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Abstract

Saturn’s magnetosphere has been extensively studied over the past thirteen years with the now
retired Cassini mission. Periodic modulations in a variety of magnetospheric phenomena have
been observed at periods close to those associated with the emission intensity of Saturn
kilometric radiation (SKR). Resulting from Rayleigh-Taylor like plasma instabilities,
interchange is believed to be the main plasma transport process in Saturn’s inner to middle
magnetosphere. Here we examine the organization of equatorially observed interchange events
identified based on high-energy (3-22 keV) H" intensifications by several longitude systems that
have been derived from different types of measurements. The main question of interest here is:
do interchange injections undergo periodicities similar to the SKR or other magnetospheric
phenomena? We find that interchange shows enhanced occurrence rates in the northern longitude
systems between 30° - 120°, particularly between 7 — 9 Saturn Radii. However, this modulation
is small compared to the organization by local time. Additionally this organization is weak and
inconsistent with previous findings based on data with a limited time span.

Plain Language Summary

When estimating the rotation rate of Jupiter and Saturn scientists often use a periodic signal of
radio emission from the planet’s auroral region. At Saturn this emission is called the Saturn
Kilometric Radiation (SKR) and unlike Jupiter, the period of SKR is observed to vary over time.
Similar periodic variations have also been observed in particle energy and magnetic fields,
suggesting that this periodicity is a fundamental property of the Saturn space environment. In
this work, we ask if these same repetitions can be seen in a process called interchange injection.
To do this we analyze interchange’s occurrence rate, as observed in particle data from the
Cassini spacecraft, with respect to two longitude systems previously derived from the observed
periods of the SKR emission. We find that interchange occurrence shows only weak organization
in these longitude systems as compared to organization by local time.

1 Introduction

The rotation rates of gas giant planets, such as Jupiter or Saturn, cannot be determined by
tracking surface features; instead periodic variations in the emission strength within the radio
frequency band are used. Saturn’s rotation rate has proven to be a difficult value to definitively
quantify. Estimated from the measurement of the period of Saturn kilometric radiation (SKR),
has shifted significantly from the Voyager era (10h 39m 24s + 7s), to Ulysses (10h 42m 34.2s),
and finally to Cassini (10h 45m 45 + 36s) (Desch & Kaiser, 1981; Galopeau & Lecacheux, 2000;
Gurnett et al., 2005). The observed shifts in the SKR derived period are too large to represent
changes in the rotation rate of the planetary body itself and must be produced by some other
process yet undetermined (e.g. Cecconi & Zarka, 2005; Galopeau & Lecacheux, 2000;
Stevenson, 2006). Further adding to the mystery of Saturn’s rotational period, the periodic nature

This article is protected by copyright. All rights reserved.



of SKR is also observed throughout the magnetosphere in a range of plasma and magnetic field
phenomena, including: magnetic field perturbations near the equator and at high-latitudes, spoke
formation in the rings, plasma density and pressure variations in the inner and middle
magnetosphere, fluxes of energetic particles and energetic neutral atoms, the intensity of auroral
hiss emissions, location of the auroral oval, etc. (e.g. Carbary & Mitchell, 2013; Carbary et al.,
2007; Gurnett et al., 2007; Gurnett et al., 2009; Nichols et al., 2010; Paranicas et al., 2005; Porco
& Danielson, 1982; Provan et al., 2012; Ramer et al., 2017; S. Y. Ye et al., 2016). As the
magnetic dipole and planetary spin axes are nearly aligned at less than 0.01° (Dougherty et al.,
2018) the origin of these periodicities cannot be produced by a wobbling internal dipole as the
planet rotates, as is the case for Jupiter. Many models have been proposed to explain the
observed periodicities, including models that attribute the origin to processes occurring in the
equatorial magnetosphere (e.g. Goldreich & Farmer, 2007; Gurnett et al., 2007; Khurana et al.,
2009) and those that place the origin in the high-latitude atmosphere/ionosphere (e.g. Hunt et al.,
2014; Jia et al., 2012; Smith, 2006; Southwood & Cowley, 2014). A model that incorporates
flow vortices in the upper atmosphere/ionosphere has been demonstrated to be able to account
for many of the observed periodic phenomena with quantitative fidelity (e.g. Jia & Kivelson,
2012; Jia etal., 2012).

For comparison, the rotation rate of Jupiter is relatively straightforward. Ground based radio
astronomers discovered and used periodic intensifications in the decametric radio frequency
signals to determine a rotational rate of the planetary body itself of slightly less than 10 hours
(Douglas, 1960; Franklin & Burke, 1958; Shain, 1955). The commonly used sidereal period,
adopted by the International Astronomical Union is 9h 55m 29.7s + 0.04s as discussed by
Duncan (1975) and Seidelmann & Divine (1977). Subsequent work found the
improvements from in-situ measurements for example, of the magnetic field, to be within
expected error of this original estimation and at this time there is good confidence in the
rotational period of Jupiter (Yu & Russell, 2009).

