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Abstract

It is well known that Saturn’s magnetospheric dynamics are greatly influenced by the so-
called planetary period oscillations (PPOs). Based on Cassini UVIS data, it has been shown
previously that the UV auroral intensity is clearly modulated in phase with rotating field-
aligned current (FAC) systems associated with the PPOs. Here we expand upon this inves-
tigation by using the same dataset to examine the PPO-induced spatial modulation of the
main auroral oval. We present a robust algorithm used for determining the location of the
main emission in UVIS images. The location markers obtained are then used to calculate

the statistical location of the auroral oval and its periodic displacement due to the PPO FACs
and the related ionospheric flows. We find that the largest equatorward displacement of the
main arc lags behind the PPO-dependent statistical brightening of the UV aurora by roughly
45-90° in both hemispheres and is not co-located with it as the present model based on mag-
netometer observations suggests. We furthermore find the center of the auroral oval by fitting
circles to the main emission, and analyze its elliptic motion as the entire oval is displaced in
phase with the PPO phases. It is demonstrated that the periodic displacements of both the au-
roral oval arc and its center are larger when the two PPO systems rotate in relative antiphase
than when they are in phase, clearly indicating that interhemispheric PPO FAC closure mod-
ulates not only the intensity but also the location of the main UV auroral emission.

1 Introduction

Even though Saturn’s magnetic dipole tilt relative to its rotational axis is negligibly
small [Burton et al., 2010; Dougherty et al., 2018], the surrounding magnetosphere is per-
meated with periodic phenomena occurring mostly at periods close to the planetary rota-
tion period of ~ 10.5h. These features are effects of the so-called planetary period oscilla-
tions (PPOs) modulating, i.a., magnetic fields, particle populations, plasma waves and radio
emissions detected around Saturn [e.g., Andrews et al., 2010a; Arridge et al., 2011; Carbary
and Mitchell, 2013; Carbary, 2017; Cowley and Provan, 2017; Lamy, 2011; Ye et al., 2016].
These periodic modulations have been shown to exhibit two close but distinct periods, each
of which are associated with one of the two polar hemispheres [e.g., Gurnett et al., 2009;
Andrews et al., 2010b]. The origin of these periodic phenomena are therefore thought to be
vortical flow structures in Saturn’s polar ionospheres [e.g., Jia and Kivelson, 2012; Jia et al.,
2012].

Saturn’s auroral emission is a good proxy for the global state of the surrounding mag-
netosphere. The main emission is generated by flow shears between different plasma popula-
tions in the outer magnetosphere - subcorotating with the planet at different angular speeds,
this sets up a system of field-aligned currents (FACs) causing electrons to precipitate into the
polar upper atmosphere [e.g., Badman et al., 2015; Belenkaya et al., 2014; Hunt et al., 2014].
Superimposed on this local time-fixed FAC system are the two rotating FAC systems associ-
ated with one PPO system each [e.g., Andrews et al., 2010b; Provan et al., 2016]. These FAC
systems independently rotate at close to the planetary rotation rate in both polar hemispheres,
modulating the currents responsible for the generation of auroral emission in their local as
well as in the opposite hemisphere [e.g., Hunt et al., 2014, 2015, 2016; Bradley et al., 2018].

These modulations are expected to manifest as periodicities in the auroral emissions.
It has for example been shown that the auroral brightness exhibits a rotational modulation
[Sandel et al., 1982], which is in phase with the rotation of the two PPO systems as expected
from SKR and FAC measurements [Nichols et al., 2010a; Bader et al., 2018]. Each hemi-
sphere’s auroral intensity exhibits dual modulation controlled by the superposition of the
primary (same hemisphere) and secondary (opposite hemisphere) PPO systems’ FACs.

Several studies based on limited Hubble Space Telescope (HST) datasets have investi-
gated the motion of the auroral oval by analyzing the displacement of the oval’s boundaries
and centers in relation to periodicities in SKR emissions and magnetic field data [Nichols
et al., 2008, 2010b,a, 2016; Provan et al., 2009]. Correlations between SKR and auroral



emissions are expected as the ionospheric footprints of observed SKR sources are co-located
with the UV aurora and both are associated with accelerated electrons at high latitudes [Lamy
et al., 2009]. Analyzing HST images from 2007-2008, Nichols et al. [2008] found clear ev-
idence of an oscillatory motion of the auroral oval with a period close to the planetary ro-
tation, and Provan et al. [2009] showed that the southern oval is generally tilted away from
the southern hemisphere’s magnetic perturbation field. These findings could be confirmed
with 2011-2013 HST data [Nichols et al., 2016], but not with the 2014 HST dataset [Kinrade
et al., 2018]. However, many images in the latter dataset did not exhibit a dawn arc, prevent-
ing reliable circle fits and cutting down the usable dataset such that the PPO phase coverage
was rather limited.

The strength of these auroral modulations is expected to depend on the relative strength
of the two PPO-associated current systems. In the case of equal modulation amplitudes,
about half the current of each system closes in the equatorial region and half in the oppo-
site hemisphere [Bradley et al., 2018]. It can therefore be assumed that in each hemisphere
the primary system’s FACs are twice as strong as the secondary system’s. In this case, the
primary PPO modulation would dominate. However, the relative strength of the two systems
has been shown to change over time [e.g., Provan et al., 2013]. With one system frequently
dominating the other by a factor 2 or larger, the auroral modulation might well be controlled
by the secondary PPO system depending on time and hemisphere.

Using a large set of Cassini Ultraviolet Imaging Spectrograph (UVIS) data, we want
to expand on previous studies by analyzing the statistical location and displacement of Sat-
urn’s UV aurora due to PPO current modulation. In Section 2 we present a new algorithm for
automatically determining the location of Saturn’s main emission auroral arcs, describe how
the auroral oval is fitted with a circle based on the location markers determined in the previ-
ous step, and characterize the dataset used. Drawing on all appropriate Cassini UVIS data,
we determine the statistical location of the main auroral oval in Section 3.1, estimate the sea-
sonal and solar cycle influence on this statistical location (Section 3.2), and investigate how
the main emission is displaced due to PPO modulations (Section 3.3). Lastly, we analyze the
PPO-induced oscillatory motion of the auroral oval in Section 3.4 by employing circle fits of
the auroral oval. Section 4 summarizes and discusses our findings and conclusions.

