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The response of Saturn’s dawn field-aligned currents to magnetospheric and ring current conditions

during Cassini’s proximal orbits: Evidence for a Region 2 response at Saturn
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Three key points —

1) We combine datasets for Saturn’s northern auroral field-aligned currents, magnetospheric
compression state and total ring current.

2) For compression events the downward current sheet at dawn increases in strength with the total ring
current and higher energy protons.

3) We conclude that there is an enhanced dawn downward current (~0.5 MA/rad), which is akin to a

Region 2 current system at Earth.
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Abstract

Cassini’s 2017 proximal orbits provided the opportunity to examine the auroral field-aligned currents in the
northern hemisphere dawn sector in relation to wider magnetospheric conditions. We combine three recent
studies to examine the response of the dawn region auroral field-aligned currents and the azimuthal ring
currents to compressions and expansions of the Saturnian magnetosphere. For compressions of Saturn’s
magnetosphere resulting in tail reconnection, the currents within the downward current sheet, located
equatorward of the main auroral oval, increases in strength with increasing total ring current and location of
the peak downwards current moves inwards towards Saturn. While the inverse relation occurs during intervals
of quiet or expanded magnetospheric conditions. During compression events there is an increase in the
energetic particle intensities, in particular in the protons (35-506 keV), within the downward current region.
This current system is akin to an Earth-like ‘region 2’ field aligned current within Saturn’s magnetosphere,
with tail reconnection occurring when the magnetosphere is compressed resulting in a partial nightside ring
current closed by a downward current near to dawn. Within the upward current sheet, mapping to Saturn’s
main auroral oval, both non-rotating subcorotating current and the rotating Planetary Period Oscillations
(PPOs) currents flow. The upward current is strongly modulated by the PPOs but also increases in strength,
with enhanced high-energy protons, during intervals of magnetospheric compressions and tail reconnection.
We conclude that the enhanced plasma injected into the midnight-dawn sector during tail reconnection events

results in an enhanced subcorotation current system.



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64
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1. Introduction

Field-aligned currents are fundamental in transferring momentum within a planetary magnetosphere by
coupling the planet’s ionosphere to its magnetosphere. For Saturn’s magnetosphere these current systems have
been extensively studied through Cassini magnetometer data (Bradley et al., 2018; Bunce et al., 2008; Cowley
et al., 2008; Dougherty et al., 2004; Hunt et al., 2014, 2015, 2016, 2018, 2020; Southwood & Kivelson, 2007;
Talboys et al., 2009a; Talboys et al., 2009b; Talboys et al., 2011). Observations indicate that two principal
large-scale field-aligned current systems are present. The first will be referred to as the non-PPO current system
throughout this paper. This current system is axi-symmetric and is associated with the velocity shear of
magnetospheric plasma close to the open-closed field line boundary. Previous studies have suggested that this
non-PPO current system typically comprises of four distinct current sheets (Hunt et al., 2014, Hunt et al.,
2018). Moving equatorwards from the pole, we first observe a distributed downward field-aligned current of
~1.1 MA per radian of azimuth flowing over the polar cap, indicative of significant plasma sub-corotation.
Equatorwards of this, at ~17°-19° ionospheric colatitude, we next observe the main auroral upward current
carrying ~2.3 MA rad™! that maps to the outer hot plasma region in Saturn’s magnetosphere, colocated with
Saturn’s UV auroral oval. Equatorwards of this main upward current region, we observe two subsidiary
downward-and-then-upward current sheets of ~0.5 MA rad!. To date there is no clear signature in the
equatorial plasma angular velocity profiles to explain these two secondary subsidiary current sheets.

The existence of the second large-scale current system, the PPO field-aligned currents, was first alluded to by
observations from Pioneer-11, Voyager-1 and Voyager-2, showing that despite the near-perfect axisymmetry
of Saturn’s internal planetary magnetic field (e.g., Dougherty et al., 2018), oscillations near the planetary
rotation period are ubiquitous throughout Saturn’s magnetosphere (e.g. Carbary & Mitchell, 2013). Cassini
observations of modulations in the powerful Saturn kilometric radiation (SKR) emissions have shown that
there are in fact two such planetary period oscillation (PPO) systems present, one related to each polar
hemisphere, that rotate about the planetary axis with slightly different periods (Kurth et al., 2008; Gurnett et
al., 2009a, 2009b). The two PPO oscillations are associated with two large-scale current systems, one rotating
at the period of the Northern PPO oscillation and the other at the period of the Southern PPO oscillation (Hunt
et al., 2018, 2018). The PPO current systems have a m=1 axial symmetry with rotating sheets of upward and

downward current on either side of the polar region (separated by 180° of PPO phase). The two PPO up-and-
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down current sheets flow at ionospheric colatitude of ~17.5°-20°, overlapping the main upward and subsidiary
downward current system and carry comparable upward and downward currents peaking at ~1.7 MA rad"'.
This result in both the overall total current, and the current layer colatitude, being modulated at the PPO
periods.

The proximal orbits of the Cassini mission’s Grand Finale in 2017 provided the opportunity to examine the
auroral field-aligned currents in the dawn sector, 06-08h local time (LT), of Saturn’s magnetosphere. The
initial observations were reported by Hunt et al. (2020), such that we only provide a brief summary here. To
begin with they identified the main field-aligned current sheets in the auroral region, namely the main upward
current associated with the aurora and a downward current equatorward of this. On a statistical level Hunt et
al. (2020) separated the non-PPO and PPO field-aligned current systems. By comparing the proximal orbits
with the F-ring orbits it was shown that there was an enhanced non-PPO upward current within the dawn sector
(proximal orbits) compared with the noon sector (F-ring orbits). They proposed that the increased dawn upward

current could be related to increased plasma flows in the outer magnetospheric dawn sector.

