical red arrows above the panels.
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to the behavior in the storm‐related LFEs occurring during the proximal orbit interval described in
section 3.1 above (see also section S2 of the supporting information for discussion of an additional
proximal orbit example), which instead occur near optimally thinned plasma sheet conditions ~180° away
in phase. Given the F ring orbit azimuth at ~2–3 hr LT in the postmidnight sector (Figure 2a), we note
that ΨN~180° corresponds to the condition that the center of the upward field‐aligned current region of
the northern PPO system at ΨN = 90° (Figure 1b) lies in the postdawn sector in the northern hemisphere
where the most intense SKR sources are usually located (e.g., Lamy et al., 2009). We also note from
section 2.2.3 that the SKR data are likely primarily responding to northern sources for at least the inner
part of the F ring orbit northern inbound passes. The SKR PPO modulations peaking near ΨN~180° in
Figure 8h, not uncommon during the F ring orbit storm responses, may thus result from better visibility
of the PPO‐modulated stronger dawn sources from postmidnight LTs on the F ring orbits than from
nearer midnight on the proximal orbits (Figure 2a).

Following the three brief particle bursts mentioned above, each observed under ΨN~180° conditions while
the SKR event was in progress, a more enduring enhancement in energetic particle fluxes was observed at
smaller radial distances at the end of the inbound pass of Rev 258 (Figures 8m and 8n), which is not present
in the equivalent segment of Rev 257 data (Figures 8f and 8g). This is again indicative of an expanded night-
side region of hot injected plasma that remained present during the planetary rotation following the end of
the storm interval as indicated by the SKR data (Figure 8h). Similar regions of injected hot plasma were also
observed on the inbound passes of F ring Revs 251, 261, and 263 resulting from the responses to compres-
sions A1, D1, and D2 (Figure 4 and Table 1), but not in general otherwise. On the outbound pass of Rev
258 the energetic particle fluxes were considerably enhanced compared with prior Rev 257 and subsequent
Rev 260, with no transition to lobe field lines postperiapsis or prior to apoapsis, as also indicated by the

Figure 8. Data from Cassini F ring Revs 257 and 258 plotted in the same format as Figure 6.
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consistent lack of auroral hiss. These observations are thus also consistent with the presence of a thick hot
plasma sheet in the inner part of the nightside tail throughout the outbound pass.

Four NH UVIS auroral images obtained preperiapsis on Rev 258 spanning ~8 hr during the planetary rota-
tion after the end of the main SKR burst (vertical black dashed lines) are shown in Figures 7g–7j.
Importantly, the first three images confirm the occurrence of a global contraction of the auroras to a bright
oval at ~10° northern colatitude, indicative of the closure of a substantial fraction of the open tail flux during
the prior interval of compression‐induced activity. The mapped position of the spacecraft, shown by the yel-
low dot in the images, is colocated with the contracted oval, consistent with the simultaneously observed
energetic particle fluxes. However, we also note that in the final image obtained on Rev 258 shown in
Figure 7j, in which only the dawn auroras were observed, the oval had expanded somewhat to more usual
colatitudes, consistent with the cessation of rapid closure of open flux in the tail, combined with an interval
of rapid opening of flux at the magnetopause.

A somewhat less pronounced response to compression C2 commenced at ~08 hr UT on Day 32, ~2 days prior
to the anticipated time (Table 1), under near in‐phase PPO conditions on the outbound pass of Rev 259. Prior
to this time the field and particle data, together with the auroral images in Figures 7k and 7l, indicate the
occurrence of quiet conditions on this Rev, similar to those occurring under rarefaction conditions on
Revs 257 and 260. The responses include enhanced SKR emissions which lasted intermittently for approxi-
mately seven planetary rotations extending to the end of Day 35 on the inbound pass of Rev 260 (blue arrow
C2), but without significant LFEs indicative of intervals of more intense field‐aligned currents. Enhanced
residual radial fields were also observed in the northern hemisphere following the current sheet crossing
on Day 32 indicative of compressed conditions, together with a small positive residual colatitudinal field,
though reducing in intensity on Day 34. Strong fluxes of energetic particles were observed within the out-
bound plasma sheet on Days 32 and 33, with weaker bursts continuing to Day 35 on the inbound pass of
Rev 260. Similar more muted responses to compression event J1 observed under near in phase conditions
outbound on proximal Rev 283 are discussed in Text S1 in the supporting information, while stronger
responses to compression event H2 observed under near‐antiphase conditions near apoapsis between prox-
imal Revs 275 and 276 are discussed in Text S2. In addition, in Text S3 we discuss observations on the
four‐orbit F ring Revs 253–256 which immediately precede those discussed here, on which heliospheric con-
ditions were similar, but beat phase conditions were near‐opposite, with near‐in‐phase conditions earlier in
the interval, moving toward antiphase at the end. This led to more minor responses being observed to the
first compression, B1, and more major to the second, B2, opposite to that occurring for compressions C1
and C2 discussed here. Overall, this ensemble of results again provides illustration of the role of PPO beat
phase in response to solar wind compressions of the magnetosphere, being strong and often involving
repeated PPO‐modulated LFE and particle events indicative of tail reconnection bursts when the beat phase
lies between antiphase and quadrature favorable for PPO‐related current sheet thickness modulation, but
with more muted responses occurring under less favorable circumstances when the beat phase lies between
in phase and quadrature.