2 Dataset and analysis methods

The dataset employed in this study is initially identical to the one used in Bader et al.
[2018] - containing all auroral imagery obtained with the FUV channel (far ultraviolet, 110-
190 nm) of the UVIS spectrographic imager [Esposito et al., 2004] during the whole Cassini
Saturn tour between July 2004 and September 2017. For a more detailed overview describ-
ing the instrumentation and the projection and integration methods we refer the reader to
Bader et al. [2018].

2.1 Determining the location of the auroral oval

The poleward and equatorward boundaries of Saturn’s auroral oval have been deter-
mined in several previous studies based on HST auroral imagery. Starting with Badman et al.
[2006], these boundaries were usually determined by the full-width half-maximum (FWHM)
(co)latitudes of the auroral brightness distribution. This technique was later improved by
Nichols et al. [2016], who first fitted Gaussians to the latitudinal brightness distribution be-
fore calculating the FWHM values representing the poleward and equatorward boundaries of
the oval.

However, in combination with the quite different UVIS auroral imagery this method
proved to be unreliable and too rigid to capture the dynamic morphologies observed. Hot
pixels and poleward injections can easily throw off the resulting main emission boundaries,
and the highly variable viewing geometries with often large pixel sizes frequently produce
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Figure 1. UVIS image of the northern hemisphere from 2008, DOY 239 at 03:37. The gray grid is spaced
in 90° longitude and 10° colatitude. The UV auroral intensity is shown with a logarithmic color scale. (a)
Cassini’s magnetic footprint is indicated with a yellow-and-black diamond, its trajectory +2 days drawn in
white. Green and purple lines show the orientation of the two PPO systems’ perturbation dipoles at the time
of the image. Positional data for Cassini in KRTP coordinates is given on the bottom left. (b) The initial guess
of the auroral oval location is marked with a black-and-white line. The poleward and equatorward limits of the
extracted region are marked with a red and blue line, respectively. (c) The arc center locations are shown with
black markers, and the poleward and equatorward boundaries with red and blue markers, respectively. (d) The
yellow circle represents the best fit circle to the given center points (black markers), the circle center being

marked with a small yellow cross close to the planet’s pole.



jagged boundaries following the pixel outline. It is furthermore not possible to remove “wrong”
datapoints manually simply due to the size of the dataset. Overall, the boundary points deter-
mined using the de facto standard method often did not fit to what would be selected by eye

and cleaning the results by hand was not feasible. We therefore developed a quite different
method of detecting the location of the auroral oval and its boundaries, based on basic image
processing and filtering algorithms.

Figure 1a shows an example UVIS image which will be used here to explain the pro-
cessing stages involved. As a first step, we calculate an initial guess of the main emission’s
location. Since Saturn’s auroral “oval” is nearly circular and centered around the pole, we
simply bin the original intensity distribution into 0.5° longitude (2 min LT) bins and deter-
mine at which colatitude the brightness maximizes. Running a simple median box filter of
size 60° in longitude (4 h LT) over this series of colatitude values gets rid of outliers, fills
some missing values and provides a satisfying first guess of where we expect the auroral oval
to be located. In Figure 1b, this initial guess is indicated with a black-and-white rather circu-
lar line.

Next we “extract” a part of the image for further processing - following the initial guess
line, we keep all data within a great-circle distance of 8° of the guess and discard the rest.
For each point of the initial guess (0.5° longitude / 2 min LT binning), the perpendicular to
the guess line is calculated using neighboring points. Along this perpendicular, we note the
brightness of the original image in 150 equal steps. This results in a brightness grid of 720
longitudes/LTs (0° to 360°, 0 to 24 LT) and 150 “pseudo-latitudes” (-8° to 8° great-circle
distance from the guess line). The poleward and equatorward limits of the extracted region
are shown in red and blue, respectively, in Figure 1b.

The extracted region with its original brightness distribution is shown in Figure 2a.
Depending on the quality of the initial guess, the auroral oval should be somewhat horizon-
tally in the center of the image. This extracting and “stratifying” of a sub-image from the
original is necessary so that we can apply asymmetric filters later on; e.g., smoothing opera-
tions with a box wide in pseudo-latitude but narrow in LT.

Note the small sections with invalid values in the top left and right corners - as these
occur quite frequently and are not supported by most image processing algorithms, they need
to be filled. In this case we calculate a filler image by replacing the missing values with ze-
ros, mean-filtering it with a 12h x 8° (LT x pseudo-latitude) box filter and scaling it such
that the maximum values of the original and the filler image are the same. The original’s
missing values are then filled with the corresponding values of the filler array. This way we
smooth the transition between valid and invalid values in dimmer regions such as to avoid
false detections at a later stage. Figure 2b shows the original with missing values filled in as
described.

Now we use an adaptive thresholding algorithm as a basic means of feature detection.
We choose a window size of 151 X 151 pixels (median filter boxes need to have uneven side
lengths), or about Sh x 16° (LT X pseudo-latitude). This window covers the whole pseudo-
latitude range so that in most cases only the main emission with its generally clear bright-
ness peak is picked out as a feature. The rather limited LT size ensures that there is not too
much smearing in this direction. The threshold value is a sum of all values in the window,
weighted with a Gaussian distribution according to the pixel distance from the window cen-
ter. The result of this adaptive thresholding is shown in Figure 2c. A simple median filter of
size 15 x 15 pixels, or 0.5h x 1.6°, cleans the result of small patches and joins nearby detec-
tions (see Fig. 2d).

Figure 2e shows the original extraction multiplied with the patch detection result,
Fig. 2d. We mean-filter this result with a 20 X 15 pixel, or 40 min x 1.6°, window such as
to smooth out the noise of the original UVIS pixels and to create a smooth transition be-
tween regions corresponding to detections and non-detections of patches (see Fig. 2f). The
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boundaries and arc center location of the auroral oval are then obtained by determining the
FWHM boundaries and the maximum, respectively, along pseudo-latitude for every LT bin.
Median-filtering the obtained values with a 40 min LT window yields our final result, shown
in Figures 2g and 2h plotted onto the processed and original extracted images, respectively.
Lastly, we bin and median-average the pseudo-latitudes into 72 longitude/LT bins of size
5°/20 min LT and re-transform them into true colatitudes. By removing points which deviate
from the mean of the set by more than three times the standard deviation we exclude all pole-
ward and equatorward patches which are definitely not related to the main emission. These
final poleward and equatorward boundaries and the arc center locations of the auroral oval
as determined by the described algorithm are shown in Fig. 1c, overplotted on the original
image.