The magnetospheric and heliospheric conditions during Cassini’s Grand Finale were determined by Bradley
et al., (2020). To infer heliospheric conditions they combined modeled solar wind data propagated from 1AU
to Saturn (Tao et al. 2005; Zieger & Hansen 2008) with Cassini energetic particle measurements which detect
the fluxes of solar energetic particles and galactic cosmic ray that penetrate into Saturn’s magnetosphere
(Roussos, Jackman, et al., 2018 and Roussos, Krupp et al. 2018). In addition, they used in-situ and remote
observations of Saturn’s auroral regions to identify the response to solar wind compressions of Saturn’s
magnetosphere. For the list of compression events over the Grand Finale see Tables 1 and 2 of Bradley et al.,
(2020). They showed clear responses to solar wind compression events, with compression and deflection of
the magnetic field and particle injections. When the PPO systems were in anti-phase during solar wind
compressions they also reported a larger response within the SKR emissions. Bradley et al. (2020) explain how
such anti-phase PPO conditions resulted in a thin plasma/current sheet making the conditions for reconnection

in the tail more favorable.

Recently, Provan et al., (2021) also performed fits to magnetic field observations of the nightside ring current
during the proximal orbits to determine its properties. The fits were applied to ~1 day of data either side of

periapsis with the central ~8hr interval excluded. The crossing of the northern auroral field-aligned currents
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HUNT ET AL: SATURN DAWN REGION 2 CURRENT
occurred ~1.5-2 hours before periapsis, placing them just between the fitting intervals used by Provan et al.,
(2021), thus making their ring current parameters approximately concurrent with the field-aligned current
observations from Hunt et al. (2020). Provan et al., (2021) found that the ring current was driven by both
external and internal factors, namely solar wind compressions and the PPOs. They found that during solar
wind compressions of the magnetosphere combined with when the beat phase of the two PPO systems was
approximately 180° e.g., the systems were in anti-phase, the nightside ring current strengthen and thickened.
This suggests a significant partial ring current formed on the nightside in response to the injected hot plasma
from tail reconnection. They proposed that this partial ring current could partly close via field-aligned currents

into the ionosphere.

In Figure 1 we illustrate the current systems as described above, namely the non-PPO current system, PPO
current system, and the proposed partial ring current. To begin Figure 1a shows the ionospheric projection of
the system as viewed from the north. Moving equatorward from the pole the light blue circle represent the
distributed downward subcorotation current and the pink circle at slightly larger co-latitudes represents the
upward directed subcorotation currents forming the main auroral oval. The green circled crosses and dots
represent the northern PPO-related field-aligned currents with the circled crosses indicated current flowing
into the ionosphere (downward) and the circled dots show current flowing out of the ionosphere (upward). The
key northern PPO phase meridians are shown by the values around the edge. These are defined by Wy (¢, t) =
@y (t) — @ ,where @y is the global PPO phase which give the angle from noon of the principal meridian of
the northern system, Wy = 0°, where the near-equatorial quasi-uniform PPO perturbation field points radially
outward from the planet. The local phases at the observation points are then obtained by subtracting the
azimuth of the observation point ¢ similarly measured from noon positive towards dusk. To make an analogy
in order to explain the global and local phases more clearly, the global phases are akin to Universal Time on
Earth, while the local phases are the akin to a longitude system with Wy ¢ = 0° serving the same function as
the Greenwich Meridian. The global phases @ ¢(t) have been determined over the proximal orbits by Provan
et al. (2018). For the northern PPO current system, the main currents flow into the ionosphere (downward) at

Yy = 270° and out of the ionosphere (upward) at ¥y = 90°.

Figure 1b and 1c show the current systems as viewed in the 90°-270° W ,; meridian, such that ¥y = 0° is into

the page and it is in the direction of noon. The color scheme is the same as Figure 1a. The grey ring illustrates



121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

HUNT ET AL: SATURN DAWN REGION 2 CURRENT
Saturn’s magnetospheric ring current with the total current being, /r, flowing from dusk to dawn. Figure 1b is
the configuration for normal magnetospheric conditions, while Figure 1c illustrates the proposal partial ring
current and associated closure currents as proposed by Provan et al. (2021) as shown by the red arrows. Given
Saturn’s magnetic field and rotation of plasma this partial current system, would be closed via field-aligned
currents that are upward from the ionosphere in the dusk sector and downward currents in the dawn sector, as
shown in Figure lc. This response would be akin to Earth’s region 2 field-aligned current system, albeit
oppositely directed, due to the oppositely directed planetary magnetic field. At Earth this region 2 current
system increases in response to geomagnetic activity where a partial nightside ring current forms, and is closed
via upward field-aligned current at dawn and downward current in the dusk sector (e.g. Cowley 2000, Coxon

etal., 2015).

A possible region 2 current has been inferred from the divergence of the current densities in the equatorial
regions of both Jupiter and Saturn’s magnetosphere (Khurana 2001; Lorch et al., 2019; Martin & Arridge,
2019). These studies have all shown enhanced currents flowing out of the post-midnight/dawn equatorial
region which would therefore be downward into each hemisphere’s ionosphere. The proximal orbits of Cassini
allow us to determine if a Region 2 current forms in Saturn’s dawn auroral region in response to

magnetospheric conditions.

In this paper we combine the results from the three studies outlined above (Hunt et al., 2020; Bradley et al.,
2020; Provan et al., 2021) and in-situ plasma measurements from Cassini’s Low Energy Magnetospheric
Measurements System (LEMMS) of the Magnetospheric Imaging Instrument (MIMI) to investigate the
response of the northern hemisphere dawn auroral field-aligned currents to magnetospheric conditions,

specifically solar wind compressions and the resultant intensifications of the nightside ring current.