3.3. Revs 290–293: Compression Events L1 and L2

Our third example returns to the proximal orbit interval to examine data from Revs 290–293, the final
four Revs of the Cassini mission consisting of three and a half orbits before the end of mission in
Saturn's atmosphere during the periapsis pass of Rev 293. The data from these Revs span a ~22.6 day
interval from 20.9 hr UT on Day 235 to 10.6 hr UT on Day 258 of 2017, as indicated by the arrow
marked “3” in Figure 4f. The model solar wind/IMF data from both Stereo‐A (blue) and OMNI (red)
sources lie within their regimes of approximate validity during the later part of this interval, as shown
in Figure 4, but exhibit little correspondence during the rather disturbed conditions then prevailing. The
GCR fluxes, however, show minimum values during Rev 290 indicative of rarefaction conditions on this
Rev (agreeing with the model data sourced from OMNI), followed by a rapid uninterrupted rise to peak
values during the first half of Rev 292, and then a Forbush decrease continuing to the end of mission.
Compression event L1 in Figure 4 and Table 1 associated with the Forbush decrease is thus anticipated
to have occurred somewhat prior to periapsis on Rev 292. As discussed in section 2.4, however, 2 days
after the Forbush decrease onset a SEP event of rising intensity began (Figure 4g), indicative of an
approaching ICME, possibly associated with an X‐class solar flare that occurred ~9 days earlier
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(Roussos, Krupp, et al., 2018). Since this event continued to the end of mission, a second
shock‐associated compression event of uncertain timing is anticipated, labeled L2 in Figure 4. The data
from these Revs are shown in Figure 9 in the same format as Figure 5 with the anticipated times of
compressions L1 and L2 indicated by arrows, where we see that the PPO beat phase conditions were
near in phase at the start of the interval, not conducive to PPO‐modulated tail reconnection, but moved
toward quadrature and antiphase conditions toward the end. In Figure 10 we examine data for Revs 292
and 293 in the same format as Figure 6, showing on an expanded time base the responses to both com-
pressions L1 and L2 on the inbound passes of these Revs. The plots for both Revs again end at a radial
distance 5 RS from the planet on the northern inbound passes, with the previous 3.5 days of data
encompassing spacecraft apoapsis (black tick mark at the top of the plot) being shown. A quiet time
proximal orbit comparator plot can be found for Rev 279 in Figures 6a–6g.

We first note that during the anticipated rarefaction conditions on Rev 290 the SKR emissions were very
weak and sporadic throughout, and the energetic particle fluxes low, similar to the observations under cor-
responding heliospheric conditions during starting proximal Revs 273, 278, and 282 in Figures S2, 5, and S1,
respectively. The UVIS SH auroral image obtained close to periapsis on this Rev shown in Figure 9f also exhi-
bits a typical quiet oval with weak emissions. During following Rev 291 the SKR emissions and energetic par-
ticle fluxes remained relatively weak with little evidence of major tail dynamics, though somewhat larger
than on Rev 290. Low‐amplitude PPO‐related particle flux modulations were observed on the northern
inbound pass, with peaks occurring at times when the plasma sheet is expected to be tilted maximally to
the north under PPO in phase conditions (red dotted lines, see Figure 1), and larger fluxes on the southern
outbound pass similar to those occurring, for example, on Rev 279 in Figure 5. The SH UVIS auroral image
obtained during the outbound pass in Figure 9g again shows the presence of a relatively quiet auroral oval,
though a little more contracted than that for Rev 290.

On following Rev 292 the residual radial field became elevated at ~02 hr UT on Day 249 shortly after
apoapsis (again compared with Revs 290 and 291), while the residual colatitudinal field became simul-
taneously displaced from near zero to small positive values (Figures 9b, 10b, and 10c), these being taken
to be a response to compression L1, though occurring ~2.5 days prior to expectation. The field tilt angle
in the meridian in Figure 10e maintains relatively steady negative values until the middle of Day 250.
Modestly enhanced (compared with Revs 290 and 291) PPO‐modulated SKR emissions are also present
from near apoapsis on the inbound pass (end of Day 248), but do not suggest the occurrence of marked
dynamics at this time under relatively unfavorable PPO beat phase conditions lying between in phase
and quadrature. Instead, over the next three planetary (PPO) rotations to the middle of Day 250 the
inbound spacecraft moved periodically between the northern tail lobe and the outermost northern
plasma sheet, as indicated by the brief sporadic enhancements in energetic particle flux, related field
perturbations, and modulated auroral hiss (Figures 10b–10g). Entries into the outer plasma sheet
occurred at PPO phases when the plasma sheet is expected to be tilted northward toward the spacecraft.
Midway through Day 250 on the inbound pass, however, with beat phase conditions nearer to quadra-
ture, the SKR emissions intensified with the abrupt onset of a LFE which began (like those in Figures 5
and S1) at PPO phases close to where the tail plasma/current sheet is expected to be thinnest, more spe-
cifically near the vertical blue dotted line where ΨN = 0°. Intense emissions with a lower‐frequency
component were only maintained for two planetary rotation periods, however, and declined to much
smaller values on the final rotation prior to the periapsis pass on Rev 292 (blue arrow L1). Following
the LFE, PPO‐modulated bursts of energetic ions and electrons were observed on all three preperiapsis
rotation periods at phases where the plasma sheet is expected to be thicker and moderately tilted to the
north (between the pairs of blue and red dotted lines). During the second of these bursts a sharp nega-
tive deflection was observed in the azimuthal field component (Figure 10d), indicative of crossing a
sheet of current directed downward into the northern ionosphere. Enhanced particle fluxes compared
with Revs 290 and 291 were also observed throughout the outbound pass (Figure 9c and 9d). These fea-
tures are all indicative of flux closure and hot plasma injection in response to compression L1, late in
an event taking place under relatively unfavorable PPO beat phase conditions. We also note that the SH
UVIS auroral image obtained somewhat after the end of the LFE event near periapsis on this Rev,
shown in Figure 9h, indicates the presence of a rather dim oval similar to those observed on Revs
290 and 291, but again one that appears slightly contracted on the nightside relative to both these.
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We finally consider data from the inbound pass of Rev 293, on which the impact of an ICME shock is antici-
pated on the basis of the SEP data shown in Figure 4g, compression event L2, though at an uncertain time.
PPO beat phase conditions lay between quadrature and antiphase during this interval, relatively conducive
to modulated plasma sheet thinning and reconnection bursts. Quiet conditions were observed on this pass
until the second half of Day 256, though the plasma sheet is evidently still in an expanded state following
the activity on Rev 292, with enhanced ion and electron fluxes persisting until ~10 UT on Day 256. After this
time the spacecraft was located in the northern tail lobe as also seen in the loss of high‐frequency fluctua-
tions in the magnetic field components, and the onset of auroral hiss emissions. An enhancement in the resi-
dual radial field component, together with an increase in the residual colatitudinal component to small
positive values, took place at ~22 hr UT on Day 256, indicative of tail compression (Figures 10i and 10j).
At ~06 UT onDay 257 amajor SKR intensification began with a rapidly developing LFE, again initiated close
to the time of expected maximally thinned tail plasma sheet (vertical blue and red dotted lines) following the
compression as indicated in the field data (Figures 9a and 9h). These field and SKR features are taken to cor-
respond to the initial responses to ICME‐related compression event (blue arrow L2). Following the LFE
onset the radial field rapidly declined while the colatitudinal field rapidly increased indicative of a field dipo-
larization, culminating in the occurrence of an energetic particle burst, particularly intense in energetic elec-
trons, which began at ~08.5 UT on Day 257 approximately a quarter PPO cycle after the LFE onset