We note here that the given window sizes are partly justified by logical reasoning as
described in the previous paragraphs, but sometimes also simply chosen by trial-and-error
such that the algorithm is as robust as possible and that the calculated oval locations fit best
to what would be chosen visually. While the calculated arc center (co)latitudes of the au-
roral oval are unaffected by this, we expect the poleward and equatorward boundaries to be
influenced by the window size of the mean filter applied between Figures 2e and 2f. These
boundaries are consistent within this dataset and study, but we advise caution when applying
these values and their difference (the width of the auroral arc) to results of previous studies.

2.2 Circle fitting

In order to track the motion of the auroral oval’s center, we utilize the points deter-
mined with the presented algorithm and fit a circle to them. We use the arc center colatitude
markers of the auroral oval and find the circle center point close to the pole which minimizes
the average radial distance of all markers to it using a simple least squares minimization.
Note that previous studies [Nichols et al., 2008, 2016; Kinrade et al., 2018] have used the
equatorward boundary of the auroral oval instead of the arc center in order to avoid taking
into account poleward emissions. However, as our detection method suppresses the detection
of poleward emission, we prefer to use the center of the arc such as to not introduce an ad-
ditional error due to the varying width of the auroral oval. Fig. 1d shows the same image as
before, this time with only the arc center colatitude markers of the auroral oval shown with
their corresponding circle fit. The error of the circle center is assumed to be equal to the av-
erage distance of the fit markers to the final optimal fit circle. We do not take into account
any errors arising from the image projection, as we exclude uncertain projections beforehand
(see Section 2.3).

Several constraints had to be put in place in order to avoid poor circle fits. We require
that at least 36 out of the possible 72 boundary points should be defined, and the available
points have to be spread such that there are more than 3 in at least three of the four quadrants
(dawn, noon, dusk, midnight). This way we prevent fitting when the circle is unconstrained
to one side.

Due to the inconsistency of the dataset it was nevertheless necessary to sort the re-
maining successful fits manually - discarding several observation days with unusually low
auroral activity and no main emission arcs, as well as observations with bad viewing geome-
tries, where the main emission was partly observed close to the terminator and its colatitude
is associated with a large projection error.

We also tried fitting the data with an ellipse instead of a circle. However, the results
were not noticeably impacted by this, and the number of usable images was reduced because
any ellipse fitting algorithm is generally less robust against, e.g., missing values than a circle
fitting algorithm due to its increased degrees of freedom. Hence we favored simple circle fits
to improve statistics.
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Figure 3. Number of UVIS images per year available for this study, (a) for the northern and (b) for the
southern hemisphere, outside of the PPO coalescence period. Shown is the number of images providing
boundary and arc center points (non-hatched bars) and the number of images on which circle fits were suc-

cessful (hatched bars). Note the logarithmic scale of the y-axis.

2.3 Dataset selection

The existing set of 4192 images is downselected in order to exclude images taken when
Cassini was more than 40 Rg from the planet (when the pixel size begins to exceed the typ-
ical width of the auroral oval). For an image to be considered suitable for our analysis, we
also require Cassini to be located at latitudes at least 30° above/below the equatorial plane
such that the projection error is limited (i.e., the auroral oval was not observed too close to
the planetary limb). This leaves 2613 images (1990 in northern; 623 in the southern hemi-
sphere) available for the calculation of the statistical location and boundaries of the auroral
oval. For investigating PPO-related features this dataset reduces to 2160 (1611 N; 549 S)
images, as some images fall into the coalescence period when the two PPO systems were
rotating locked in antiphase between mid-2013 and mid-2014. In this time period, the two
PPO phases were not statistically independent anymore, and the analysis of the auroral oval
center’s motion which we undertake in this study is not justifiable. Of the remaining images,
574 (416 N; 158 S) exhibited a clear enough main emission oval with good enough local time
coverage to be fitted with a circle. These have been chosen manually as described in Section
2.2.

The temporal distribution of these sets of images is shown in Figure 3. We note that
there are several years during which no data suitable for locating the auroral oval are avail-
able, for example during Cassini’s equatorial orbits in the years 2009-2012.

2.4 PPO phases

Each of the two rotating PPO systems is associated with a system of electrical currents,
flowing as a downward field-aligned current (FAC) into one side of the ionosphere. The cur-
rent then crosses the polar cap as a Pedersen current before returning out into the magneto-
sphere as an upward FAC on the opposite side of the polar cap [e.g., Hunt et al., 2014, 2015].
This current circuit closes partly in the equatorial region, and partly in the other hemisphere
where it enters the ionosphere, crosses the polar cap and exits into the magnetosphere in a
similar fashion. The currents associated with the two PPO systems flow on the same field
lines and are not latitudinally separated [e.g., Bradley et al., 2018; Bader et al., 2018]. A
good sketch of the PPO systems and their associated currents is given in, e.g., Provan et al.
[2018], Figure 1.
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Figure 4. PPO-related rotating FAC patterns in Saturn’s polar ionosphere. To the left (right), the northern
(southern) polar region is shown as seen from above the north pole. The near-equatorial magnetic PPO pertur-
bation dipoles are directed towards the bottom of the figure and indicated with black arrows. Wy increases
in clockwise direction. Green/purple circled crosses and dots represent FACs flowing into and out of the
diagram plane, respectively. E.g., in the northern hemisphere, upward FACs and therefore increased auroral
intensities are expected at around ¥y = 90° for the primary system and at around Wg = 90° for the secondary
system. The relative orientation of the two PPO systems determines whether their associated upward FAC
regions are co-located or not. Red lines and arrows sketch the driving neutral atmospheric and ionospheric

flows in the respective hemisphere. Adapted from Bader et al. [2018] and Provan et al. [2018].



Each PPO current system has an associated magnetic dipole moment directed trans-
verse to the planetary dipole moment, which rotates in the azimuthal direction in the sense of
planetary rotation with its respective PPO rotation period 7v,s. We define the instantaneous
orientation of each system by the azimuthal angle of the perturbation field’s dipole vector
®yy/s(t). This angle increases eastwards (in the direction of planetary rotation), is referenced
to local noon, and is frequently referred to as PPO dipole angle or phase angle.

We also define PPO dipole-fixed frames in order to position auroral features with re-
spect to the PPO perturbation fields. The so-called “magnetic longitude” of a certain location
in the local time frame at a certain point in time is given by Wn,s(¢, 1) = @nys(t) — ¢ with ¢
as the LT-referenced planetary longitude, such that Wn/s = 0° is aligned with the transverse
dipole of the respective perturbation system. As this describes the rest frame of the PPO ro-
tation, all PPO-associated FACs are located at constant values of ¥yys.

