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Key Points:
* The high frequency limit (HFL) of Saturn Kilometric Radiation (SKR) is obtained during the
13-year Cassini mission.
* The average HFL is found to be above and below 600 kHz in the northern and southern
hemisphere, respectively.
* A rotational modulation of HFL is verified statistically and by simulation, which excludes a
magnetic field anomaly.

Plain Language Summary

Auroral radio emission from Saturn, namely the Saturn Kilometric Radiation (SKR), is generated
along high latitude magnetic field lines via the resonance between energetic electrons and a wave’s
electric field. The first work on the high frequency limit (HFL) of SKR dates back to 1991. Using data
from the Voyager Saturn fly-by, scientists found an asymmetry when the HFL is organized by the
longitude of the Sun. Based on this asymmetry, a hypothesis about the existence of a magnetic anomaly
in Saturn's magnetic field was proposed, which was a novel and breakthrough discovery at that time, but
the later Cassini measurements did not confirm this magnetic anomaly. Cassini’s expedition around
Saturn with 13-year continuous measurements provided an opportunity to re-study the HFL of SKR. The
long-term statistics allow us to exclude the magnetic anomaly hypothesis and instead attribute the
asymmetry to a modulation which is introduced by an ionospheric/magnetospheric current system at
Saturn. A simulation suggests that both temporal and spatial effects play a role to a certain degree. The
average frequency and visibility of the HFL are also discussed. These new results provide new insights
into the studies of cyclotron maser-related radio emissions.
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Abstract

The high frequency limit (HFL) of the Saturnian Kilometric Radiation (SKR) can probe the deepest
SKR sources, closest to Saturn’s ionosphere. In this study, we determined and analyzed the SKR HFL
throughout the entire Cassini Saturn orbital tour. The maximum frequency of the northern SKR, whose
distribution peaks at ~ 625 kHz, is shifted by +100 to +200 kHz from the distribution of southern SKR
HFL, consistent with the magnetic field offset towards the northern hemisphere at Saturn. The uniformly
observed SKR HFL in the vicinity of Saturn suggests a broad extent and beaming of the SKR source.
When the observer is confined to certain locations, the rotational modulation of the SKR HFL is clearly
observed. This modulation feature of the SKR HFL is statistically established and analyzed in this study.
The modulation of HFL is best observed at mid-latitudes between 10° and 40° and at almost all local
times. We perform a simulation that suggests that the modulation of HFL requires the superposition of a
“clock” like and a rotating source behaviour. By comparing the derived HFL modulation using different
longitudes with variable and fixed rotation periods, we can exclude the existence of a magnetic anomaly
that was proposed in a previous study based on the Voyager data. The calculation of the least-square
periodogram confirms that the modulation observed in HFL is similar to the ones previously detected at
Saturn.

1. Introduction

Saturn‘s Kilometric Radiation (SKR) was discovered in the 1980s during the Voyager 1 Saturn
approach (Kaiser et al., 1980) and was later studied in depth by the Cassini mission (Lamy et al., 2008a,
2008b; Cecconi et al., 2009; Fischer et al., 2009, see the review of Lamy, 2017 and refs therein). SKR is
generated along auroral magnetic field lines above Saturn's polar regions via the cyclotron maser
instability (CMI) (Wu & Lee. 1979; Zarka, 1998; Lamy et al., 2010, 2011, 2018; Mutel et al., 2008;
Menietti et al., 2011, Treumann, 2006). It is mainly emitted in the free space Right-Hand Extraordinary
(R-X) mode, which is highly circularly polarized with the wave frequency near the local electron
cyclotron frequency (f..( Hz)~ = 28 x B (nT) with B the local magnetic field), typically ranging from
a few kilohertz (kHz) to 1 megahertz (MHz). Therefore, higher frequency SKR is generated in the region
with a stronger magnetic field, i.e., at lower altitudes above the polar regions, if compared to the lower
frequency SKR sources. SKR sources were first identified by Voyager to reside on the dawnside sector
of the magnetosphere (Kaiser et al. 1982). The later direction-finding analyses of Cassini measurements
revealed that SKR sources lie at all longitudes along flux tubes mapping to the main UV auroral oval,
while being brighter at dawn (Farrell et al., 2005, Cecconi et al., 2009, Lamy et al., 2009, 2011).

The CMI-produced emissions are beamed at large angles along the surface of a thin (a few degrees
wide) hollow cone whose axis is aligned with the local magnetic field in the source (Mutel et al., 2010).
This beaming pattern is responsible for a highly anisotropic emission with strong visibility effects, so the
observed SKR time-frequency features highly depend on the observers’ location (Lamy et al., 2008b,
2013, Cecconi et al., 2009). Because the magnetic field directions in the two hemispheres are opposite,
the R-X mode emissions with right-hand polarization with respect to the magnetic field direction would
show two different circular polarization senses in the data-derived Stokes parameter related to either
north or south. The SKR observed at high latitudes exhibits circular polarization, either >0 (in the south)
or <0 (in the north), whereas a superposition of the north and south SKR at the low latitude region
produces a very complicated polarization pattern.