Constraining Saturn’s variable rotation rate is not so straightforward. In the course of this effort,
magnetospheric processes have been linked to Saturn's variable planetary period, including
coupling processes between the inner and outer magnetosphere. Given that many magnetospheric
phenomena exhibit periodic variations, it is of particular interest to find out whether or not
interchange also undergoes any periodic modulations in its occurrence rate. Similar to a
Rayleigh-Taylor instability, centrifugally-driven interchange is believed to be the primary
process for plasma transport in the inner to middle magnetosphere (~ 5 - 12 R;) at Saturn (see
Thomsen, 2013 for a review). Associated with the interchange process are injections of hot
plasma from the middle into inner magnetosphere, which are often termed interchange injections.
Interchange injections are typically characterized by an enhancement of energetic (>100 eV)
plasma and a depletion of low energy plasma along with enhanced wave activity and magnetic
field pressure (e.g. André et al., 2005, 2007; Azari et al., 2018; Burch et al., 2005; Chen & Hill,
2008; Hill et al., 2005; Kennelly et al., 2013; Lai et al., 2016; Rymer et al., 2009). Within this
very same spatial region in which interchange is occurring, modulations of the field and plasma
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conditions have been observed associated with rotational periodicities (e.g. Ramer et al., 2017).
Are interchange injections similarly modulated with rotational periodicities?

A previous effort by Kennelly et al. (2013) investigated this question. They analyzed data from
the Cassini Radio and Plasma Wave Science (RPWS) instrument for the first half of the mission
(2004 - 2011) to identify interchange injection events based on the presence of strong upper
hybrid emissions along with the lowering of the emission frequency. The authors investigated the
occurrence rate of interchange injections identified in RPWS data as a function of the northern
and southern phases of the Saturn Longitude System 4 (SLS-4). In SLS-4, there is a northern and
southern phase system as the SKR periods was shown to have two components, corresponding to
the northern and southern auroral regions (Gurnett et al., 2009). Since this discovery derived
longitude systems have a northern and southern component, which differ in their period.

Kennelly et al. (2013) found a rather broad peak in the fresh interchange occurrence rate between
local times of ~19 and 03 LT with a secondary narrower peak between ~12 and 17 LT.
Furthermore in the local time sector of 19 to 03, interchange was organized by the northern SLS-
4 system for the pre equinox interval (i.e. prior to August 2009) and by the southern SLS-4
system in the post equinox interval. Theoretical work has tied the growth rate of interchange to
ionospheric conductivity, wherein a larger conductivity suppresses interchange growth
(Southwood & Kivelson, 1989). Kennelly et al. (2013) proposed that due to the seasonal
differences in polar illumination, the conductivity changes drive the organization of interchange
occurrence rates as organized by SLS-4. However it is important to note that this result was
obtained for the RPWS events through imposing a local time filter between 19 and 03 LT,
omitting any injections at other local times. Such a result implies the requirement of a
conductivity anomaly in each hemisphere that is fixed in longitude. Prior to this work, Chen et
al. (2010) found no systematic organization of interchange identified through Cassini Plasma
Spectrometer (CAPS) data by SLS-3 (Kurth et al., 2008). However the SLS-3 system was not
defined separately for each hemisphere.

At the time of the Kennelly et al. (2013) work SLS-4 system covered from 5 April 2006 to 16
September 2009 for north SLS-4 and 2 September 2004 to 9 January 2011 for south SLS-4
(Gurnett et al., 2011). The SKR based system has recently been updated to a SLS-5 longitude
system with complete Cassini-mission temporal coverage (Ye et al., 2018). In addition, a
longitude system termed the planetary period oscillation (PPO) system has been derived and
continuously developed since the observation of these periodicities (see Andrews et al., 2012;
Provan et al., 2013; Provan et al., 2014 for detailed process on deriving PPO properties). The
PPO system is based off the analysis of the magnetic field perturbations and has also yielded
phases systems and periods that now extend to the end of the Cassini mission (e.g. Provan et al.,
2018 and references within). These magnetic field perturbations are quasi-sinusoidal oscillations
in the magnetic field components that are periodic and closely related to the phase of SKR
modulations (Andrews et al., 2008; Provan et al., 2009). It has been shown that both the SKR-
derived and PPO-derived periods are very similar, but with some short intervals of deviation

This article is protected by copyright. All rights reserved.



(e.g. Cowley & Provan, 2016; Fischer et al., 2015; Provan et al., 2016, 2014). Further analysis
has associated periodicities in PPO with field-aligned currents flowing from Saturn’s ionosphere
through the magnetosphere (Hunt et al., 2014, 2015; Jia & Kivelson, 2012; Jia et al., 2012;
Ramer et al., 2017). In which ~90° north and 270° south in the PPO system is the location of
upward field aligned currents within the ionosphere of Saturn (Hunt et al., 2014, 2015). This has
been discussed as associated with an inward displacement of the current system in the equatorial
plane (Hunt et al., 2015). These efforts now represent two distinct rotational systems that can be
used to study the entirety of periodic modulations of the Cassini data set.

Subsequent to the work by Kennelly et al. (2013), several studies have evaluated interchange
distributions at Saturn, extending to close to the end of the Cassini mission in mid-September of
2017 (Azari et al., 2018; Lai et al., 2016). Azari et al. (2018) identified interchange injection
events from 2005 - 2016 using a statistics based algorithm applied to H* flux intensitifications
from the Magnetosphere Imaging Instrument’s CHarge Energy Mass Spectrometer (CHEMS)
(Krimigis et al., 2004). In their work, interchange injections were found to be both more
prevalent and more intense between 7 — 9 R.. Further, interchange events were found to be
primarily on the nightside of Saturn, rather than the dayside, similar to what has been found in
previous work by Kennelly et al. (2013), and consistent with the idea that the growth rate of
interchange is inversely proportional to the ionospheric Pedersen conductivity as first proposed
by Southwood & Kivelson (1989). In addition to the broad nightside peak, Kennelly et al. (2013)
also found a dayside, post-noon peak, which does not seem to fit this explanation of ionospheric
conductivity. Beyond examining the local time and radial dependence of their identified injection
events, Azari et al. (2018) also compared their interchange injection events found in the CHEMS
data to previous interchange surveys that used different detection methods. They found only
modest overlap between their high-energy ion event catalogue and prior lists, and similarily for
the other lists to each other, with 26 events shared by all published surveys. The overlap with the
event list identified by Kennelly et al. (2013) was somewhat better than with the sets of events
identified by Chen & Hill (2008) and Lai et al. (2016). With the newly updated SLS-5 and PPO-
based longitude systems and the recent updated interchange lists, it is worthwhile to investigate
whether or not the observed interchange injections at Saturn exhibit organization in longitude
systems developed to characterize the periodic modulations of the SKR and magnetic
perturbations.