Figure 4 shows where upward and downward FACs are expected to be located in the
two hemispheres in the respective magnetic longitude frames [Andrews et al., 2010b; Hunt
et al., 2015]. In each hemisphere, the FAC patterns associated with the primary and sec-
ondary systems are the same. However, they rotate at different rates 7y and 7g together with
the northern and southern PPO perturbation dipoles such that there is an arbitrary angle
between the dipoles; the FAC patterns therefore may or may not overlap (see also Bader
et al. [2018], Figure 7 and Provan et al. [2016], Figure 10). The upward FACs in the north-
ern hemisphere were found to maximize around Wx =~ 90° for the northern/primary PPO
system, with the downward currents peaking near N ~ 270°. Interhemispheric currents
from the southern/secondary PPO system closing in the northern hemisphere are thought to
cause the same FAC pattern, with upward (downward) currents maximizing at s ~ 90°
(Ws =~ 270°). Conversely, upward (downward) currents in the southern hemisphere maxi-
mize close to Wg)n ~ 270° (Ws/n = 90°). Note that auroral emissions occur in regions with
upward currents, i.e. due to precipitating electrons.

The PPO phases for all UVIS images were determined using the empirical PPO model
described in Provan et al. [2018], which encompasses magnetic field measurements from the
full Cassini mission. Their phases include some uncertainty due to the use of sliding win-
dows with sizes of up to several months, but the phase errors are relatively small and well de-
scribed in the corresponding studies [e.g. Provan et al., 2016, 2018]. Additional inaccuracies
might arise based on the exposure time of the UVIS images, which can be up to 3 hours long.
However, as shown in Bader et al. [2018], the mean error due to exposure time is expected to
be less than 10°.

Figure 5 shows the distribution of the images in our dataset across different PPO phase
angles ®n(7) and ®@s(r). The whole range of PPO phase angles has been sampled rather
evenly in both hemispheres, more evenly in the north than in the south due to the different
size of the datasets. In the northern (southern) hemisphere, in each PPO phase bin with size
30° there are at least ~ 120 (~ 35) images with location markers and boundary points avail-
able, and ~ 20 (~ 5) images with successful circle fits.

3 Analysis and discussion
3.1 Statistical auroral oval location

Several studies have determined the statistical location of the auroral oval based on
HST [e.g., Badman et al., 2006; Nichols et al., 2016; Kinrade et al., 2018] and UVIS im-
agery [Carbary, 2012]. Here we want to update these results with all suitable UVIS data, the
largest dataset used to date for this purpose, including statistics for the full nightside unlike
most HST data.

Our poleward and equatorward boundary points and arc center locations are avail-
able in 5° longitude / 20 min LT steps. We find the statistical boundaries and arc centers by

—10-



Northern hemisphere Northern hemisphere

(a) (b)

1404 1404

120+ 120+

o
=3
!
o
<)
!

Number of UVIS images
®
S
L
Number of UVIS images
®
S
L

180 360

180
oy (deg) s (deg)

Southern hemisphere Southern hemisphere
(c) (d)

504 504

IS
S
!
IS
S
!

w
o
!

Number of UVIS images
N w
S S
! !

Number of UVIS images

N
=)
!

180 360 0 180 360
oy (deg) s (deg)

Figure 5. Coverage of PPO phase angles ®yg in both hemispheres using the same dataset as shown in
Figure 3. Panels (a) and (b) show the number of UVIS images per 30° PPO phase angle @y and ®g bin,
respectively. Figures (c) and (d) show the same statistics for the southern hemisphere. The color scale in all
plots corresponds to the year-coloring in Figure 3. Non-hatched bars show the number of images provid-
ing boundary and arc center points, hatched bars the number of images with successful circle fits. Note the

different vertical scaling between the top and bottom plots.
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Saturn’s northern and southern auroral oval in a local time (LT) frame. Median absolute deviation (MAD)
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2016-2017, green) and high solar activity periods (2012-2014, yellow).
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median-averaging all available points in each longitude bin. The error is determined using
the median absolute deviation (MAD) on the respective data subsets. Figure 6a-b shows the
resulting statistical arc center in black, and the statistical poleward and equatorward bound-
aries in red and blue, respectively. The values with their associated uncertainties are also
given in Table 1.

The boundaries we determined in this study generally agree with the previous investi-
gations. We can confirm that the auroras in both hemispheres are found most equatorward
between midnight (0 LT) and dawn (6 LT) local times, and that it is most poleward in the
post-noon sector (12-18 LT). The southern auroral oval is found to be more extended than
the northern one due to the presence of a significant axial quadrupole component in Saturn’s
magnetic field, corresponding to a northward shift of the magnetic dipole [e.g., Dougherty
etal.,2018].

While we find the largest equatorward extent of the equatorward boundaries to be
17.9° (19.7°) for the northern (southern) hemisphere, Nichols et al. [2016] determined val-
ues of 17.7° (18.3°) for the same. The difference is only small and can likely be explained by
the different detection methods, and with different definitions of the boundary itself. While
in previous studies the boundary is solely determined by the FWHM of the brightness distri-
bution in each longitude sector, our results depend on more parameters. The raw brightness
is still the most determining factor, but the extent of the corresponding patch detected with
adaptive thresholding clearly also has an impact on where exactly the boundary is eventually
placed. Lastly, the window size of the box filter applied between Figures 2e and 2f influences
the final processed intensity distribution from which the FWHM boundaries are calculated.
However, this window size was deliberately chosen very small to minimize this effect.

In comparison with Carbary [2012], who found the corresponding equatorward peaks
of the equatorward boundaries at approximately 18° (20°), we can confidently conclude that
the boundary detection method newly presented in this paper seems to complement the previ-
ous analysis methods.

The statistically most poleward extent of the poleward boundaries was 11.8° (14.6°) for
the northern (southern) hemisphere, Nichols et al. [2016] determined values of 5.9° (9.9°)
for the same. Carbary [2012]’s poleward boundaries reach minimum values of approxi-
mately 9° (8°). This clearly shows one of the limitations of the previously employed meth-
ods for the determination of boundaries: frequent observations of transient polar emissions
attributed to dayside and cusp reconnection [e.g., Gérard et al., 2005; Radioti et al., 2011;
Badman et al., 2013; Meredith et al., 2014; Kinrade et al., 2017]. As these can be rather
bright, they are easily picked out as “main emission” using simple FWHM or Gaussian fits
on the raw brightness distribution. Our new algorithm instead employs several (median)
filtering steps to minimize the impact of small pole- or equatorward features, therefore the
statistical location of the main auroral oval as determined in this study exhibits a smaller
poleward displacement in the corresponding local time region. Of course, larger poleward
features will still be detected - posing the question which part of the auroral emission in this
local time sector is even considered the “main emission”.