Figure 9. Data from Cassini proximal Revs 290–293 plotted in the same format as Figure 5. The approximate anticipated times of compression events L1 and L2
shown in Figure 4 and Table 1 are indicated by the labeled vertical red arrows above the panels. The Cassini mission ended in Saturn's atmosphere on the
periapsis pass of Rev 293.
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(Figures 10i–10n). The intense SKR emissions for this event lasted for essentially one planetary/PPO rotation
before declining in intensity and frequency band during the subsequent rotation prior to periapsis. The
energetic electron fluxes following the initial burst remained weaker but above background until
increasing again together with the energetic ions under expectedly thickened plasma sheet conditions on
the next PPO cycle, and remained so elevated until close to periapsis. We note the close similarity of these
observations to those observed previously in the storm intervals on Rev 276 in Figures S3h–S3n in
response to compression H2, and Rev 280 in Figures 6h–6n in response to compression I1. In addition to
Rev 292, similar significant plasma injection effects associated with a contracted oval were also observed
on proximal Revs 272 following compression G1 occurring toward the end of Rev 271, and on Rev 288 in
response to compression K1* (see section 4), i.e., about one every fourth orbit, but not otherwise.

Selected NH auroral images obtained by UVIS on Rev 293 with unusually good cadence on this final
inbound pass, previously discussed by Palmaerts et al. (2018), are displayed in Figures 9i–9l and show the
evolution of a large auroral storm associated with the LFE and plasma injection event. The first image in
the sequence shown in Figure 9i, obtained prior to the LFE (first vertical black dashed line during Rev
293 in the time series panel) shows only weak oval emissions stronger at dusk than at dawn, similar to
the images from Revs 290–292 shown in Figures 9f–9h. The Cassini footprint is located just poleward of
the emission close to midnight, consistent with the quiet northern lobe conditions observed at this time in
the time series panels. The second image displayed, in Figure 9j), is contemporaneous with the intensifica-
tion of the SKR emission and onset of the LFE, and is the first image in the UVIS sequence to show
storm‐related features, with a brightening of the auroras throughout the dawn sector to peak intensities of
~140 kR. The Cassini footprint at noon lies just to the west of the brightened region and is again just pole-
ward of the auroral region, consistent with the tail lobe location indicated in the in situ data at this time

Figure 10. Data from Cassini Revs 292 and 293 plotted in the same format as Figure 6.
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(Figures 10i–10n). Three hours later, contemporaneous with the onset of the hot plasma injection event at
Cassini, Figure 9k shows the image with the brightest emissions peaking at ~600 kR, together with broad-
ening of the region of bright dawn emissions and expansion into the premidnight sector. The Cassini foot-
print then lay in the poleward part of the brightened oval near midnight. The final UVIS image, in
Figure 9l, obtained directly after the initial energetic electron burst, shows that the bright emissions at this
time, peaking at ~310 kR, had rotated into the postmidnight to noon sector, and had also expanded signifi-
cantly poleward, consistent with the closure of a significant fraction of the open tail flux during this event.
The Cassini footprint at that time lay in the equatorward portion of the contracted and dimmed oval emis-
sions near noon.