In this study, we conduct an analysis similar to that of Kennelly et al. (2013) to evaluate the
dependence of interchange injection, but with events identified by Azari et al. (2018) using high-
energy H* intensifications on the SLS-5 and PPO longitude systems. We review if previously
observed modulations can be observed in high-energy H" intensifications by first applying the
same filtering method in time and local time used previously by Kennelly et al. (2013). We then
extend our analysis to the full set of available mission data. We further review organization for
different seasonal time ranges to identify potential seasonal trends in the occurrence of
interchange injections. As discussed, a bevy of magnetospheric phenomena have been observed
to modulate with these periodic systems and within this spatial region (e.g. Ramer et al. 2017). In
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addition these modulations have been associated with current systems (e.g. Hunt et al. 2015). We
ask if these modulations in the physical environement are affecting the occurrence of interchange
at Saturn. If interchange injections are organized by longitude throughout the Cassini era (2004 -
2017), then the occurrence of interchange may be sensitive to periodicities between the inner and
outer magnetosphere and a source of periodic and systematic mass transport at Saturn.

2 Methodology

We use the interchange injection events identified by Azari et al. (2018) to investigate
dependence on longitude for the pre equinox, equinox, and post equinox time range. We take the
pre equinox date range to be 2005 - 2008, equinox to be 2009 — 2012, and post equinox to be
2013 — 2016. We choose 2009 through 2012 as equinox maintly because the periods of the
northern and southern SKR or PPO systems within these years are close to each other, whereas
outside of these years they diverge (e.g. Lamy, 2017, Provan et al., 2016 and references within).
We are interested in observing differences in northern and southern system dependency during
diferent seasonal time ranges.

The interchange injection events presented in Azari et al., (2018) were selected from the entire
Cassini mission’s equatorial CHEMS database, using all measurements within + 10° of the
Saturn Equatorial System (SZS) equator and between 5 and 12 Rs. CHEMS sorts ion flux by
energy per charge range, time of flight, and total energy (Krimigis et al., 2004). As we look at
equatorial orbits, we would expect organization in both the southern and northern rotational
systems. Events were selected through an automated detection algorithm that takes into account
radial distance, energy range, and background values to identify sudden H” intensifications. The
algorithm was trained and tested on a subset of interchange injections identified through visual
inspection, and then applied to all of the Cassini CHEMS data between 2005 and 2016 to obtain
the first computationally standardized and comprehensive list of interchange injection events
(see Azari et al. 2018 for more details). It is important to note that some of the CHEMS events in
this study overlap with those RPWS events found within Kennelly et al. (2013), even though
they were identified with different instruments and selection criteria.

We use the newly developed and updated SLS-5 and PPO longitude systems to evaluate
periodicity dependence (Provan et al., 2018; Ye et al., 2018). SLS-4 was the first system that
separated the northern and southern signals, and extended the SLS identification to early 2011
using a tracking filter (Gurnett et al., 2011). SLS-5 was derived similarly and extends past 2011.
To separate the northern and southern systems, Ye et al. (2018) used the polarization of the SKR
signal to separate the components. In this work we use SLS-5, which now covers the whole
period of the Cassini mission (see Ye et al. (2018) for additional discussion on SLS-5 and
previous SLS systems).

The PPO phase/longitude systems are developed based on Cassini measurements of the quasi-
periodic magnetic perturbations. For both the northern and southern PPO systems, 0° is where
the perturbation field of the quasi-uniform equatorial field points radially outwards (e.g. Provan
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et al., 2018). The PPO phases of the northern and southern systems then increase with time at a
given spatial location at their respective rates as the systems rotate in the same sense as the
planet. Both SLS-5 and PPO have been converted in our analysis to represent the
phase/longitudes of the spacecraft using the methods detailed most recently in Provan et al.
(2018) and Ye et al. (2018).

Several studies have undertaken comparisons between the SLS and PPO systems (e.g. Cowley
and Provan, 2016; Fischer et al., 2015; Provan et al., 2016, 2014). Due to the recent advances in
the development of these systems, including the update to SLS-5, we present in Figure 1 a
comparison between SLS-5 and PPO phases inside of 25 R;. We use these comparisons as a
guide to interpreting the differences in interchange occurrence analyses in subsequent figures. In
Figure 1, we can observe that during most of the time the phase difference remains
approximately constant meaning closely similar periods, with actual values depending on the
orientation of the magnetic systems at times of corresponding SKR maxima. During most of the
interval studied the phase difference of the northern systems is near zero, meaning the quasi-
uniform field of the northern system points sunward at the times of northern SKR maximum. The
phase difference of the southern systems, however, generally is ~180°. Meaning that the quasi-
uniform field of the southern magnetic systems points anti-sunward at times of southern SKR
maximum. PPO and SLS-5 are derived from different measurements onboard the Cassini
spacecraft which helps to explain these differences. For this reason, we analyze the interchange
on rotational phase using both the PPO and SLS-5 systems.