3.2 Seasonal and solar cycle variation of the auroral oval location

Before investigating PPO-induced modulations of the auroral oval position, we con-
sider possible seasonal and solar cycle-related changes. Figure 6¢-d shows the statistical arc
centers of the northern and southern auroral for the time intervals before 2010 (green) and
after 2010 (yellow). They are calculated in the same way as the statistical arc centers shown
in panels 6a-b, only based on the pre- and post-2010 subsets of the complete dataset. With
equinox having occurred in August 2009, this division effectively separates the data into
pre-equinox (southern summer) and post-equinox (northern summer) sets since no usable
imagery was available in 2010-2011 (see Figure 3). Figure 6e-f shows the statistical arc cen-
ters for periods of low solar activity (2007-2009 & 2016-2017, green) and high solar activity
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Table 1. Statistical location of Saturn’s auroral oval for all local times. We present the median poleward

and equatorward boundaries as well as the statistical center colatitudes 6 together with their median absolute

deviations A#; indicated with subscripts p, e and c, respectively. All values are given in degrees colatitude

from the corresponding pole.

| North South

orr LT) | 6, A8, 6. A0 6. A0, | 6, A, 6. AO. 0. Ab,
50200 | 146 13 162 11 177 112|161 19 179 18 193 19
15(01:00) | 149 12 164 1.1 178 1.1 |164 19 181 1.7 195 19
25(01:40) | 150 1.1 165 1.0 179 1.0 |165 18 182 1.8 196 1.9
35(02:20) | 151 1.0 165 09 179 10 |166 1.8 182 18 196 19
45(03:00) | 152 1.0 165 08 179 09 [ 167 19 183 1.8 197 18
55(03:40) | 152 09 165 08 178 08 | 168 19 182 1.8 196 1.8
65(04:20) | 152 09 164 08 177 08 |17.0 17 183 1.7 195 17
75(05:00) | 152 09 163 08 175 08 |17.0 17 183 1.6 194 17
85(05:40) | 151 1.0 162 09 173 08 | 167 1.7 180 17 191 17
95(06:20) | 149 1.0 159 09 170 08 | 164 18 174 1.7 186 1.6
105(07:00) | 146 1.0 157 09 168 09 | 162 18 171 17 182 14
115(07:40) | 143 12 155 10 166 09 |157 17 169 15 179 1.2
125(08:20) | 140 13 152 1.1 164 09 [ 154 17 166 13 178 12
135(09:00) | 13.7 1.5 150 12 163 1.0 | 153 16 165 11 176 12
145(09:40) | 134 1.6 148 13 160 12 | 150 15 163 11 173 1.1
155(10:20) | 13.0 1.7 145 14 158 13 |149 15 161 1.1 172 1.0
165(11:00) | 12.7 1.8 141 1.6 154 14 |148 15 160 12 171 12
175(11:40) | 125 19 138 1.7 152 15 | 147 16 157 14 169 13
185(12:20) | 121 1.9 133 1.8 148 15 |146 16 156 15 167 14
195(13:00) | 12.0 1.9 132 18 146 16 |146 16 155 14 167 13
205(13:40) | 11.8 1.9 130 17 145 16 | 147 16 156 15 167 13
215(14:20) | 11.9 1.8 130 1.8 144 1.7 | 147 17 156 1.6 167 14
225(15:00) | 11.9 19 130 1.8 144 1.8 | 149 17 158 1.7 169 15
235(15:40) | 120 20 133 20 147 19 |[151 17 162 1.7 173 1.6
245(16:20) | 12.1 2.1 134 21 148 20 | 153 17 166 1.7 176 16
255(17:00) | 123 2.1 137 21 151 22 | 154 17 169 1.6 181 1.6
265 (17:40) | 124 23 139 22 154 22 |155 18 172 1.6 185 1.8
275(18:20) | 12.6 23 141 23 157 22 | 157 18 172 16 186 1.7
285(19:00) | 12.7 22 142 22 158 22 |158 17 173 15 186 17
295(19:40) | 12.8 2.0 144 21 160 20 |157 17 173 16 184 15
305(20:20) | 13.0 1.9 147 19 163 18 | 157 18 172 1.7 184 1.7
315(21:00) | 134 18 150 17 166 1.7 |158 18 173 1.7 186 1.7
325(21:40) | 136 1.7 153 15 168 1.5 159 18 175 1.7 187 19
33522200 | 139 1.6 155 14 170 14 [ 159 19 174 19 187 20
345(23:00) | 142 1.5 158 1.3 172 14 | 158 19 174 1.8 188 1.9
355(23:40) | 144 15 160 12 174 13 [159 19 178 19 191 19
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(2012-2014, yellow), calculated in the same fashion as the seasonal auroral oval locations in
Fig. 6c-d.

Splitting the dataset according to season (Fig. 6¢-d), we find a similar behavior for the
northern and the southern hemisphere. In both, the auroral oval seems to be located more
poleward around noon and more equatorward around midnight in the post-equinox data com-
pared to the pre-equinox locations. Generally the oval appears to be more centered on Sat-
urn’s spin pole during the pre-equinox period. This does not correspond to a seasonal effect,
for which one would expect the hemispheres to act oppositely and not in the same way as
seen here - i.e. one would expect a “summer-shaped” and a “winter-shaped” oval switching
between the hemispheres. The effect we see here, apparent or real but certainly significant,
therefore cannot be directly related to the angle of attack of the solar wind onto the Kronian
magnetosphere.

We therefore consider solar activity as a possible influence and investigate how the oval
center location differs between high and low solar activity periods (Fig. 6e-f). We clearly see
that the auroral oval is quite consistently smaller (more poleward at most LTs) during high
solar activity than during low solar activity, the largest difference between the two occurring
at noon for both hemispheres. This effect could be a sign of increased magnetopause and
cusp reconnection rates during high solar activity, effecting poleward auroral signatures to
occur more frequently, as well as more prevalent tail reconnection closing thereby “accumu-
lated” open flux more quickly than during low solar activity [see, e.g., Badman et al., 2005,
2014].