2. Data Overview

In this section we will discuss the data employed within this study. Figure 2 shows an example of the orbit
geometry during the proximal orbits of the Cassini spacecraft. Figure 2a shows the spacecraft trajectory of
Cassini Revolution (Rev) 273 in cylindrical coordinates (p, z), where z is aligned with the spin/magnetic axis
of the planet and p is the perpendicular distance from it. The magnetic field lines are determined from the first
3 terms of the Dougherty et al., (2018) internal field model combined with the Bunce et al., (2007, 2008) ring

current model with the subsolar magnetopause standoff distance set to 22 Rs. The grey shaded region highlights
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HUNT ET AL: SATURN DAWN REGION 2 CURRENT
the field region that carries the main auroral region field-aligned currents. Cassini quickly passed through the
auroral field lines in a north to south direction on the inbound pass. Figure 2b shows the ionospheric footprint
of Cassini determined from the same magnetic field model as shown in Figure 2a. We show two trajectories,
Revs 273 and 289, which occurred towards the beginning and end of the proximal orbits, respectively. Over
the course of the proximal orbits Cassini traversed the field lines which map to the northern main auroral region

between ~06-08 h LT.

In this study we will employ three datasets from Hunt et al., (2020), Bradley et al., (2020), and Provan et al.,
(2021), these data are provided in Table 1. In addition, we use in-situ plasma measurements from Cassini
MIMI/LEMMS within the field-aligned current region. For full details of the Cassini MIMI/LEMMS

instrument see Krimigis et al. (2004) and Armstrong et al. (2009).

To begin our discussion, we will compare two passes through the northern auroral region and will use these
examples to familiarize ourselves with the data for later analysis. We have chosen Revs 273 and 289, identified
by Bradley et al., (2020) and Provan et al., (2021) as normal and compressed magnetosphere conditions,
respectively. Figures 3a-3d shows the Cassini in situ data from the northern hemisphere dawn sector auroral
region for Rev 273, while Figures 3e-3h show in-situ data for Rev 289. In Figure 3a we show the horizontal
ionospheric meridional current, 7, per radian of azimuth (MA/rad) flowing at the feet of the spacecraft field

lines. This is calculated from Cassini observations of the azimuthal magnetic field, B, and by employing
Ampeére’s law to a circular path about the planetary spin/magnetic axis through the observation point at radius
p, giving

— _PBe
Im— #0’ (1)

where p, is the permeability of free space. This is defined such that a positive /,, is directed from the northern
pole towards the equator. This method of calculating 7,, is well established, for full details see Hunt et al.,
(2014, 2015). As Cassini moved equatorward to larger colatitudes (see Figure 3d) the positive I, is resultant
from a negative azimuthal field structure, indicative of a swept-back (lagging) field in the northern hemisphere
associated with the polar distributed downward current (Hunt et al., 2014, 2015, 2020). The first significant
negative gradient indicates the main upward auroral current. These first two vertical dashed lines mark the

boundaries of the upward auroral current which was determined by Hunt et al., (2020), where the direction of
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HUNT ET AL: SATURN DAWN REGION 2 CURRENT
the field-aligned current is given by the red arrow. Current continuity then requires that the total field-aligned
current per radian of azimuth flowing between two colatitude points, 6;y;1 and 6;y,, where O;p, > O;y1, 1S

given by
I|| = —(UmBinz) — I;m(Bin1))- 2)

This is defined such that a positive /| indicates an upward field-aligned current direction parallel to the

background magnetic field in the northern hemisphere. Below we will examine how this current system is a
combination of the PPO and the non-PPO field-aligned currents, as described above. In Figure 3a the following
positive I,, gradient equatorward of the auroral upward current is the downward current sheet. The current
sheet is marked by the second and third vertically dashed lines, with the direction of the field-aligned current
shown by the red arrow. In section 3 we will compare the /j current flowing within these sheets with the total

ring current from the fits performed by Provan et al. (2021).

Figures 3b and 3c show the intensities of the electron and proton channels from LEMMS, respectively.
Specifically, we show electron channels EO — E2 (110 — 1350 keV) and proton channels A1 — A4 (35 — 506
keV), these are the same channels as used by Bradley et al., (2020) and Provan et al., (2021). Each channel is
color-coded as shown in the figure. Figure 3e-3h are in the same format and display the data from Rev 289
identified by Bradley et al. (2020) as a compressed magnetosphere and auroral storm event. Given the high
latitude nature of the observations LEMMS can monitor the charged particles with high field-aligned velocity
component given that particles without this would not have reached the high latitude regions. We also note
that these protons channels can also detect heavier ions as shown by Armstrong et al., (2009), however, above
100 keV the channels are typically dominated by protons. Furthermore, as the LEMMS measurements used
within this study are from the high latitude magnetosphere therefore we expect less heavier ions present as
they tend to be confined to the equatorial magnetosphere (Sittler et al. 2008). To note, we suspect that the
spikes within the proton intensities at ~04:45 (Figure 3c) and ~13:55 (Figure 3g) are due to magnetospheric
dynamics within or close to the OCB and the associated downward current within this region, however, further

investigation is outside the scope of this paper.