In this analysis, we focus on the locations of the interchange events as observed by Cassini,
rather than backtracking them to their estimated onset locations. The events identified in the
Azari et al., (2018) survey are relatively young events because the identification method was
developed and optimized to avoid significant dispersion in the CHEMS energy spectra (Azari et
al., 2018). Ideally, one would estimate the onset locations by accounting for the finite radial
propagation time and corresponding azimuthal drift as discussed by Liu et al. (2010) and
Paranicas et al. (2016). These effects would potentially affect both the local time location and the
PPO and SLS-5 longitudes. Paranicas et al. (2016) estimated the radial propagation time for three
dispersionless injection events. They found propagation times ranged between 1.2 - 2.4 hours. As
discussed, the time an injection travels inward without showing significant dispersion governs
the evolution of the injection event but the radial velocity and starting radial distance can not be
determined independently. Paranicas et al. (2016) relied on measured phase space density using a
similar methodology to Rymer et al. (2009) to obtain estimates of the starting radial distance and
to derive the radiation propagation time. Paranicas et al. (2016) found a radial drift velocity
ranging between ~9 — 18 km/s. The primary radial range of the interchange events found in Azari
et al. (2018) is between 7 — 9 Rs. If an event onset occurs at or beyond 9 R, then the maximum
azimuthal drift speed in this range (between 9 and 10 Rs) is ~0.69 of the rigid corotation speed
with a standard error of 0.02 as estimated by Thomsen et al., (2010). Subsequent work by Wilson
et al. (2017) estimated an azimuthral drift of ~0.68 between 9.5 and 10 R, within the error of the
original work by Thomsen et al. (2010). We now estimate a maximum reasonable local time
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adjustment of the onset location of an interchange injection event. Taking the longer propagation
time of 2.4 hours from Paranicas et al., (2016) at 0.68 of the rigid co-rotation velocity with a
planetary rotational period of ~10.7 hours, we predict an azimuthal propagation of ~55° or of
~3.7 hours in local time. At the lower limit of the radial propagation time of 1.2 hours, at a
corotation velocity of only 0.61 rigid co-rotation a value more representative of an onset between
12 and 13 R based upon Wilson et al. (2017), we would expect ~ 25° of azimuthal shift of
observed un-dispersed event or < 2 local time of azimuthal shift for an observed dispersionless
event.

In our analysis, considering the availible data coverage, we have chosen to organize our observed
interchange events in 30° longitude bins, which are larger than the lower limit of the expected
aximuthal offsets between the onset and the observer location for the young injection events. We
find that longitude bins of 30° present reliably consistent yet detailed results. We have also
performed the statistical analysis (detailed below) with larger longitude bins but do not find any
major differences in our results.

When calculating occurrence rates, we present sampling errors on all rates presented in this
paper. Occurrence rates of interchange are calculated by normalizing by spatial sampling (e.g.
radial location, local time, SLS-5). More specifically, rates are calculated by taking the time
Cassini spent within interchange, and then dividing by the time Cassini spent in totality in that
spatial region (e.g. radial location, local time, SLS-5). This corrects for sampling bias in the
Cassini orbits. We include on the occurrence rates propagated error. This is calculated from
traditional propagation of error rules. The two sources of error are from the sampling error on
time within interchange, and sampling error on time within spatial location, of the form 1 /
(sample size)*?.

3 Results and Discussion

We seek to determine whether or not interchange occurrence can be organized by either of these
two longitude systems, i.e. SLS-5 and PPO. In light of the previous findings of different
relationships during pre and post equinox (Kennelly et al., 2013), we examine the Cassini
mission by analyzing the pre equinox, equinox, and post equinox time ranges separately. We
begin by comparing results with the previous work by analyzing our events in SLS-5 for the
same time and local time range used in Kennelly et al. (2013) (section 3.1). Section 3.1 is the
only section in which we take a local time filter. We then use the updated SLS-5 and PPO
systems for the whole pre equinox time range 2005 - 2008 (section 3.2), the equinox time range
2009 - 2012 (section 3.3), the post equinox 2013 - 2016 (section 3.4) mission interval, and all
2005 - 2016 equatorial data (section 3.5) without restricting by local time.

3.1 Comparison with Previous Studies With Different Sampling Constraints

We first examine the dependence of occurrence rates of the Azari et al. (2018) interchange
events on the SLS-5 longitudes for the same pre equinox interval and local time range (19 - 03
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LT) used by Kennelly et al. (2013). SLS-4 was defined from 5 April 2006 to 16 September 2009
for north SLS-4 and 2 September 2004 to 9 January 2011 for south SLS-4. Following Kennelly
et al. (2013) who used August of 2009 as equinox, we evaluate our events in the pre equinox
time range for SLS-5 north between 5 April 2006 to August 2009 and SLS-5 south between the
start of our own survey (2005) to August 2009. As a result, the total number of events available
for evaluation of the northern phase becomes 100 while the southern phase event sample
becomes 175. The limitation is discussed further in this section. More information on the valid
date ranges for the SLS phase systems is available at the SLS-4 website.

As shown in Figure 2, our analysis confirms the original results of Kennelly et al. (2013) for the
pre equinox time range between 19 - 03 LT. Starting with the northern system (Figure 2, upper
panel), the distribution of those events shared between the lists of Kennelly et al. (2013) and
Azari et al. (2018) (magenta shading) shows a strong peak within the 60°-90° northern longitude
bin, very similar to the previous work. Further, the distribution of high intensity events shows a
similar peak in the 30°-60° longitude bin. The distribution of all events identified in the Azari et
al. study exhibit two comparable peaks within a broader longitude range of ~30° - 180° that
encompasses the peaks seen in the high-intensity events and the events shared with the Kennelly
et al. study. Our full set of injection events exhibits another peak in the ~300° - 330° SLS-5 north
longitude bin. This peak is primarily due to events found at distances greater than 11 Rs. We
discuss this radial bifurcation of our peaks in section 3.4. As the Kennelly et al. (2013) events are
all within 11 R, we do not expect to see this peak in the overlapping data set. We also performed
an analysis without this local time filter, and find a similar distribution to that presented in Figure
2.