Close similarities between panels 6d and 6f for the southern hemisphere arise due to
the similarity of the datasets used. This is because all pre-equinox data is from low solar ac-
tivity periods, and about 75% of post-equinox data corresponds to high solar activity periods
- the “seasonal” modulations observed in Fig. 6d are hence most likely solar activity related
and not truly seasonal. By extension, the same reasoning lets us assume that the northern
hemispheric “seasonal” changes in panel 6¢ might largely be explained with biases towards
certain solar activity periods. These inevitably result with the uneven temporal and spatial
sampling of our dataset (see Figure 3).

We therefore conclude that there is a consistent solar activity related modulation of the
statistical oval location, but cannot find conclusive evidence of a seasonal effect. We note
however that some auroral features have indeed been shown to be directly controlled by the
interaction of Saturn’s magnetosphere with the solar wind; both cusp emissions [e.g., Bunce
et al., 2005; Gérard et al., 2005; Kinrade et al., 2017; Palmaerts et al., 2016] and magne-
topause reconnection [e.g., Badman et al., 2013; Radioti et al., 2013] were observed to be
modulated by the solar wind conditions and might hence vary not only with solar activity,
but also with season. These features are however of a transient nature and often compara-
bly small; they are therefore partly excluded from this analysis due the filtering procedures
applied in the arc detection algorithm presented here.

3.3 Statistical oval displacement with PPO phase

In order to investigate the displacement of the auroral oval caused by the two PPO
systems, we examine the boundary and arc center markers which have been calculated as
presented in Section 2.1. Instead of simply rotating all images with their markers into the
PPO frames, we first take into account the underlying local time patterns determined in Sec-
tion 3.1. We therefore first calculate the difference between each image’s arc center mark-
ers and the statistical centers of the auroral oval in the corresponding hemisphere, using the
“low solar activity” or “high solar activity” center locations shown in Figure 6 depending on
when the image was obtained. The resulting displacements are then rotated into the two PPO
frames. Statistical offsets are obtained by median-averaging the resulting set of displacement
values, and errors are again calculated using median absolute deviation (MAD). We did not
observe clear changes in the statistical PPO-induced latitudinal offsets depending on whether
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Figure 7. Median latitudinal displacement of the auroral oval’s arc center location from its median position
depending on PPO magnetic longitude ¥ys for the (a) northern and (b) southern hemisphere. The thick line
marks the displacement ordered by the primary PPO system (i.e., the system located in the same hemisphere,
respectively), and the thin line the displacement ordered by the secondary PPO system (i.e., the system lo-
cated in the opposite hemisphere, respectively). Shaded envelopes mark the MAD uncertainties. Vertical
dashed lines mark the expected location of maximum upward FACs. Numbers in brackets give the number of

boundary points / arc center points each graph is based on.

the overall statistical center locations or the statistical locations separated by season or solar
activity were used as a baseline.

The median displacements of the auroral oval’s arc centers from their statistical loca-
tion are shown in Figure 7, for both hemispheres and ordered by both the north and south
PPO systems. Clear modulations due to the primary PPO systems are visible in both hemi-
spheres (Fig. 7a and 7b, bold lines). Interhemispheric current closure of the secondary PPO
systems however doesn’t seem to have a noticeable impact on the arc center locations of the
auroral oval (Fig. 7a and 7b, thin lines), as the statistical displacements are comparably small
and barely ordered. The median offsets of the boundaries from their median location due to
the primary PPO systems vary between roughly +1° colatitude for both the northern and the
southern auroral oval.

In both hemispheres we observe noticeable modulation induced by the primary PPO
systems (Fig. 7, bold lines). The modulation seems to be notably sawtoothed, and shifted
by ~ 180° between the two hemispheres. Based on Cassini MAG results from the southern
hemisphere, we would expect the largest equatorward displacement in the northern hemi-
sphere (Fig. 7a, bold line) to occur near YN =~ 90° [Hunt et al., 2014, 2015]. We observe a
peak at around Wy ~ 45°, agreeing fairly well although with a non-negligible offset.

The modulation of the southern boundaries due to southern PPO (Figure 7b, bold line)
shows a broad region of enhanced equatorward displacement. The largest equatorward offset
from the median oval location is observed at about W = 225°. This agrees rather well with
Hunt et al. [2014]’s direct observations of FAC regions in the post-midnight sector, in that
they observed the largest equatorward displacement of the FAC current sheets thought to
generate auroral emission close to Vg ~ 270°.
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Figure 8. Median latitudinal displacement of the auroral oval’s arc center location from its median position.
Panel (a) shows the displacements in the northern hemisphere ordered by Py, (b) the displacements in the

southern hemisphere ordered by Wg. Otherwise same format as Fig. 7.

We note however that in both hemispheres we observe offsets between the peak (equa-
torward) displacements and their expected Wx/s location. These offsets are consistent in
both hemispheres, with the largest equatorward displacements occurring about 45° ahead
of where most equatorwardly displaced FACs were found [Hunt et al., 2014]. Considering
that the auroral intensity maximum has been shown to be lagging its expected location by
some 30° [Bader et al., 2018], we conclude that the largest equatorward displacement of
the auroral oval is not co-located with the auroral intensity maximum. This actually agrees
with direct FAC observations [Hunt et al., 2014], which showed that the upward FAC density
maximum of the major FAC sheet lags its largest equatorward displacement by roughly 45°
in the southern hemisphere.

The larger size of this dataset further allows us to take a closer look at possible inter-
hemispheric PPO modulations of the auroral oval’s latitudes. As shown in Figure 7, there is
no clear and ordered modulation visible when directly considering the arc center displace-
ments in terms of their secondary PPO system. As an indirect means of picking out sec-
ondary PPO modulations, we instead examine how the modulation caused by the primary
PPO system changes with beat phase, i.e., the relative orientation of the two systems.

Each image has an associated northern and southern PPO phase, and therefore an asso-
ciated beat phase depending on the relative orientation of the two PPO systems’ magnetic
perturbation dipoles. We bin our dataset into four groups: in phase including all images
where the two PPO dipoles were in parallel (0° + 45°) orientation, and in antiphase where
the two dipoles were antiparallel (180° + 45°) relative to one another. The two intermediate
beat phases, also of 90° bin size, are S leading N and S lagging N, depending on whether the
southern dipole is leading or lagging the northern one with respect to the direction of plane-
tary rotation.

We then calculate the same statistical displacements as shown by the bold graphs in
Figure 7 separately for the different beat phase bins. The resulting statistical auroral oval
arc center displacements are shown in Figure 8. Note that the results for the southern hemi-
sphere are rather noisy, as there are significantly fewer boundary points included than from
the northern hemisphere.
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There are clearly some differences between the beat phases. The overall statistical
displacements from Figure 7 are shown in black for reference, and the colored beat phase
graphs of Figure 8 follow the overall result rather closely. There seem to be some slight
phase-shifts, but they do not show any obvious ordering and aren’t consistent through both
hemispheres.