4. Data Overview

In section 3 we showed that the solar wind compression events anticipated in section 2 from examination of
the model solar wind/IMF and GCR flux data in Figure 4, as tabulated in Table 1, generally produce clearly
identifiable dynamical effects in Saturn's magnetosphere as observed in Cassini remote sensing and in situ
data on the F ring and proximal orbits, augmented by HST auroral imagery. While five of these events were
discussed in some detail in section 3, augmented by a further five in the supporting information, an overview
of the effects observed during all 18 intervals is given in Table 2, to which we have added two further “unan-
ticipated” similar events, F1* and K1*. Event F1* was observed principally in field signatures on the inbound
pass of Rev 269 (similar to Rev 280 in Figure 6), occurring on the Rev directly after anticipated event F1.
Whereas event F1 is associated with the start of a Forbush decrease in the GCR flux in Figure 4f, event
F1* is associated with a further sharp decline in flux toward minimum values during the solar rotation con-
cerned. Unlike event F1, no clear signatures were associated with F1* in the modeled solar wind and IMF
data in Figures 4d and 4e, however, though we note that the model values sourced from both OMNI and
Stereo‐A lay outside of their expected regime of validity during this interval. Event K1* was observed in field,
particle, and SKR signatures near to apoapsis between Revs 287 and 288, prior to anticipated event K1 on
Rev 289. As shown in Figure 4g, this interval is associated with a SEP event indicating the approach and
impact of an interplanetary shock. The SEP flux rose prominently during Rev 287 and peaked during Rev
288, prior to the Forbush decrease observed in the GCR flux in Figure 4f that is associated with compression
event K1 on Rev 289 (see also discussion in Roussos, Krupp, et al. (2018). This sequence of heliospheric
events then led to two separate compression‐related intervals, K1* followed by K1. Overall, Table 2 thus
documents 20 compression events in total over the ~300 day F ring and proximal orbit interval.

Column 1 of Table 2 gives the event identifier and Rev number. Columns 2 and 3 give information on the
start and stop times of the observed compression‐related effects, together with an indication of the para-
meters employed to identify the onset/cessation of the event, and the orbit regimes in which the effects were
observed. The effects include the meridional residual field components as discussed in section 3 (ΔB),
enhancements in the SKR emission, and bursts of energetic particles (EP). These are the intervals marked
by the horizontal blue arrows in the four‐Rev data plots discussed in section 3 and the supporting informa-
tion. Onset/cessation timings are considered well‐determined generally to within ~ ±2 hr, corresponding to
an overall window a little less than half a planetary/PPO rotation period, taken for definiteness to be 10.75 hr
in Table 2. Events of greater timing uncertainty due to less distinct effects are indicated by a “~” sign.
Column 4 gives the overall duration of the event in days and equivalent planetary/PPO rotation (PR) periods.
Events have durations typically lying between ~2 and ~3.5 days (~4.5–8 PR), with an overall average value
for well‐determined intervals of 2.7 days (6.0 PR). Such an interval corresponds to ~40% of a Cassini F
ring/proximal orbit period, such that the events typically occupy a significant fraction of the Rev(s) on which
they occur. It also corresponds to ~10% of an effective solar rotation period at Saturn, such that the events are
present for ~10% of the time if there is one compression event per solar rotation, appropriate to five of the
solar rotation periods encompassed here (E, F, G, I, and J in Figure 4), and to ~20% of the time if there
are two events per solar rotation appropriate to the remaining seven solar rotation intervals.

Columns 5–7 of Table 2 provide a summary of the physical effects observed during the Revs on which each
compression interval occurs. Specifically, Column 5 concerns energetic particle bursts or poleward expanded
layers observed on the inbound passes otherwise located on northern tail lobe field lines, while Column 6
concerns enhancements in energetic particle fluxes within the plasma sheet outbound, relative to quiet
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pass values (see below), observed during the event interval or on the
outbound pass directly after. Bursts of energetic particles are observed
inbound in a majority (~70%) of these events, while an enhancement
above quiet time fluxes in the outbound plasma sheet is seen in all
cases. Column 7 gives an indication of the auroral conditions
observed, if there is relevant imagery, meaning imagery providing
an indication of conditions during or directly after the event interval
(if not, a dash is shown). Specifically, we indicate whether the auroral
oval appears contracted relative to its usual location, and the LT sector
of any notable enhancement in intensity. A contraction may be indi-
cated either through examination of a temporal sequence of relevant
images if such exists, or by comparisonwith themedian averaged oval
position determined by Bader, Badman, Kinrade, et al. (2019) if not. A
“moderate” contraction in Table 2 indicates a poleward contraction of
~2–3° (larger than the PPO‐related oscillation of ~ ±1° about themed-
ian) in some broad sector, while a “strong” contraction indicates a
contraction > ~4°. In most cases where such imagery is available, a
moderate or strong contraction is apparent, with a prominent
enhancement in intensity in the dawn sector. The dawn enhancement
is a significant indicator of the occurrence of tail activity (e.g., Bader,
Badman, Kinrade, et al., 2019; Cowley et al., 2005), while the con-
tracted nature of the oval, sometimes strongly so such as on Revs
258, 280, and 293 as discussed in section 3 (Figures 5, 7, and 9), shows
that a significant quantity of open tail flux is closed during such
events, leading to poleward contraction of the outer boundary of the
oval and the associated hot plasma regime.

Column 8 of Table 2 gives information on whether a SKR LFE was
observed during the event, specifically meaning an interval of intense
emission extending down in frequency to at least ~10–20 kHz, taken
to be indicative of the development of intense field‐aligned currents