The total event distribution of events as function of the SLS-5 southern longitude (lower panel of
Figure 2) shows an apparent preference centered on the 0° bin ranging between 240° - 120°. An
additional secondary peak is in the 210°-240° range. The primary difference between the
northern and southern systems in our analysis however is the non-apparent organization of the
events shared between the Kennelly and Azari lists and of the high-intensity events. In which the
northern system showed a singular peak and the southern system has a lack of any apparent
preference on a specific longitude bin. The lack of apparent organization by SLS-5 southern
longitude for these high intensity and overlap events is in agreement with the earlier results
obtained by Kennelly et al. (2013). Interestingly, the distribution of all events in the Azari et al.
list shows a different pattern in that there is a broad peak over the southern longitude range
between 330° and 60°. However, the distribution of all events (shown in blue) for both the
northern and southern SLS-5 systems show broad peaks within this time range. We cannot claim
that the all event distribution of the northern system is more or less organized than the southern
system for this time range.

Let us comment on the primary differences we have observed between the northern and southern
SLS-5 systems within this sampling regime. This single-peaked distribution for the northern
system is seen both with the events shared between Kennelly et al. (2013) and Azari et al. (2018)
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and our high intensity events — also known as Category 4 events, which have enhancements >3
standard deviations (o) above background values in CHEMS as described in Azari et al. (2018).
As can be seen in Figure 2, these two subsets of events show a similar distribution to each other.
In the sections below, we use Category 4 events as proxies for Kennelly et al. (2013) events as
their published list does not continue into the post-2012 date range.

As discussed above, applying the local time and time filters as required for direct comparison to
previous works, leads to different numbers of events for the northern and southern SLS-5
systems. There are a total of 100 events for evaluation of dependence of SLS-5 northern
longitude, of which 12 events are shared with Kennelly et al. (2013), and 11 events are of high
intensity. The 12 events shared with Kennelly et al. (2013) all come from just three orbits in the
later half of 2007. Meanwhile, there are a total of 175 events for evaluation of dependence of
SLS-5 southern longitude, of which 38 events are shared with Kennelly et al. (2013) and 30
events that are of high intensity. The 38 events shared with Kennelly et al. (2013) were observed
during 12 orbits between 2005 and 2007. This difference between the northern and southern
sample size is simply due to the availability of the SLS-4 system discussed above. In our analysis
we used SLS-5 but did apply the same historical restrictions that previous works had using SLS-
4,

Restricting the local time and time range to compare to previous works yields three times as
many high intensity events in the SLS-5 south longitude system as compared to SLS-5 north.
There are also 9 more orbits in the southern system events, resulting in better spatial. We are
now able to confirm that the interchange events identified in the CHEMS data in SLS-5 show a
single peaked distribution, primarily located in the high intensity events. This is the very same
peak that Kennelly et al. (2013) found in the pre equinox period through identifying events with
RPWS.

Therefore we find that with the same sampling and restrictions, we are able to reproduce the
dependence on the northern system in the pre equinox period for high intensity events. The
southern system does show disorganized behavior in the high intensity events, which also agrees
with previous findings. However the overall distribution of all events appear similar between the
northern and southern systems. The sampling restrictions primarily affected these high intensity
events of which are most similar to previous findings. Now we move on to expanding our
sampling to all local times and available years to obtain equal sampling for time range and
number of events between seasonal selections to evaluate the complete pre, during, and post
equinox time periods.

3.2 Pre Equinox Distribution

Figure 3 shows the distribution of interchange occurrence rates from 2005 - 2008 as a function of
the PPO and SLS-5 longitudes. The analysis in this section is not restricted by local time. Similar
to Figure 2, we plot all events or the overall distribution in dark blue. Based on Figure 3 we note

This article is protected by copyright. All rights reserved.



that the SLS-5 north and PPO north system distributions do show similar distributions but there
are also minor differences.. This is to be expected because in Figure 1 we can see that between
2005 and 2008 the difference between PPO and SLS-5 north trends close to 0° with some
deviations. We also note that the southern systems do show dissimilar patterns due to the offsets
between these systems. As discussed previously the difference between the two southern
longitude systems during the pre equinox period centers around ~180° due to the system
definitions, and the distribution of injections as organized by the southern systems of SLS-5 and
PPO does appear to be similar if shifted by ~180°. We can observe this most easily for the total
event distribution (blue shaded bars).

As noted in section 3.1, the northern system had markedly smaller sampling than the southern
system. There are 256 events represented in this figure with 47 events shared with Kennelly et al.
(2013) and 43 of high H" flux intensity (magenta shaded regions and orange lines, respectively).
While there are subtle rises and falls in the overall distribution with longitude in all northern and
southern systems, we find that by introducing larger sample sizes (which also makes them
roughly equal) the stark differences seen previously in Kennelly et al. (2013) are reduced. The
results presented here are not filtered by local time, but we found no significant changes in the
results with local time restricted to the nightside. As discussed above, the Azari et al. (2018)
events are predominantly located on the nightside and therefore, filtering by local time only
slightly reduces the sample size, but does not affect the overall longitude pattern.