By comparing Revs 273 and 289 we can start to explore the differences within the auroral region between the
normal and compressed magnetospheric response. Firstly, the 7,, profile shows for the compressed event (Rev

289) there is a larger total current within both the upward and downward current sheets. Secondly, there is a

8
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noticeable increase in the colatitude width of the downward current for the compression case, as indicated by
the colatitude range between the second and third current sheet boundaries in Figure 3h compared to Figure
3d. Finally, in the energetic particle measurements, the electron intensities are broadly similar in the auroral
region albeit with larger intensities at lower latitude in Figure 3f compared to Figure 3b. There is an order of
magnitude increase in the proton intensities for the compressed case therefore showing a clear response within
the downward current sheet during the compression case on Rev 289. This suggests there is a response in the
auroral region, in particular in the strength of the currents and proton intensities to a compression of the

magnetosphere.

To explore this further we combine all the field-aligned current observations (/) from Hunt et al., (2020) with
the magnetospheric state determined by Bradley et al., (2020), and the total ring current values (/r) from Provan
etal. (2021), see Table 1 for the values. As described in detail by Provan et al. (2021), these authors examined
Cassini’s passage through Saturn’s ring current during Cassini’s proximal orbits. Utilizing the Connerney et
al. (1981, 1983) ring current model, they calculated the best-fit ring current’s thickness, radial extent and the
current density parameter on a rev-by-rev basis, assuming that the ring current comprises of four current discs,
n=1 to 4. The inner and outer cylindrical radii of each of the four discs is denoted by R;,and R, and its half

thickness by D, The total current of the ring current, Ir, is then calculated for each rev using

Iy = 21y 3zt Dy In (122 3)

1,n
where pgly is the best-fit current density parameter of the ring current.

Furthermore, we employ the field-aligned current boundaries to determine the average energetic particle
intensities in that field region. We include all Revs possible from Rev 271-292, however, noting that Revs 272,
277, 280 are not included either due to data gaps (Rev 277) or clear field-aligned current sheets not being

identified (Revs 272, 280).

3. Comparison between the Field-Aligned Currents and Total Ring Current with Magnetospheric

Compression State

To begin, in Figure 4a, we reproduce a plot from Provan et al. (2021), their Figure 14a, showing the total ring
current current /1, determined on a rev-by-rev basis, and plotted versus magnetospheric standoff distance, Ru.

The magnetopause stand-off distance is estimated using the solar wind dynamic pressure propagated to Saturn

9
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using an MHD code initialized OMNI (Operating Missions as a Node on the Internet) data obtained near ~1
AU (Tao et al., 2005, also discussed in Bradley et al., 2020) inputted into the model of Kanani et al. (2010).
The points are color-coded by magnetospheric state from Bradley et al. (2020) and Provan et al., (2021), with
green indicating normal magnetospheric conditions, orange a partially-compressed magnetosphere, red a
compressed magnetosphere and blue an expanded magnetosphere. The mean value of the total current is
overplotted as a dashed line. Provan et al. (2021) stated that the total current carried by the nightside ring
current is similar all times, except during the red compressed magnetosphere intervals. Apart from these times,
the mean total current /r = 16.3 = 1.0 MA. During major magnetospheric compression events, an increase in

the thickness of the ring current results in an increase in the total ring current by ~20% to /r=20.0 £ 1.4 MA.

Figure 4b presents the total current within the downward current sheet per radian of azimuth, /), determined
on a rev-by-rev basis by Hunt et al., (2020), plotted in the same format as Figure 4a. The mean value of /| for
the entire dataset is shown as a horizontal dashed line, equal to 0.93+0.37 MA rad™'. It is clear that the current
in the downward current sheet when the magnetosphere is compressed or partially compressed is close-to or
above the mean value. The average value of /| in the downward current sheet for a compressed magnetosphere
(red values) is 1.174£0.32 MA rad”!, while the mean /; for the expanded magnetosphere (blue values) is
0.66+0.12 MA rad™'. When the magnetosphere is compressed or partially compressed (red and orange circles),
1,=1.2040.42 MA rad”!, whilst when the magnetosphere is in an expanded or normal state (green and blue),

1,=0.80+0.28 MA rad'.

Figure 4c presents 6;y, the ionospheric co-latitude of the center of the downward current region mapped to the
Northern hemisphere ionosphere. The mean value 8;,=18.08+1.17° is shown as a horizontal dashed line.
From a visual inspection of the plot is seems clear that, in general, the red and orange circles are close-to or
above this mean value. When the magnetosphere is compressed or partially-compressed 8,y =18.49+1.51°,
mapping to 8.2 Ry in the equatorial plane, while when the magnetosphere is in a normal or expanded state is
0,ny =17.8440.97°, mapping to 9.2 R; in the equatorial plane. Thus, the downward current region moves
inwards towards Saturn by approximately 1 R, when the magnetosphere is compressed or partially compressed

compared to when the magnetosphere is in a normal or expanded state.

10
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Figure 4d shows the total current within the upward current sheet per radian of azimuth, /. The horizontal
dashed line shows the mean value of 2.01 + 0.62 MA rad™'. There is a fair amount of variability of the upward
current however the average value of /; when the magnetosphere is compressed (red values) is 2.32+0.58 MA
rad™!, which is significantly larger than the mean upward /;; observed during an expanded magnetosphere (blue)
of 1.56+ 0.46 MA rad™'. We note that typically the upward current sheet maps to the outer edge of the ring
current and close to the OCB (Hunt et al., 2014, 2015, 2020), thus we may not necessarily expect a strong

relationship between the two currents.

Finally, Figure 4e presents 6;y, the ionospheric co-latitude of the center of the upward current region mapped
to the Northern hemisphere ionosphere. The mean value 6,y =16.20+0.48°, which maps to 13.2 Ry in the
equatorial planet. When the magnetosphere is expanded (red values) 8,y =16.34+0.54°, whilst when the
magnetosphere is compressed (blue values), 8,y =16.07+0.48°. Thus, the radial position of the upward current

region is not significantly altered by compressions or expansions of Saturn’s magnetosphere.