in the auroral SKR source regions observed. If so, the interval of observation is given, together with its dura-
tion in days and PR. Thirteen out of 20 events (65%) show at least one such interval (sometimes two sepa-
rated intervals as for Revs 275–276 in Figure S2 in the supporting information), with an averaged total
duration for well‐determined intervals of 1.2 days (2.7 PR). Thus, compression‐related LFE intervals typi-
cally endure for two to three planetary/PPO rotation periods, corresponding to somewhat less than half
the overall duration of each event. For those events that contain LFE intervals, Column 9 also gives an indi-
cation of the local north and south PPO system phases at the spacecraft, ΨN,S, associated with LFE onsets
and/or PPO‐modulated intensifications, to within the nearest 90° phase quadrant. The phase difference
between the two systems during the event, the beat phase defined by Equation 3, is given in column 10, both
as a range over each compression event, and as a mean value. In accordance with the discussion in section 3,
most of the events with LFEs occur within the beat phase range between ~90° and ~270° spanning anti-
phase, that is, when the two PPO systems act in concert to thin and thicken the plasma sheet rather than
to oppose each other. Even so, the values in Column 9 indicate that it is the moderately dominant northern
system that principally governs the timing of onset/intensification of LFEs, with 10 out of 13 LFE cases
(~75%) having onsets/intensifications timed near northern PPO phases of ~0°/360° associated with a
thinned plasma sheet, as in numerous examples discussed in section 3. Although in seven of these cases
the southern PPO phase is near ~180°, also associated with a thinned plasma sheet, thus indicating maxi-
mally thinned conditions under the dual action of the two systems, in three cases where the beat phase is
nearer to quadrature, the onsets/intensifications occur near northern PPO phases 0°/360°, while the south-
ern phases have more neutral values around ~90° or~270°. Overall, however, these findings are consistent
with the LFE events being associated with the onset or enhancement of tail reconnection rate associated
with PPO‐modulated thinning of the plasma sheet, which in turn modulates the intensity of the auroral
field‐aligned magnetosphere‐ionosphere coupling currents.

Figure 11. Averaged PPO beat phases for the compression events in Table 2
(column 10) are shown plotted on a phase wheel, with in phase conditions at
the bottom and antiphase conditions at the top. The phases of major events as
defined in section 4 are shown in red, while those of minor events are shown in
green (event F1* being excluded due to its rather different character). The phase
values are labeled with the corresponding event identifier (see Tables 1 and 2).
The red and green dashed lines indicate the directional means of these two sets
of values (Equation 5), with the paler‐red‐ and green‐shaded regions displaying
the circular standard deviations about these respective means (Equation 6).
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On the basis of these results we have divided the events into two groups termed “major” and “minor,” as
indicated in the first column of Table 2. Major events are those with LFE intervals with durations greater
than one planetary/PPO rotation (11 out of 20 events, or 55%), while minor events either have no LFE inter-
val as defined above (7 out of 20 events, or 35%), or one whose duration is one planetary/PPO rotation period
or less (2 out of 20 events, or 10%). While this division is somewhat arbitrary, it does appear to separate
events into two reasonably distinct types of response as discussed further below, with major events being
roughly commensurate with the “long duration LFE” event category discussed by Reed et al. (2018), having
LFE durations exceeding 20 hr. The major events here have an average LFE duration of ~32.5 hr (1.4 days or
3.0 PR), representing an interval of approximately half the overall duration of these events (2.7 days or 6.0
PR).

It is evident from this discussion that the major events defined above occur preferentially during PPO beat
phase antiphase conditions, while the minor events occur preferentially under beat phase in phase condi-
tions. The extent of this division is indicated in Figure 11, which shows the average beat phase of each event
(Column 10 of Table 2) plotted in a beat phase circle which has in phase conditions (ΔΦ = 0°) at the bottom,
northern leading quadrature (ΔΦ = 90°) on the left, antiphase (ΔΦ = 180°) at the top, and southern leading
quadrature (ΔΦ = 270°) on the right. Event F1* has been excluded since the conditions under which it
occurs, directly following anticipated event F1 as discussed above, are rather different from those of the other
events. The phases of major events are shown as solid red lines, while those of minor events are shown as
solid green lines, each labeled with the corresponding event identifier. With a few exceptions, the major
events with extended LFEs principally populate the upper half circle about antiphase, while the minor
events without extended LFEs principally populate the lower half circle about in phase. For a set of K such
phase angles, ΔΦk, where k = 1,2,…. K, the directional mean ⟨ΔΦ⟩ and circular standard deviation σ of these
phase values are given by

Rei ΔΦh i ¼ 1
K
∑K

k¼1e
iΔΦk ; (5)

where real quantity R satisfying 0 ≤ R ≤ 1 is the mean resultant length of the data (the mean length of the
combined phase vector in the Argand plane), and

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln

1
R2

� �s
; (6)

for example, Mardia and Jupp (2000). We note in particular that the circular standard deviation (given in
radians by Equation 6) relates to the width of the angular distribution and not to the accuracy to which the
directional mean is determined. For the major events we find a directional mean ⟨ΔΦ⟩ = 193.6°, shown in
the diagram as a red dashed line, with a circular standard deviation of σ = 60.3°, while for the minor
events we find ⟨ΔΦ⟩ = 358.0°, shown in the diagram as a green dashed line, with σ = 73.9°. These phase
intervals are further indicated by the pale red and green sectors in Figure 11, showing that there is a clear
preference for the major events to occur during near antiphase conditions, while the minor events occur
during near in phase conditions. Thus, while the compressed magnetospheric conditions required for such
events to occur is set by the solar wind, the response to those conditions, whether resulting in strong
PPO‐modulated tail reconnection and flux closure or not, is significantly affected by the PPO beat phase.
When the thickness of the plasma sheet is strongly modulated by the dual action of the two PPO systems,
of comparable amplitude during the interval in question, that is, for PPO antiphase conditions, a strong
response with extended generally PPO‐modulated LFEs is observed, while when the plasma sheet is more
weakly modulated due to the two systems acting in opposition to each other, that is, for PPO in phase con-
ditions, a weaker response without extended LFEs is observed. Of course, the strength of the solar wind
compression should also play some role, not readily accessible to study here given the availability only
of model and proxy data on the concurrent state of the solar wind conditions upstream of Saturn's mag-
netosphere. Thus, on the one hand, it may be possible for compressions of sufficient strength to excite a
“major” event irrespective of the PPO conditions prevailing, while on the other, sufficiently weak com-
pressions should fail to produce such an event even under the most favorable beat phase conditions. In
section 3.2 we noted an example where the magnetosphere appears to be in an entirely quiet expanded

10.1029/2020JA027907Journal of Geophysical Research: Space Physics

BRADLEY ET AL. 31 of 39



state under closely antiphase beat phase conditions (Figure 7, see also Figure S1). However, the results
obtained here show that under typical conditions, the consequences of solar wind compression depend
significantly on PPO beat phase.