We find peaks in the injection occurrence rate in the SLS-5 north system for both overall events
and for high intensity events: there are two peaks, one centered between 0° and 120° and another
between 300° and 330°. The 0° - 120° peak mirrors our previous finding in section 3.1; and by
expanding the sampling we pick up additional patterns at other longitudes. In the PPO system,
this trend is less clear, particularly when all events are included. In the southern SLS-5 system
we observe a broad peak around 0° and in the southern PPO system multiple modest peaks, but
in particular at 240° - 270°.

The difference between the northern and the southern system is small and we cannot claim that
in the pre equinox period the northern system is more organized than the southern system. To
confirm previous theories on systematic hemispheric seasonal dependence, we were expecting to
observe an organization in the northern system as compared to an unorganized southern system
due to differences in the dominant phase system. We have not observed a distinct change in
organization with system.

In the PPO system 90° and 270° are of particular significance with respect to field aligned
current systems since in the northern ionosphere parallel currents are directed outward at 90° and
inward at 270° and reversed for the southern system (Hunt et al., 2014, 2015). We do observe
small enhancements near these locations of interchange occurrence rates but only within the
most intense of interchange events (>3 ¢ above background). We can say similarly for specific

This article is protected by copyright. All rights reserved.



physical locations in the SLS-5 systems. These enhancements are small as compared to the
values at other longitude locations and not reliably located in any singular hemisphere. We
discuss this further in the following sections.

3.3 Equinox Distribution

We now analyze the equinox period between 2009 and through 2012. The analysis in this section
is not restricted by local time. Figure 4 shows the occurrence rates of interchange within this
period with no local time filters. There are 364 events represented in this figure with 63 events
shared with Kennelly et al. (2013) and 92 of high H* flux intensity events. Overall, we do not
observe a greater organization by the northern and the southern systems than seen in pre equinox.
However, within this time range we do not expect to see great organization due to the similarity
of the periods between 2010 — 2012.

In the SLS-5 charts we observe the northern system has greater occurrence rates again between
0° and 120° and around 270°. This is the same 0° - 120° as seen both in the subset sampling
(section 3.1) and in the full pre-equinox dataset (section 3.2). For comparison, the northern PPO
system shows peaks between 90° - 120° and 210° - 240°. Unlike the northern systems, the
southern systems for both SLS-5 and PPO show distinct behavior from the pre equinox period
unlike the northern systems. SLS-5 shows enhanced occurrence rates between 60° — 90° and
270° — 300°, while PPO shows enhancements around 180° - 210°.

Comparing the results between equinox and pre-equinox, we find that the event distribution
pattern in the southern system has undergone significant changes between the two seasonal
phases, whereas in the northern systems interchange occurrence consistently exhibits
enhancement around the ~ 90° phase. This is unexpected as compared to the previous work by
Kennelly et al. (2013).

3.4 Post Equinox Distribution

We now evaluate the post equinox distribution of interchange by longitude for 2013 — 2016. The
analysis in this section is not restricted by local time. Similar to previous sections, we present the
distribution without filtering for nightside local time in order to maximize the sample size for our
statistical analysis. In Figure 5, we present 196 events from Azari et al. (2018) of which 40 are of
high intensity. We do not present our results for the category of events shared with Kennelly et
al. (2013) because the Kennelly survey ends within this period and there are only a handful of
events (i.e. not enough for statistical significance). However, we note that as shown in Figures 2
and 3, the distribution of our identified high-intensity events is very similar to that found in the
shared-event set. Indeed over all time, the highest intensity events find greater cross correlation
between lists than weaker intensity events (Azari et al.,, 2018). Similar to the equinox
distributions, the northern and southern systems both show differences between SLS-5 and PPO.
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This is not unexpected as there are more differences in the phases between SLS and PPO in the
post equinox period (see Figure 1). Within Figure 5 we continue to observe an enhancement
between 30° and 120° within the northern systems but the secondary peak has decreased. The
southern systems on the other hand show a large change from the pre equinox and equinox
periods, but not towards a more organized behavior as found within Kennelly et al. (2013). The
post equinox phases used by Kennelly et al. (2013) was only available between August of 2009
and January 2011 — whereas the post equinox period used in this work is 2013 — 2016 (see
Section 2 - Methodology). We expect however that if a post equinox organization of the southern
system persists it would be evident in 2013 and onwards. Indeed, the peaks in the southern
system are just as high, and indeed the dips just as low, but they do not cluster in a broad region,
nor remain consistent between pre, equinox, and post equinox time periods.

We observe that the interchange event occurrence shows persistent enhancement within the ~ 0°
- 120° in the northern phase systems during the post equinox time period, just as seen in the pre
equinox and equinox time periods. They distributions are dissimilar to each other between the
PPO and SLS-5 southern systems — not unexpectedly from the phase differences (see Figure 1).
In previous works reviewing this interchange event list, occurrence rates were strongly organized
in radial distance and local time (Azari et al., 2018). In section 3.5 we compare these statistics
over all years combined as compared to local time and radial organization, having now found
little difference in the northern systems with season.