Yet, looking at the modulation amplitudes we observe that in both hemispheres the
boundary displacements are largest when the two PPO systems are in antiphase, and com-
parably small when they are in phase. This agrees with the standard picture of the fields and
driving atmospheric flows in the two PPO systems as indicated with red lines and arrows in
Figure 4 [e.g., Jia and Kivelson, 2012; Jia et al., 2012; Hunt et al., 2014] - showing directly
that when the two PPO systems are in phase, the ionospheric/atmospheric flows in the two
hemispheres are reduced, given that one hemisphere acts to impose its sense of flow on the
other. A reduced flow then would imply reduced boundary displacements. This conclusion
may seem at odds with having enhanced ionospheric currents flowing under that condition,
but one has to note that the ionospheric current depends on the difference in velocity of the
neutral and ionized components (i.e., j = cE’, where E’ is the electric field in the rest frame
of the neutrals, proportional to the difference in plasma and neutral velocity). While the ab-
solute velocities are reduced, the difference is increased, and hence so is the current.

3.4 Oval center motion

Wherever possible, we fitted circles to the detected auroral oval arc centers as de-
scribed in Section 2.2. We take the center point of each of these fits to be the center of the
auroral oval, or “oval center”, and examine its motion relative to the respective primary PPO
system in both hemispheres.

The oscillation of the oval center is then analyzed similarly to previous studies where
circles were fitted to HST data [Nichols et al., 2008, 2010b, 2016]. The longitude-latitude
position of each center point is converted into Cartesian coordinates describing the displace-
ment from the planet’s pole along the midnight-noon and dawn-dusk axes, in units of de-
grees. These displacements depending on the PPO phase angles ®y/s are shown in Figure
9 for both the northern and southern hemisphere. The clearly visible modulation was fitted
with cosine functions similar to previous studies [Nichols et al., 2008, 2016].

In the northern hemisphere, our results clearly agree with recent observations based
on 2011-2013 HST imagery [Nichols et al., 2016] - both fits are largely in phase (within 45°,
although the amplitudes differ significantly in the y/dawn-dusk direction. As the datapoints
in Figures 9a and 9b show, the circle fitting procedure is associated with significant errors. In
addition, the oscillation is likely variable throughout time as well, depending on the relative
strengths of the two PPO systems. It is apt to note that the oscillation we examine has an am-
plitude of the order 1°, which is at the limit of the HST resolution due to the large distance of
Saturn from Earth, and most of the UVIS dataset does not provide a better resolution either.
Altogether, this difference in amplitude is likely to be accounted for by all these limitations.

The results for the southern hemisphere [compare Nichols et al., 2008] are less clear
(see Figure 9¢c and 9d). While both datasets agree rather well concerning phase and ampli-
tude of the dawn-dusk modulation, the midnight-noon center displacements are phase-offset
by more than 90°. A reason for this might be that the center displacements along this axis
are inherently uncertain in HST data, as generally only a partial auroral oval can be observed
from Earth and the circle fits are unconstrained on the nightside. In addition, the Nichols
et al. [2008] dataset is considerably smaller than ours.

To better visualize the motion of the auroral oval, the trajectory described by the cosine
fits on the oval center displacements is shown in Figure 10 for both hemispheres. The two fits
combined result in a motion following the shape of a Lissajous ellipse [see Nichols et al.,
2008, and references therein]. In both hemispheres the mean location of the auroral oval
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Figure 10. Fitted motion of the auroral oval center as derived from Figure 9. The view is from above the
north pole, (a) onto the northern polar cap and (b) through the planet into the southern polar cap, with local
noon towards the bottom of the figure and dawn to the left. A location is defined by its colatitudinal displace-
ment from the pole along the dawn-dusk and noon-midnight axes. The pole is located at the intersection of
the vertical and horizontal dashed lines. The fitted elliptic motion of the auroral oval center through one PPO
rotation is displayed with a color scale, an inset reminds the reader of the corresponding orientation of the
PPO dipoles (same view as the main plots, looking from above the north pole with noon towards the bottom).
The mean position of the auroral oval’s center is indicated with a black cross in the center of each ellipse. The
range of Wy/s describing the offset angle between the PPO dipole direction and the direction in which the
center of the auroral oval is displaced relative to its mean position over a full PPO rotation is given in a box at

the bottom of each plot.
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centers is displaced from the pole towards the nightside, likely due to solar wind pressure
[Badman et al., 2006; Nichols et al., 2008]. We also observe a dawnward displacement of the
mean center location, agreeing with Nichols et al. [2008, 2016]; Kinrade et al. [2018]. The
center oscillation seems to be more pronounced in the south, likely due the northward offset
of Saturn’s magnetic dipole increasing both the size and visible spatial oscillation of the oval.
The “center trajectory” in the southern hemisphere appears to be much more circular than

in the north, where it is quite elliptical with the semi-major axis oriented in approximately
azimuthal direction.

The relative orientation of the PPO systems over one rotation period is indicated by a
colormap imposed on the elliptic trajectories. The location of the oval’s center for @y/s = 0°
is implied by the brightest color, darkening with increasing PPO phase angle up to Oyjs =
360°, shown in black. As observed previously, the motion of the auroral oval’s center follows
the counterclockwise (seen from above the north pole) direction of planetary rotation / PPO
system rotation.

In order to allow for some comparison with the boundary displacements from Section
3.1, we also calculate the magnetic longitude Wy,s towards which the oval’s centers are dis-
placed relative to the mean location of the oval’s center (indicated by the cross in the center
of each ellipse). This is done by comparing the angle between a position on the oval center
displacement trajectory, the mean oval center location and the noon direction with the PPO
angle corresponding to this particular displacement. The range of ¥y/s we obtain this way
depends on the eccentricity of the ellipse and the offset of the mean oval center location from
the pole - for a circular motion of the oval center about the pole, ¥y/s of the displacement
direction will be constant throughout a PPO phase cycle, while for a more elliptical trajectory
Wn/s will change within a certain range. The Wy s angles towards which the oval’s centers
are displaced in each hemisphere are given in the bottom right corner of both Figure 10a and
10b.