Figure 12 provides an overview of results in a plot having a similar format to Figure 4. Figure 12a shows a
RPWS spectrogram with the same frequency range and spectral power color scale as employed in
Figures 5–10, though shown here with a greatly compressed timescale. Major SKR LFE events are evident
as emission bursts (red) extending down to frequencies ~10 kHz and below. Intervals of auroral hiss emis-
sion below ~100 Hz near periapsis on each Rev are seen to be much longer on the F ring orbits than on
the proximal orbits (beginning at Rev 271), this simply being due to the difference in orbit trajectories, with
more time spent in the polar open field region of downward currents (relative to the ionosphere) on the F
ring orbits than on the proximal orbits (see Figure 2). Figures 12b–12e showmodel solar wind dynamic pres-
sure, IMF strength, LEMMS E6 count rate responding to the GCR flux (>120 MeV protons), and LEMMS P2
count rate responding weakly to the GCR flux as well as to the SEP flux (2.3–4.5 MeV protons), as shown
previously in Figures 4d–4g. Figure 12f shows the PPO beat phase (modulo 360°) as given by Equation 3.
The red and green shaded vertical bands superposed on these panels (white dashed lines in Figure 12a) show
the compressed magnetosphere intervals defined by the start and stop times of each of the 20 events in
Table 2, red for the major events and green for the minor events. These are labeled as in Figure 4, and in

Figure 12. Overview of whole‐interval results in a plot having a similar format to Figure 4. Figure 12a shows a RPWS spectrogram with the same frequency range
and color scale as employed in Figures 5–10. Figures 12b‐12e show model solar wind dynamic pressure (nPa), IMF strength (nT), LEMMS channel E6 count
rate (GCR flux of >120 MeV protons), and LEMMS channel P2 count rate (GCR flux as well as SEP flux of 2.3–4.5 MeV protons), shown in the same format as
Figures 4d–4g. Figure 12f shows the PPO beat phase (deg modulo 360°) defined by Equation 3. The superposed red‐ and green‐shaded vertical bands (white
dashed lines in Figure 12a) show intervals of magnetospheric compression defined by the times in Table 2, labeled as in Figure 4 and Tables 1 and 2. Red
corresponds to major events with an extended LFE interval (longer than one planetary rotation) and green to minor events without such an extended LFE interval.
The superposed gray‐shaded vertical bands show intervals of relative magnetospheric quiet when energetic particle fluxes were at near‐minimum values.
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Tables 1 and 2. The correspondence with the compression events anticipated using the model solar
wind/IMF and GCR flux data in Table 1, described in section 2.4 and plotted using vertical dashed lines
in Figure 4, is seen generally to be good, clearly corresponding with the Forbush decreases and related effects
in the GCR flux profile, and with the model peaks in dynamic pressure/IMF strength. Comparing the timing
of the observed events in Table 2 with the predicted times shown in Figure 4 and Table 1 based mainly on a
judicious combination of model solar wind/IMF and GCR flux considerations, shows that the event center
times agree well with expectation, with the center time minus the predicted time having a mean and SD of
0.2 ± 1.6 days (ICME‐related event L2 being excluded). Given the averaged 2.7 day event duration, this
means that the event onsets typically occur somewhat before our predicted times, by a mean value and
SD of ~ −1.1 ± 1.6 days. However, this difference seems hardly significant given the typical ~ ± 1.5 day
timing uncertainties in the model SW/IMF data, combined with the 1.75 day smoothing in the GCR flux
profiles. The majority of the events in this interval are clearly related to semirecurrent CIRs propagating in
the heliosphere, though varying over the interval between one and two significant compressions per solar
rotation. Two of the events, however, namely K1* and final event L2, are associated with the impact of an
interplanetary shock with an associated SEP signature, which certainly in the case of event L2 on Rev 293
is not CIR‐related and may instead be associated with an X‐class solar flare observed ~9 days earlier
(Roussos, Krupp, et al., 2018). Events F1 and F1* are also of somewhat different nature, with event F1
occurring near a peak in GCR flux with following rather weak Forbush decrease onset, similar to many
other events, while subsequent event F1* relates to a further sharp increase in the rate of decline of the
GCR flux occurring ~5 days later. The relationship between the nature of the responses, whether major
or minor, with the PPO beat phase is also evident in Figure 12f, with the major events mainly occurring
within the intervals when the beat phase lies between 90° and 270° via 180° in the center of the panel,
and the minor events occurring when the event lies outside that range, within the top and bottom seg-
ments of the panel.