3.5 Organization of Interchange Over All Years for Longitude, Local Time, and Radial
Distance

Figure 6 shows the SLS-5, PPO, and radial and local time dependence of interchange occurrence
rates for all the events identified in Azari et al. (2018). The right-hand panel of the figure shows
the strongly nightside dominant local time organization discussed by Azari et al. (2018) with
occurrence rates stronger by about 5 — 6 times on the nightside compared to the dayside. The left
panels present the occurrence rates by rotational longitude and radial distance. In the northern
systems, the small peak described within sections 3.2 - 3.4 between 30° and 120° clearly appears
in both the SLS-5 and PPO plots. These panels all show that the injection events occur primarily
near 8 R,. The secondary peak present in the SLS-5 northern system around ~ 300° is seen to be
due to events outside of 11 Rs, which is outside the radial range included by Kennelly et al.
(2013). This range was shown to have a larger proportion of enhancements due to tail effects
(e.g. current sheet collapse) rather than interchange in the Azari et al. (2018) event list. We
therefore focus on the peak located between 30° — 120° in this discussion rather than those
between 11 and 12 Rs. As noted above, ~90° north and 270° south in the PPO system is the
location of upward field aligned currents within the ionosphere of Saturn (Hunt et al., 2014,
2015). This has been discussed as associated with an inward displacement of the current system
in the equatorial plane (Hunt et al., 2015). The peak in our interchange distribution might suggest
that there is a systematic effect at this location, potentially because (1) changing the curvature of
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the magnetic field affects Rayleigh-Taylor instabilities in curved magnetic field configurations
(e.g. Komori et al., 1978) and/or (2) through magnetosphere-ionosphere coupling augmenting
the instability criterion. We do note that such upwards field aligned currents are often associated
with increased conductivity which based on previous models, are thought to suppress
interchange (Southwood & Kivelson, 1987; Southwood & Kivelson, 1989) whereas we observe
an intensification in a some, but not all of the upward field aligned regions. We stress that while
the peak at ~90° in the northern systems seems to persists throughout the Cassini era, the
southern systems show no clear enhancement around 270°. Therefore, a switching of ionospheric
control of interchange dependent on Saturnian season as observed in rotating longitude systems
is inconsistent with our data analysis results.

The white scatter plot points in Figure 6 show the locations of the events of highest intensity (>3
o). The white dots exhibit little organization in the SLS-5 and PPO coordinate systems and
instead occur at many different longitudes. According to Azari et al (2018), these events
correspond to those that are commonly shared among available surveys based on different
identification methods. For a quantitative comparison, we calculate the maximum occurrence
rate to minimum occurrence rate difference for SLS-5 north as compared to the same metric for
local time distribution for all radial distances and years. We use SLS-5 north as this shows the
most extreme difference between the maximum and minimum values for all longitude systems.

For SLS-5 north, the peak occurrence rate over 2005 — 2016 occurs between 60° - 90° at 4.24%
+/- 0.17% and the minimum occurs at 240 - 270° at 1.90% +/- 0.12%. The error calculated here
is the error as described in the methodology section of propagated sampling error. At the
maximum occurrence rate we therefore find an enhancement of ~ 2 times as compared to the
minimum without overlapping error calculations. Comparatively for the local time distribution
over all years, which can be observed in Azari et al. (2018) and further reviewed in this present
work the peak occurrence rate occurs between 00 and 02 local time hours at 5.70% +/- 0.15%
and the minimum occurs between 10 and 12 LT at 0.19% +/- 0.03%. The ratio between the
maximum and minimum rate is ~ 30. However, in our previous work we report the difference in
rates as compared not to the minimum as this value is rapidly approaching zero near noon, but
the pre and post noon quadrants between 08 — 10 LT and 14 — 16 LT with occurrence rates of
0.95% +/- 0.07% and 1.07 +/- 0.08% respectively. This results in a rate enhancement of ~5 -6
times.

The radial location and local time distribution have been extensively discussed in Azari et al.
(2018). The predominant peak around 7 — 9 R has been attributed to the competition between
energization of inward bound injections and charge-exchange losses. The dominant nightside
occurrence rates are in good agreement with the local time distribution of suprathermal particles
in the inner to middle magnetosphere (e.g. Sergis et al., 2017; Thomsen et al., 2016). This is
consistent with interchange as a primary radial transport mechanism additionally discussed by
Dejong et al. (2010) and Hill (2016). Examining the combined local time and radial distribution
in Figure 6 we note a nightside asymmetry wherein the peak interchange occurrence rates are on
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the post-midnight rather than pre-midnight local time region suggesting the triggering
mechanisms of interchange is primarily intensified on the nightside, perhaps by large-scale tail
injections or current sheet collapse. That is, large-scale tail injections form a fresh population of
~keV ions just beyond 10 Rs in the midnight local time region. As these particles will drift
eastward toward the dawn sector, there is a higher likelihood of interchange injection in the post-
midnight region, as seen in the right-hand panel of Figure 6.

The longitude enhancement is weak as compared to the local time enhancement. In addition, the
northern system shows consistent enhancement, which does not change with season, and the
southern system varies with season but not in a systematic manner. This is inconsistent with
previous works and does not agree with current findings of interchange as responsive to seasonal
differences in planetary period determinations. Instead, we interpret this result to suggest that the
primary mechanisms behind interchange instability are strongly dependent on local time, with a
weak enhancement due to physical mechanisms in the rotational phase systems.
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4 Conclusion and Outstanding Questions

The dependence of the occurrence rates of interchange events identified by Azari et al. (2018)
have been examined as a function of radial distance, local time, SLS-5 longitudes (north and
south), PPO longitudes (north and south), and seasonal phases. Separate analyses were done for
the full set of events and for the subsets of highest-intensity events (>3 ¢ above background of
CHEMS) and events found also in a previous survey (Kennelly et al., 2013).