We find that in the northern hemisphere, the center of the auroral oval is generally dis-
placed more or less in the direction of the primary PPO dipole. With the oval centers being
displaced towards WN = 339 — 29° relative to the mean location of the oval center, this fits
reasonably well with our observations of the main oval arc displacements - the maximum
equatorward displacement from the median arc position having been observed at ¥ = 45°.
The oscillation of the southern auroral oval seems to be such that the oval’s center is gen-
erally displaced away from the primary PPO dipole direction ®@g as already observed by
Provan et al. [2009], found at slightly larger magnetic longitudes W5 = 178 — 203° than
the exact opposite of the dipole direction. Again, this agrees rather well with the maximum
equatorward displacement of the oval arcs, which we observed at around Ws ~ 225°. Seeing
that the displacement directions of the oval center with respect to PPO phase are consistent
between the two hemispheres, we assume that our fits from Figure 9 are reasonable.

As for the statistical displacement of the auroral arc centers in Section 3.3, we sepa-
rate our available datapoints into 4 beat phase bins (in phase, in antiphase, S lagging N and
S leading N) and perform the same analysis as shown in Figures 9 to 10. The oscillations of
the circle centers are shown in Figure 11. We do not show the cosine fits on the dawn-dusk
and midnight-noon displacements here and instead refer the reader to the Supplementary In-
formation available for this paper. Of course, due to the sometimes very limited number of
points (e.g., only 19 center locations for the in antiphase beat period in the southern hemi-
sphere) some of these fits are not very reliable and the results should be taken with caution.

We find that for all beat phases, the oval centers always oscillate about a mean location
displaced towards the midnight-dawn side; furthermore, all ellipse traces follow the direction
of planetary rotation. This can be taken as a sort of “sanity check” concerning the sometimes
rather unconstrained cosine fits. The shape of the ellipse trajectories which the oval center
follows seems to stay fairly constant through the beat phases as well, as does the displace-
ment direction relative to the respective primary PPO system in each hemisphere.
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Figure 11. Oval center trajectories for the different beat phases overlaid over the average (white-to-black

trajectory). Subfigure (a) shows the trajectories in the northern, (b) in the southern hemisphere. The format

is the same as in Figure 10. The brightest marker of each trajectory corresponds to the location of the oval
center at /s = 0; the color darkens with increasing @y angles. Numbers in parentheses show the number
of UVIS images / circle fits each ellipse trace is based on.

The amplitude of the oval center motion in both hemispheres seems to be much larger
when the two PPO systems are in antiphase (green) than when they are in phase (blue). This
agrees well with what we observed in Section 3.3, where we found that the main emission
arcs are displaced furthest from their statistical location under the same conditions. This ob-
served arc displacement can therefore be explained by an enhanced auroral oval oscillation
and we can quite safely rule out a contraction / an expansion of the main emission oval when
the two PPO systems are in phaselantiphase.

We furthermore observe that the oval center oscillation in the northern hemisphere is
more pronounced when the southern PPO system is lagging the northern one (yellow) than
it is in the opposite case (S leading N, red). For the southern hemisphere, this behavior is
inverted - so the oscillation seems to be more pronounced when the primary PPO system is
leading the secondary one.

4 Summary

In continuation of the recent investigation of PPO-induced UV auroral intensity modu-
lations based on all available Cassini UVIS data with exception of the mid-2013 to mid-2014
coalescence period [Bader et al., 2018], we now used a subset of the same dataset to deter-
mine the spatial modulation of the main auroral emission.

We extract the central location of the main emission arc and its poleward and equator-
ward boundaries from each UVIS image using a newly developed algorithm based on adap-
tive thresholding and filtering methods. Using the set of location points obtained, we calcu-
late the statistical location of the auroral oval and its boundaries in a local time frame. The
results agree fairly well with previous results based on HST and UVIS data [e.g. Badman
et al., 2006; Nichols et al., 2016; Kinrade et al., 2018] and show the same pattern character-
ized by a rather circular shaped oval displaced towards the midnight-dawn direction, with a
more poleward location in the postnoon sector presumably due to transient poleward features
caused by magnetopause and cusp reconnection. We find no significant seasonal variation of
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the statistical oval location, but observe the auroral oval to be more contracted during high
solar activity periods in agreement with earlier investigations of the open flux content [Bad-
man et al., 2005, 2014].

After subtracting the statistical location from all location markers, the average dis-
placement of the auroral oval from its median location could be determined in a PPO-fixed
frame. In both hemispheres, the most equatorward displacement of the auroral oval arc is
observed roughly 45° ahead of the region where the highest upward current is expected
(P~ ~ 90° in the northern, W5 ~ 270° in the southern hemisphere). Considering that the UV
auroral intensity was shown to peak about 30° behind this model maximum [Bader et al.,
2018], we have to conclude that the largest equatorward displacement of the auroral oval and
its intensity maximum seem to be displaced significantly. We could not find direct evidence
of oval arc displacements in phase with the respective secondary PPO systems. However, a
beat phase analysis of these displacements revealed that the spatial modulation seems to be
largest when the two PPO systems are oriented in relative antiphase, and somewhat smaller
when they are in phase - possibly indicating interhemispheric modulations of the oval’s loca-
tion.

By fitting circles to the extracted auroral oval location markers, we also investigate the
motion of the oval center with PPO phase. Our results largely verify previous investigations
based on HST data [Nichols et al., 2008, 2016], with the exception of a ~ 90° phase shift of
the midnight-noon oscillation in the southern hemisphere. It is confirmed that the southern
auroral oval oscillates with a significantly larger amplitude than the northern oval. In good
agreement with our observations of auroral oval arc displacements we find that the oval cen-
ter in the northern hemisphere is generally displaced roughly in the pointing direction of the
northern PPO dipole, and in the southern hemisphere generally away from the pointing di-
rection of the southern dipole.

We again conducted a beat phase analysis to evaluate possible interhemispheric PPO
coupling, and found that the oval center oscillation is more pronounced when the two PPO
systems are in antiphase than when they are in phase - agreeing with the increased oval arc
displacements. In accordance with the present model of PPO current flows [e.g., Hunt et al.,
2014, 2015; Provan et al., 2018] , the oval center oscillation is smallest in both hemispheres
when the systems are in phase, as each system acts to impose its sense of flow on the other
- reducing the absolute ionospheric flow velocities and thereby reducing the displacement
of the auroral oval. We note however that separating the datasets into beat phases greatly
worsens the statistical properties and limits the credibility of these findings. While the results
may be fairly consistent between the two hemispheres, many features remain unexplained.

It is obvious that the coupling between the two PPO systems significantly influences
the modulations of the UV aurora and likely the entire magnetospheric environment - consid-
ering the two PPO systems in isolation does not provide the full picture.
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