Our examination of the Cassini data reveals not only the solar‐modulated semirecurrent intervals of high
activity related to magnetospheric compressions, however, but also the similarly semirecurrent intervals
of magnetospheric quiet related to extended intervals of solar wind rarefaction. These intervals are marked
by continuously low values of energetic particle fluxes throughout significant fractions of a week‐long Rev
(apart from the periapsis traversals of the inner radiation belts), indicative of cooler plasma in the nightside
plasma sheet. Such conditions are exemplified by F ring Revs 253, 257, and 260 shown in Figures S4, 7, and 8,
respectively, and by proximal Revs 275, 282, and 290 shown Figures S2, S1, and 9, respectively. These and
other related intervals are indicated by the gray vertical bands in Figure 12, which show that they relate over-
all to rarefaction conditions in the model solar wind/IMF data, and usually to intervals in which the GCR
flux is slowly increasing fromminimum values following a Forbush decrease. Since such low‐flux GCR con-
ditions are typically observed on Revs directly following more active intervals during or following Forbush
decreases when the plasma sheet energetic particle fluxes may be an order of magnitude higher, it is evident
that the energetic ions and electrons associated with hot plasma are lost from the near‐planet plasma sheet
over Cassini orbital period intervals of ~1 week (i.e., over ~15 PR). This despite the fact that the overall
plasma motion is dominated by rotation around the planet in this region of the plasma sheet out to ~20 RS
(e.g., Kane et al., 2020; Thomsen et al., 2014). It is also clear from the discussion of individual Revs in
section 3, however, that following injection episodes observed, for example, on the inbound pass of a given
Rev, such particles are retained within the plasma sheet in this region for at least several subsequent plane-
tary rotations during outbound passes. We further note that while extended SKR LFEs do not occur under
such rarefaction conditions, it should not be concluded that the SKR emissions are invariably weak during
such intervals. In fact, initial examination indicates that PPO‐modulated short‐lived bursts of SKR with
LFEs (e.g., Reed et al., 2019), possibly indicative of Vasyliunas‐cycle activity, may be favored under such cir-
cumstances, such as can be seen during Rev 253 in Figure S4 and Rev 257 in Figures 7 and 8.

Finally, we note that on intervening Revs between compression intervals and quiet intervals associated with
extended rarefactions, magnetospheric conditions are generally intermediate between minor storm and
quiet time in nature, typically with sporadic PPO‐modulated SKR emissions of moderate intensity, and inter-
mediate levels of energetic particle fluxes. Short‐interval PPO‐modulated LFEs may occur, but extended
LFEs are again absent. Examples may be found, for example, in Revs 279 and 281 in Figure 5, Revs 283
and 285 in Figure S1, and Rev 291 in Figure 9.
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5. Summary

We have examined Cassini remote sensing and in situ data from the set of F ring and proximal orbits at the
end of mission, augmented by HST auroral observations and model solar wind data, to investigate the state
of Saturn's magnetosphere and its relation to concurrent heliospheric conditions. The nature of the study
and its principal findings are summarized as follows.

a. The Cassini F ring and proximal orbits explored the nightside tail to distances of ~21 RS in the postmid-
night to midnight sector, passing inbound from apoapsis through the northern outer plasma sheet/tail
lobe region, and outbound through the southern and central plasma sheet region, via a variably close
periapsis on the dayside. The very close similarity of both the sequence of twenty F ring orbits and the
subsequent sequence of 22 and a half proximal orbits, is such that the Rev‐to‐Rev variations in observed
parameters may be attributed dominantly to variations in the physical conditions prevailing, rather than
to differences in orbit geometry. The spacecraft orbital period also corresponded quite closely to one
quarter of the effective solar rotation period at Saturn of ~26 days, such that four‐Rev sequences of repe-
titive heliospheric conditions represent a first approximation, with ~11.5 such sequences being observed
over the ~10 month interval of study. Heliospheric conditions inferred from model solar wind/IMF and
Cassini GCR flux data evolved from the occurrence of two CIRs per solar rotation during the earlier F
ring orbits to one CIR per rotation during the later F ring and proximal orbits (with one exception), this
reflecting the late declining phase of the solar cycle. An ICME‐related shock is also anticipated to have
impacted on the final Rev, based on concurrent Cassini SEP flux data.

b. Overall results demonstrate a very clear correspondence between in situ magnetospheric magnetic field
and energetic particle data, together with remote sensing observations of SKR, auroral hiss, and auroral
UV emissions, with the inferred simultaneous heliospheric conditions. A combination of model solar
wind/IMF and GCR data thus provide an appropriate basis on which to develop such studies. Active
intervals with, for example, strong SKR emissions and large energetic particle fluxes, are principally asso-
ciated with CIR‐related compression events, with one occurring every other Rev during the earlier F ring
orbits when two such events occurred each solar rotation, and one every fourth Rev on the later F ring
orbits and proximal orbits when one occurred each solar rotation (with one exception not including
the ICME event).

c. A clear response to anticipated compression events is almost invariably observed in the in situ and
remote sensing data, which generally involve enhancements in the power and continuity of SKR emis-
sions, compression and field deflection signatures in the residual meridional field components, and
bursts or longer‐lived enhancements in energetic particle fluxes, with anticorrelated variations in auroral
hiss observed on polar tail lobe field lines. Individual compression‐related disturbance intervals last on
average for ~2.7 days (typically ~2–3.5 days), thus corresponding to approximately six Saturn
planetary/PPO rotation periods, as well as to ~40% of a Cassini orbital period and ~10% of a solar rotation.
Compression events are centered close to the times predicted from a combination principally of model
solar wind/IMF and GCR flux considerations, with the center time minus the predicted time having a
mean and SD of 0.2 ± 1.6 days, such that the onsets occur on average ~ −1.2 ± 1.6 days before our pre-
dicted times. This difference is not considered significant, given the typical ~ ± 1.5 day uncertainties in
the model SW/IMF data, and the ~2 day smoothing of the GCR flux data. The detailed response in the
in situ data depends, of course, on the orbit segment on which the compression event occurs. In particu-
lar, enhancements in energetic particle flux indicative of plasma heating within the near‐tail plasma
sheet are observed on the nearer‐equatorial outbound passes, while PPO‐modulated particle bursts
and injections concurrent with field dipolarizations are typical on higher‐latitude inbound passes.