In Figure 5 we further examine the relationship between the total ring current current, /7, and the field-aligned
currents in the upward and downward current sheet current by plotting /r versus downward /| (Figure 5a) and
upward /|| (Figure 5b). The figures are color coded by magnetospheric conditions as before. In both figures we
also present the mean value for the compressed magnetosphere (large red circle), compressed and partially-
compressed magnetosphere (large red circle with an orange center), expanded magnetosphere (large blue
circle) and normal or expanded magnetosphere (large blue circle with a green center). As stated above there
is a clear relationship between compressed and partially compressed magnetospheric conditions, and enhanced
currents flowing in both the upward and downward current sheets. This dependence is particularly clear
between the total ring current, and the downward current demonstrated by the cluster of compressed (red)
points at high /r and /) values compared normal and expanded conditions (green and blue). Indeed, the mean
total current in the downward current sheet is approximately doubled when the magnetosphere is compressed
compared to when it is expanded. The one compressed event which does not agree here is Rev 276. Provan et
al., (2021) indicated that the compression during this Rev occurred during the fitting interval for the ring
current and therefore was excluded from further analysis. We have included it here as the /| value is comparable

to other compression events, implying that the field-aligned currents are reacting to the compression event.

11
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Provan et al. (2021) found that the total current within the ring current is enhanced when the magnetosphere is
compressed and tail reconnection occurs, consistent with the formation of a partial ring current populated by
hot plasma. Here we find a related increase in the /) flowing in the downward current sheet. This indicates
that the partial ring current closes via the downward current sheet in the dawn sector, with this current sheet
mapping equatorward of the main auroral oval. If we suppose that this downward current occupies ~2 rad in
azimuth within the dawn magnetosphere. It then follows for low Ir(less than ~16 MA) values, the closure
current would come to ~1.6 MA, which is ~10% of the ring current. For values of higher /7 (greater than ~18
MA) values the closure current may go up to ~3 MA, which is ~15-20% of the ring current and therefore
removing a significant fraction of the additional current during compression events (Revs 274, 276, 288, and
289). We also find an increase in /| in the upward current sheet of the main auroral oval when tail reconnection

occurs.

4. LEMMS Observations and Discussion

As seen in the comparison between a normal and compressed magnetosphere in section 2 (Figure 3) we observe
a clear difference in the plasma populations, in particular for the high energy proton channels. To explore this
further we calculate the mean of the LEMMS proton (A1-A4) and electron (E0-E2) intensities within the
downward and upward current sheet for each of the 19 orbits included in this study. Examples of these
downward and upward current sheet for Rev 273 and 289 are shown in Figure 3a-d and in Figure 3e-h,
respectively. The upward current region is bounded by the first and second vertical dashed lines and marked
by an upward red arrow, and the downward current region by the second and third vertical dashed line and
marked by a downward red arrow in each figure. The results of this averaging are shown in Figure 6a
(downward electrons), 6b (downward protons), 6e (upward electrons) and 6f (upward protons). The vertical
lines mark compressed (red) and part compressed (orange) magnetospheric conditions. In Figure 6a, showing
the average electron fluxes in the downward current sheet, we observe some orbit-to-orbit variability with a
possible response to the ongoing compression events resulting in enhanced electron intensity. The proton
average intensities in the downward current sheet as presented in Figure 6b show a clearer response to the
compressions events as indicated by the vertical dashed lines. During each compression interval there are
elevated average intensities across the A1-A4 channels. In particular, there are significant increases (~ an order

of magnitude) in the protons channels. Figure 6e (6f) present the electron (proton) intensity in the upward
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current region. It is clear that the electron intensity in the upward current sheet is lower than in the downward
current sheet. There is some evidence of an increase in the proton intensity in the upward current sheet during
the red and orange revs, but a similar effect is not observed for the electrons. Figure 6¢ (6g) presents the
ionospheric co-latitude of the central downward (upward) current region as a black line, and the corresponding
equatorial radial distance in the magnetosphere (red line). Typically, for larger radial distances, the electron
intensities decrease, this is board agreement of the electron populations as determined by Schippers et al.,
(2008) who noted a boundary at ~9 RS which is close to region the downward field-aligned current maps to.
In addition, this region is close to the plasmapause, the boundary between cooler and hotter plasma in Saturn
equatorial magnetosphere, as identified by Thomsen and Coates (2019). One Rev to note is Rev 283, within
the downward current sheet there are high proton intensities whilst not being related to a compression event.
This particular Rev was also noted by Bradley et al., (2020) for this (see their S1 supporting information).
They observed that during Rev 283 there were intense PPO-modulated short-lived bursts of SKR. This
combined with the enhanced energetic particle fluxes is indicative of strong PPO-modulated Vasyliunas cycle
activity occurring, under approximately quadrature PPO beat phase conditions. This process enhances the hot
plasma and energetic particle content of the closed magnetosphere field (e.g. Cowley et al., 2004, 2005;
Thomsen & Coates, 2019), thus explaining the high intensity observed here for Rev 283 within the downward

current which maps to this region.

Figure 6d (6h) shows the local PPO phases for both the northern and southern systems, Wy s, determined at
the center of the downward (upward) current sheet. These are defined as described in Section 1. The PPO beat
phase (dp = Wy — Ws) are denoted by the black crosses. As discussed by Bradley et al., (2020) and Provan et
al., (2021), the largest responses to magnetospheric compression events occur when the two PPO systems are
in antiphase, where the term antiphase is used when the two PPO systems are rotating within +/- 90° of
antiphase i.e. @5 =180+90°, such conditions are Figures 6d and 6h as shaded orange horizontal bars. As
Provan et al. (2021) reported, the four red revs (highlighted by solid red lines) all occur during PPO antiphase

conditions when magnetospheric reconnection is preferred to occur.