Within the same local time and date range examined by Kennelly et al. (2013), there is a distinct
peak within the 30 - 120° range of SLS-5 north. This confirms their results, which were based on
SLS-4 of an organized pre equinox system. However, with a larger sample size the distribution
shows additionally patterns at other longitudes in the northern system and this peak diminishes,
becoming comparable to the patterns in the southern SLS-5 system. Further, we find that the
northern longitude systems continue to show this 30° - 120° enhancement for the equinox and
post equinox time ranges. The results of Kennelly et al., (2013) suggest that this should not be
the case, instead shifting to dominance by the southern longitude systems after equinox. This
location of enhancement also shows distinct radial preference, located at ~ 8Rs, within the peak
occurrence range of interchange injections at Saturn between 7 — 9 Rs (Azari et al. 2018). Our
results show that interchange occurrence rates are not located in a singular longitude location by
hemisphere or otherwise.

We find that there is a factor of two increase in occurrence at peak locations between 30° — 120°
in the northern SLS-5 and PPO systems. We compare this to the enhancement found by Azari et
al. (2018) which examined the local time distribution and found an enhancment of ~ 5 — 6 times
on the nighside as compared to the dayside. We further identify an asymmetry on the nightside,
where peak interchange rates occur in the post rather than the pre-midnight sector, suggesting
triggering mechanisms of interchange is primarily intensified on the nightside, perhaps by large-
scale tail injections or current sheet collapse.

The rather weak correlation between interchange occurrence and longitude systems suggests that
rotational periodicities do not represent a primary mechanism influencing interchange injections.
It is however, possible that periodicities and their causation can contribute through secondary
effects such as the physical properties of interchange injection events (overall mass and energy
transfer) or through other, still unexplored mechanisms in the middle magnetosphere of Saturn.
Future work should consider investigation of solar influence on ionospheric conductivity through
solar ultraviolent (UV) irradiance on the modulation of the occurrence rate of interchange as UV
has been observed to affect the energetic environment (e.g. Kollmann et al., 2017; Roussos et al.,
2014). We also note that interchange events used in this work are equatorial, and subsequent
work should additionally review high inclination injections for dependencies. The dependencies
found in the present study do not totally preclude ionospheric control of interchange, but they
show it to be at best a fairly weak influence.
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Our results raise several questions in regards to interchange injection events. In particular, if such
organization is found in the northern systems (PPO and SLS-5), why is there no such equivalent
in the southern system for equatorial events? Why does the 90° peak in the northern longitude
system persist through all the seasons sampled? Additionally, these events studied were
identified based on enhanced fluxes of high-energy ions, would interchange events identified
using other instruments on-board Cassini show similar results? As shown by Azari et al. (2018),
there are major differences in interchange surveys and such efforts should be undertaken to
continue identifying interchange injections in Cassini data. Future work should also investigate if
interchange at Jupiter has any potential dependence on local time, radial distance or longitude.
As a gas giant with a similar mass transfer process, such a study would be essential in piecing
together how rotational effects might affect the interchange process at rapidly rotating systems.
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Figure 1. Difference in phase between the SLS-5 and PPO systems. The thick dashed line marks
0°, where the systems can are in phase. The difference of the northern systems is represented in
purple, while southern systems are represented in a light brown.
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SLS-5 north between April 2006 and August 2009 while the bottom chart shows the events in
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SLS-5 south between January 2005 and August 2009. The error bars are representative of the
sampling error of 1/ (sample size)* on the event and dwell time and propagated appropriately.
The grey shaded bars show the total sample size. The blue bars are the interchange events
identified by Azari et al. (2018). The orange line represents the extremely high H* flux events of
Azari et al. (2018) (>3 o above background values). The magenta shaded region represents
events found by both Kennelly et al. (2013) and Azari et al. (2018).
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representative of the sampling error of 1 / (sample size)*? on the event and dwell time and

propagated appropriately. The grey shaded bars show the total sample size. The blue bars show
the interchange events identified by Azari et al. (2018). The orange line represents extremely
high H* flux events of Azari et al. (2018) (>3 ¢ above background values). The magenta shaded
region represents events found within both Kennelly et al. (2013) and Azari et al. (2018).

This article is protected by copyright. All rights reserved.



—— Within Kennelly et al. (2013) I High Intensity

I All Events 1 S/C Dwell Time

; | |

) 4 T S ~t4

wn

~

24 2

=

01 0

n wn

U] 4 -t (- 145

wn
—_ o
= ﬁ 2+ [ U (O R O B . 2%

9 | T
L v | -
o] ! : -
o 0- 03
@ 0 60 120 180 240 300 360 o
% Spacecraft Location SLS-5 Longitude (°) 3
t H 1 H 1 1 5
- wn
U 0O X
U o
O o -

- o

£ w

- B

)

o

o

£

>

o]

wn

0 60 120 180 240 300 360 _
Spacecraft Location PPO Longitude (°)

Figure 4. Interchange injection events normalized by spacecraft dwell time between 2009 and
2012 by SLS-5 and PPO. The top chart shows the normalized distribution of interchange events
in SLS-5 north, followed by SLS-5 south, then PPO north, and PPO south. The error bars are
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representative of the sampling error of 1 / (sample size)*? on the event and dwell time and

propagated appropriately. The grey shaded bars show the total sample size. The blue bars show
the interchange events identified by Azari et al. (2018). The orange line represents extremely
high H* flux events of Azari et al. (2018) (>3 ¢ above background values). The magenta shaded
region represents events found within both Kennelly et al. (2013) and Azari et al. (2018).
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The error bars are representative of the sampling error of 1 / (sample size)"? on the event and
dwell time and propagated appropriately. The grey shaded bars show the total sample size. The
blue bars show the interchange events identified by Azari et al. (2018). The orange line
represents extremely high H* flux events of Azari et al. (2018) (>3 ¢ above background values).
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Figure 6. Interchange injection events normalized by spacecraft dwell time between 2009 and
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