d. SKR effects vary considerably from event to event, sometimes involving only an enhancement in power
and continuity relative to quiet intervals while maintaining a relatively narrow frequency band (e.g.,
Revs 254, Figure S4; 259, Figure 7; and 284, Figure S1), while on others also exhibiting major
enhancements in power with LFEs indicative of significant strengthening of the associated
field‐aligned current densities (e.g., Revs 258, Figure 7; 274 and 276, Figure S2; 280, Figure 5; and
293, Figure 9). LFE events last on average for 1.2 days, corresponding to 2.7 planetary/PPO rotations
(typically 2–3 planetary/PPO rotations), thus usually corresponding to a little less than half the overall
duration of a compression event. Examination of responses observed on corresponding Revs on adja-
cent solar rotations with similar anticipated heliospheric conditions (e.g., Revs 278–281 with Revs

10.1029/2020JA027907Journal of Geophysical Research: Space Physics

BRADLEY ET AL. 34 of 39



282–285 during the proximal orbit interval, Figures 5 and S1; and Revs 253–256 with Revs 257–260
during the F ring orbits, Figures 7 and S4) indicates that the PPO beat phase plays a role in determin-
ing the nature of the responses to a compression event. Defining “major” events to be those exhibit-
ing an LFE interval lasting longer than one nominal planetary/PPO rotation period of 10.75 hr and
minor events to be those without an LFE interval or having one lasting for one PPO period or less,
we find a strong preference for major events to occur when the PPO beat phase lies within ~90° of
antiphase conditions, while minor events preferentially occur when the beat phase lies within ~90°
of in phase.

e. Previous studies of tail field data (e.g., Cowley & Provan, 2017; Provan et al., 2012; Thomsen et al., 2017)
have shown that the principal distinction between these two conditions is that for antiphase conditions
the two PPO systems work in concert to maximally thin and thicken the tail plasma/current sheet during
each PPO rotation cycle, destabilizing the sheet when it is thin, while for in phase conditions the thick-
ening and thinning effects of the two systems are opposed in sense, and will approximately cancel given
that the two PPO systems are of roughly equal amplitude during the interval of study. The onset of tail
reconnection is thus favored for antiphase beat phase conditions at specific times in the PPO cycle when
the plasma/current sheet is expected to be thin. In most cases we correspondingly find that SKR intensi-
fications and LFE events begin close to the time in the PPO cycle when the north/south PPO phases are
indicative of thin plasma sheet conditions, more specifically being governed by the phase of the moder-
ately dominant northern PPO system under beat phase conditions nearer to quadrature (see Table 2). In
some cases, but not all, the LFE onset directly follows a compression onset observed in the magnetic field
data at the subsequent point in the PPO cycle favoring thin plasma sheet conditions (e.g., Revs 276,
Figure S2; 280, Figure 5; 292 and 293, Figures 9 and 10).

f. While UV auroral images are only sporadically available from UVIS and the HST during these Revs,
examination shows that both major and minor compression events are generally associated with a con-
traction of the auroral oval (see Table 2). A few well observed major events, in particular, show a strongly
contracted oval with a dawn maximum in brightness, indicating closure by tail reconnection of a signif-
icant fraction of preexisting open lobe flux. This shows that these events are associated with a response to
solar wind conditions which is of global scale and consequences within the magnetosphere.
Well‐observed examples include those associated with Revs 258 (Figure 7), 280 (Figure 5), and 293
(Figure 9), the latter comprising a major auroral storm associated with the ICME shock impact on the
final inbound pass. Additional less well‐observed examples occur within the wider data set, such as on
Revs 261 and 271/272.

g. Under several‐day solar wind rarefaction conditions, usually following Forbush decrease minima in
GCR flux, in situ and remote sensing data indicate the presence of a quiet magnetosphere without
major tail dynamics of the above nature. These conditions typically occur over several day (approxi-
mately one Cassini Rev) intervals generally once or twice per solar rotation, thus every other or every
fourth Rev. Plasma sheet energetic particle fluxes are usually the weakest of those observed on the F
ring and proximal Revs, indicative of the presence of cooler plasma (e.g., Revs 253, Figure S4; 282,
Figure S1; and 290, Figure 9). Auroral images generally indicate the presence of an auroral oval of
usual relatively expanded size, with relatively weak emissions often without a maximum in the dawn
sector. SKR emissions are also generally weak and more sporadic, without extended LFEs, but usually
with vestiges of PPO‐related modulations. In some cases, however, prominent short‐lived PPO‐
modulated multiple LFEs may occur on these Revs (e.g., Revs 250, 253, Figure S4; and 257,
Figures 7 and 8), indicative of the occurrence under these conditions of PPO‐modulated
Vasyliunas‐cycle activity.

Data Availability Statements

The UV observations were obtained from the ESA/NASA Hubble Space Telescope GO program 14811. The
original data can be retrieved from the MAST archive at https://archive.stsci.edu/access-mast-data, and the
processed data from the APIS service (http://apis.obspm.fr). The Cassini/RPWS and MAG original data are
accessible through thePDSarchive (https://pds.nasa.gov/).Calibrateddata fromtheCassinimissionareavail-
able from the NASA Planetary Data System at the Jet Propulsion Laboratory (https://pds.jpl.nasa.gov/).
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