In Figure 7 we further examine the relationship between electron and proton intensity in the upward and
downward current sheets, and the total ring current current. Figure 7a (7b) presents the proton (electron)

intensity plotted with respect to the total ring current current in the downward current sheet, and Figures 7c
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(7d) in the upward current sheet. The outer edge of the circle is color coded by energy channels, while the
center of the circle is color coded by magnetospheric state. We can see that the protons in the upward and
downward current sheet are enhanced during the red revs when Saturn’s magnetosphere is compressed, tail
reconnection occurs, and a partial ring current is formed consistent with injected hot protons. We also observe
enhanced electron intensity in the upward current sheet but decreased electron intensity in the downward

current sheet as the total ring current increases.

The enhanced intensity of energetic protons within the downward current carrying region is in good agreement
with energetic plasma injected into the ring current following magnetotail reconnection. This forms a partial
ring current and increases /ras observed by Provan et al. (2021). The injected plasma then rotates into the
dawn sector, as shown by previous studies of injection events (e.g, Mitchell et al., 2009; Thomsen and Coates
2019; Kinrade et al., 2020; and Bradley et al., 2020). We observe that on the field lines mapping to the ring
current region (~7-12 Ry) in the equatorial magnetosphere an enhanced downward current is present during the
compression events. Sergis et al., (2017) showed that within the dawn sector the ring current is strongly
pressure gradient driven, which is consistent with the flow of hot magnetospheric plasma following
reconnection down tail. We further observe that when the magnetosphere is compressed, and the partial ring
current is formed the downward current region is displaced inwards. A similar result was observed within the
orbit of Enceladus by Kellett et al. (2011), who compared the ring current during an interval of solar wind
compression with an interval when the magnetosphere was less compressed (their Figure 11). They stated
that in the outer region (beyond 8-9 R;) the currents were weaker by a factor up to ~2 when the magnetosphere
was compressed. However, similarly to the observations presented here, inside ~10 R, the peak in current
density moves inwards from 9 Rsto 7 Ry when the magnetosphere was compressed. We conclude that the
partial ring current is partially closing via a downward current flowing equatorward of the main auroral current
system within the dawn sector, supported by increases in plasma intensity during compressions of Saturn’s

magnetosphere.

The upward auroral current region are the current of the main auroral current and map to ~13 Rs. This upward
current is predominantly a combination of subcorotation currents and the PPO current system, as we shall see
in the next section. It is clear that as tail reconnection occurs and hot plasma is injected from the tail towards

Saturn, an enhanced upwards current is also associated with an increase in plasma intensity. We suggest that
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the plasma injected into the midnight-dawn sector during tail reconnection events results in an enhanced

subcorotation current system.

5. Planetary Period Oscillations

In Figure 8 we further explore the relationship between the field-aligned current sheets and the northern,
southern and beats phases of the PPO systems. In each panel the points are color-coded to show the
magnetospheric conditions as used in earlier figures. Figure 8a-8c show the /| values for the downward current
as functions of the northern, Wy, southern, s, and beat phases, @, respectively. Figure 8d-8e show the same
for the upward current, /j. The clearest observation here is that the upward current is significant modulated by
the northern PPO system, being strongest a W,y ~90° and weakest at Wy, ~270° (Figure 8d). This agrees with
previous observations of the PPO-related current being upward directed at 90° and downward directed at 270°,
therefore modulating the overall upward currents strength (Hunt et al., 2015, 2020). Interestingly, the largest
current is observed when Wy ~90° and the magnetosphere is compressed, showing that solar wind and

magnetospheric conditions are also modulation the upward auroral current system.

The downward current region shown in Figure 8a-8c shows a less clear dependence on the PPO phases and
more on the magnetospheric conditions with the compressed states (red, and orange) typically being higher
than the normal (green) and expanded (blue) states. However, the PPO modulation of the downward current
system is also evident. We would expect a peak downward directed PPO current at 270°. From Table 1 it is
clear that Rev 289 is the only event of which the downward northern PPO current system would contribute to
the overall downward current sheet (W, ~270°) (Hunt et al. 2015, 2020). From the information in Table 1 it
is also clear that Rev 289 has the largest downward current /| observed within this dataset during a full
compression case. Hunt et al., (2020) found that on average that for Wy = 270° the total /; within the
downward current sheet was ~0.9 MA/rad (see their Figure 7a). Therefore, considering this with the downward
sheet values for the compression events implies the additional downward current is ~0.3-0.7 MA/rad in
strength. This also broadly agrees with the difference in the /| values for the expanded/normal and compressed

magnetospheric conditions.

6. Conclusions
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In this paper we have examined the response of Saturn’s northern hemisphere auroral field-aligned currents to
magnetospheric conditions, specifically the compression state of the magnetosphere and the total ring current.
We combined data from three studies, namely Hunt et al., (2020) for the properties of the northern hemisphere
field-aligned currents, Bradley et al., (2020) for the magnetosphere compressions, and Provan et al., (2021) for
the total ring current. We have focused on the downward currents flowing equatorward of the main auroral

oval and the upward auroral currents of the main auroral oval.

Our key findings are:

1. The field-aligned currents respond to compressions of Saturn’s magnetosphere. In particular, we found
a clear relationship between the total current in the downward current sheet and compression events.

2. We found that for the cases with a stronger downward current there is also a stronger total ring current.
Typically, these also corresponded to a compression event as identified by Bradley et al. (2020).

3. During magnetospheric compressions and tail reconnection events, the downward current region
moves inwards towards Saturn.

4. The energetic particle intensities from the LEMMS instrument (E0-E2 and A1-A4) increased within
the field regions carrying the upward and the downward currents for compression events. In particular,
the higher energy protons (>255 keV) show the strongest response during a compression event, and
these protons are likely to be from injected plasma due to nightside tail reconnection.

5. The upward auroral currents are also strengthened when the magnetosphere is compressed and tail
reconnection occurs.

These observations support the suggestion that the nightside partial ring current reported by Provan et al.,
(2021) during the Grand Finale orbits closes via an additional strengthening of the downward current in the
dawn sector. This additional current is approximately 0.5 MA/rad in strength, flowing equatorward of the main
auroral upward current, and maps to the peak of the ring current. The additional downward current within
Saturn’s dawn sector is akin to Earth’s Region 2 current, albeit having the opposite sense given the reversed
polarity Saturn’s core planetary field compared to Earth’s field. These results show that Saturn’s global current
systems respond, partly, in a similar way to nightside reconnection and the resulting inflow of plasma as at

Earth. Finally, we suggest that the plasma injected into the midnight-dawn sector during tail reconnection
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421  events results in an enhanced subcorotation current system resulting in an increase in the strength of the upward

422 current.
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574  Table 1. Field-aligned current sheets boundary times and properties from Hunt et al. (2020) as shown in Figures 3, 4, and 5.

Rev | Boundary 2 Boundary 3 Boundary 4 Upward Downward | Upward Downward | Equatorial | Equatorial | IT Rm Magnetospheric
time time time sheet sheet sheet sheet radial radial /MA | /Rs State
Day/Month Day/Month Day/Month current I} | current [ position position distanced of | distance of
Hour:Min Hour:Min Hour:Min /MA/rad /MA/rad Oin Oin upward downward
(Year 2017) (Year 2017) (Year 2017) /° /° current current

sheet sheet

/Rs /Rs
271 26/04 07:07 26/04 07:40 26/04 07:43 2.457 0.887 15.783 16.782 14.51 11.68 | 14.32 | 29.98 | Normal
273 09/05 04:43 09/05 04:53 09/05 04:58 2.140 0.709 16.066 16.805 13.63 11.62 | 16.87 | 35.02 | Normal
274 15/05 14:45 15/05 15:17 15/05 15:28 2.817 1.212 15.513 16.701 15.34 11.91 | 18.53 | 20.53 | Compressed
275 22/05 01:27 22/05 01:52 22/05 02:03 1.109 0.467 15.900 17.599 14.15 9.78 | 18.08 | 23.34 | Expanded
276 28/05 12:24 28/05 13:05 28/05 13:18 1.682 0.858 16.036 18.426 13.72 8.37 | 15.81 | 21.41 | Compressed
278 10/06 11:11 10/06 11:35 10/06 11:42 0.707 0.727 16.436 18.216 12.5 8.69 | 15.75 | 29.62 | Normal
279 16/06 22:04 16/06 22:34 16/06 22:50 2.554 1.003 16.001 18.625 13.83 8.09 | 15.27 | 27.36 | Normal
281 29/06 20:25 29/06 21:04 29/06 21:05 1.196 0.564 17.182 19.386 10.54 7.19 | 17.01 | 27.95 | Expanded
282 06/07 07:50 06/07 08:07 06/07 08:17 2.046 0.837 15.847 17.071 14.31 10.94 | 15.89 | 26.36 | Expanded
283 12/07 18:38 12/07 19:18 12/07 19:34 1.817 1.048 15.595 17.339 15.09 10.32 | 15.24 | 25.4 | Normal
284 19/07 06:24 19/07 06:30 19/07 06:36 2.269 0.588 16.440 17.152 12.49 10.75 | 15.92 | 26.07 | Normal
286 01/08 04:36 01/08 04:44 01/08 04:57 1.401 0.738 16.382 17.877 12.66 9.26 | 15.31 | 22.17 | Expanded
287 07/08 15:52 07/08 16:05 07/08 16:09 1.957 0.590 16.938 18.055 11.13 8.95 | 17.38 | 24.21 | Normal
288 14/08 02:26 14/08 03:00 14/08 03:21 1.973 1.008 16.049 19.255 13.68 7.33 | 20.48 | 20.57 | Compressed
289 20/08 13:53 20/08 14:00 20/08 14:15 2.808 1.586 16.679 18.341 11.81 8.50 | 21.77 | 19.36 | Compressed
290 27/08 00:37 27/08 00:57 27/08 01:19 2.057 0.699 16.394 19.881 12.63 6.70 | 16.68 | 32.78 | Expanded
291 02/09 11:02 02/09 11:43 02/09 11:57 2.290 1.524 15.622 17.165 15.01 10.72 | 16.55 | 21.04 | Normal
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Figure Captions

Figure 1. Sketches of northern hemisphere field-aligned currents and the proposed partial nightside ring
current system proposed by Provan et al. (2021) which is not to scale. (a) Projected of the northern non-PPO
and PPO currents into the northern ionosphere as viewed from above. The light blue circle in the polar region
depicts the non-PPO downward subcorotation currents, the pink circle shows the non-PPO upwards
subcorotation currents of the main auroral oval. The green circled crossed and dots show the downward and
upward field-aligned currents, respectively. The green arrowed lines show the ionospheric closure current (Z,,).
The darker blue arrowed lines shown the magnetic field perturbations associated with the northern PPO system
mapped to the ionosphere. The red twin vortex shows the expected atmospheric flows associated with the
PPOs. Dashed centered circle indicates the open-closed boundary (OCB). The key northern PPO phases are
shown around the edge. (b) Magnetospheric view of the current systems as viewed from the nightside during
normal magnetospheric conditions showing the 90°-270° PPO meridian. Saturn’s magnetospheric ring current
is shown by the grey ring, the direction and total current (/7) are shown. (c) The same view as (b) but for
compressed magnetospheric conditions, the proposed partial ring current and associated closures currents are

shown by the red arrows.

Figure 2. Cassini trajectories plotted in the p — z plane panel (a), and mapped to the northern ionosphere,
panel (b). (a) A typical Cassini Rev from the proximal orbits, namely Rev 273. Day of year markers (2017)
are shown with the smaller black circles marking every 3 hours. The magnetic field lines are determined from
a model comprising of a 3-degree planetary magnetic field plus ring current (see text). The grey shaded region
shows the typical magnetic field region where the auroral field-aligned currents flow. (b) Comparison between
northern hemisphere ionospheric projections of two proximal orbits, Rev 273 (blue) and Rev 289 (red), using
the same magnetic field as shown in (a). The DOY:hh label are shown. Statistical auroral boundaries (solid
lines) as defined by the peak and half power emission points (shown by the center line with crosses and the
solid lines respectively) determined from Cassini Ultraviolet Imaging Spectrograph observations (Carbary,

2012).

Figure 3. Comparison of northern in-situ observations from Rev 273 (panels a-d) and Rev 289 (panels e-h),
these being normal and compressed magnetosphere cases, respectively according to Bradley et al., (2020).

Panels (a) and (d) show the ionospheric meridional current at the feet of the field lines, 7., (MA/rad), determined
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HUNT ET AL: SATURN DAWN REGION 2 CURRENT
from the azimuthal magnetic field measured by the Cassini spacecraft. Panels (b) and (f) show the electron
intensities from Cassini LEMMS electron channels EO-E2 110-1350 keV (1/cm? sr s keV), color-coded as in
the figure. Panels (c) and (g) show the proton intensities from Cassini LEMMS electron channels A1-A4 35-
506 keV (1/cm? sr s keV), color-coded as shown in the figure. Panels (d) and (h) show the ionospheric
colatitude of Cassini’s magnetically mapped footprint in the northern hemisphere. The mapping is the same as
used on the Figure 1b. The vertical dashed lines mark the boundaries of the main upward (auroral) and

downward field-aligned current sheets as determined by Hunt et al. (2020) from gradients in /.

Figure 4. Panel (a) presents the total ring current current (/7) from Provan et al. (2021), determined on a rev-
by-rev basis. Panel (b) presents the downward field-aligned current (/) and Panel (c) the ionospheric
colatitude of the center of the downward field-aligned current region (6;y). Panel (d) shows the upward field-
aligned current (/;)) and Panel (e) the ionospheric colatitude of the center of the upward field-aligned current
region (data for Panels b-e from Hunt et al. (2020)). The data in each panel is plotted versus subsolar
magnetopause stand-off distance, Ry, determined using the model of Kanani et al. (2010) Each point is color-
coded according to the magnetospheric compression state determined by Bradley et al., (2020) with the color-

code presented on the figure.

Figure 5. Comparison of the current within the field-aligned current sheets (/) with the total ring current for
that Rev determined by Provan et al (2021) (/7). Panel (a) shows downward field-aligned current while panel
(b) shows the upward field-aligned current. Each point is color-coded according to the magnetospheric
compression state determined by Bradley et al., (2020) as shown in the figure legend. The larger circles show
the mean values. The mean value are for a compressed magnetosphere (large red circle), compressed and
partially-compressed magnetosphere (large red circle with an orange center ), expanded magnetosphere (large
blue circle) and for when the magnetosphere is in a normal or expanded state (large blue circle with a green

center).

Figure 6. Average energetic electron and proton intensities within the downward (panels a-d) and upward
(panels e-h) field-aligned current sheet region for Revs 271-292, together with the northern and southern PPO
phases, northern ionospheric colatitude, and mapped equatorial radial distance of the center of the current
sheet. (a and e) Average electron EO-E2 (110-1350 keV) LEMMS intensities color-coded as shown in the

figure. (b and f) Average proton A1-A4 (35-506 keV) LEMMS intensities color-coded as shown in the figure.
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HUNT ET AL: SATURN DAWN REGION 2 CURRENT
(c and g) Magnetically mapped northern hemisphere ionospheric colatitude (black) and the corresponding
equatorial radial distance of the field line (red dashed line). (d and h) Northern, Southern and Beat PPO phases,
shown by the blue and red circle, and black crosses, respectively. Vertical red lines show the compression
event Revs, whilst the orange lines show the partial compression Revs. The horizontal orange bar marks when

the PPO phases are between 90°-270°.

Figure 7. Average energetic electron EO-E2 LEMMS (panels a and ¢) and protons A1-A4 LEMMS (panels
b and d) intensity within the downward (panels a and b) and upward (panels ¢ and d) field-aligned current
sheet regions for Revs 271-297, plotted versus the total ring current current /r as determined by Provan et al.
(2021). The intensities are shown as circles where the outer edge shows is color coded by energy channel as
shown in the figure, using the same color scale as in Figure 6. The center of the circles are color coded by

magnetospheric compression state as shown in the figure.

Figure 8. Downward field-aligned current plotted versus northern PPO phase Wy (panel a), southern PPO
phase Ws (pane b) and beat phases, @y (panel ¢). Panels d-f show the same for the upward field-aligned current

(1)). The circles are color coded by magnetospheric compression state as shown in the figure.
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