SKR activity has been studied and linked to magnetospheric dynamics (Kurth et al., 2005; Jackman
et al., 2010; Lamy et al., 2013). The SKR radiated power is strongly correlated with the solar wind
dynamic pressure fluctuations (Desch, 1982; Desch & Rucker, 1983; Jackman et al., 2010; Taubenschuss
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etal., 2006; Zarka et al., 2007). The Low-Frequency Extensions (LFE) of SKR have been used as a proxy
for reconnection events and compression-induced hot plasma injections (Bunce et al., 2005; Jackman &
Arridge, 2011; Jackman et al., 2009, 2010; Reed et al., 2018). The high frequency limit (HFL) of SKR
was also found to be linked mainly to the solar wind dynamics near Saturn, but also to the rotation of the
planet (Saturn’s longitude) (Galopeau, Ortega-Molina, and Zarka, 1991; Galopeau and Zarka, 1992).
While SKR maximal frequencies were measured as high as 1200 kHz using Voyager observations
(Kaiser et al., 1980), they remained generally below 1000 kHz when measured from Cassini, with a
50-100 kHz offset of the northern SKR relative to the southern SKR (Lamy et al., 2008a). Long-term
variations of the SKR northern and southern maximal frequencies were tested and no relation between
the maximal frequency and the solar wind or solar EUV flux was found (Kimura et al., 2013).

The SKR HFL was studied earlier using the data obtained during the Voyager 1&2 Saturn fly-bys. A
sinusoidal variation was observed when the HFL was organized as a function of the sub-solar longitude
(Galopeau, Ortega-Molina, and Zarka, 1991; Galopeau and Zarka, 1992). This asymmetry was
tentatively explained by non-axisymmetric high-order terms in the spherical harmonics decomposition of
Saturn’s magnetic field, mainly resulting in a magnetic anomaly in Saturn’s northern hemisphere. Indeed,
for a source fixed in local time (LT) as was thought to be the case for the SKR in the 1990s (Warwick et
al., 1981), a rotating magnetic anomaly would cause a periodic variation of f,. in the source while the
plasma frequency (f,c) remains constant to first order, leading to a periodic variation of the SKR HFL
with the sub-solar longitude (i.e., with the rotation of the planet), as explained in Fig. 4 of Galopeau,
Ortega-Molina, and Zarka (1991). During the Cassini era, the subsequent in-situ magnetic field
measurements obtained above the northern auroral region did not confirm the presence of such an
anomaly (Cao et al., 2011, 2020; Dougherty et al., 2018). The importance of the SKR HFL comes from
the fact that it reflects the characteristics of the SKR source regions closest to Saturn, hence probing the
high-order terms of the magnetic field and the upper ionosphere. Long-term measurements recorded
during the Cassini tour offer the unique possibility to explore further the characteristics of the SKR HFL
well beyond the brief Voyager measurements (3-4 months for each fly-by). This work analyzes the SKR
HFL obtained from the Cassini radio data during its 13 years in orbit around Saturn. The data and the
algorithm developed to find the HFL are described in Section 2. We discuss the observed characteristics
of HFL (N/S asymmetry, global distribution, and longitudinal modulation) in Sections 3-6. We compare
them to simulations of the SKR visibility in Section 7 and we summarize our results in Section 8.

2. Data and Method

The High Frequency Receiver (HFR) of the Radio and Plasma Wave Science (RPWS) instrument
onboard Cassini measured the radio wave electric field from 3.5 kHz to 16.125 MHz (Gurnett et al.,
2004). SKR usually covers a broad frequency range, from a few kHz to around one MHz (Kaiser et al.,
1980; Lamy et al., 2008a; Kimura et al., 2013). In this work, we analyze the electric field spectrograms
over frequencies ranging from 200 kHz to 1300 kHz and from 2004 day 001 (day of year) to 2017 day
258. The wave polarization data (Stokes V, i.e., circular polarization degree, Kraus, 1986) used in this
study are obtained from the goniopolarimetric inversion of auto- and cross-correlations of RPWS
antenna signals (Cecconi & Zarka, 2005) under the assumptions that either:

(1) The emissions originate from the centre of Saturn; this inversion produces the so-called n3d level
data (Cecconi, Lamy, and Zarka, 2017a), or

(2) The emissions are purely circularly polarized, with linear polarization parameters Q=U=0; this
inversion produces the n3e level data (Cecconi, Lamy, and Zarka, 2017b). Under this assumption, the
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derived circular polarization can also be less than 1 (]V|<I), because of a lower degree of total
polarization.

To find the SKR HFL, we first eliminate the unwanted data (e.g., instrumental interference,
harmonics of SKR (Wu et al., 2022a)) in the wave intensity and polarization spectrograms. For that
purpose, we apply the selection criteria below:

(1) Data points with circular polarization (Stokes V in both n3e and n3d data) value abs(V,3¢)<0.3
and abs(Vy34)<0.3 are deleted from the intensity and circular polarization spectrograms.

(2) Data points with intensity<10 dB are deleted (in n3e and n3d data) from the intensity and circular
polarization spectrograms.

Secondly, to mitigate the contamination from low-frequency O mode emissions, e.g., Saturn
narrowband emissions (mostly below 70 kHz and mainly near 5 and 20 kHz, Ye et al., 2009; Wu et al.,
2021), Saturn Anomalous Myriametric radiation (below 30 kHz, Wu et al., 2022b), and the O mode SKR
(below 100 kHz, Lamy et al., 2008a), which are superimposed and mixed with the SKR emissions from
time to time, we eliminate the data with frequencies below 200 kHz. Because the O mode SKR emissions
are only marginally observed with weaker intensity and the occurrence is relatively rare (Lamy et al.,
2008a), the possible high frequency O mode SKR emissions are simply ignored.

A 2-D median filter (with 3*3 channels in the time-frequency plane) is then applied to the
processed intensity and circular polarization spectrograms to eliminate isolated emission pixels. Finally,
we find the maximum frequency of both the right-hand and left-hand polarized SKR waves at each time
step. The data point identified as the maximum frequency should satisfy that: (1) intensity > 20 dB, (2)
circular polarization (abs (V)) > 0.3, (3) intensities are continuous below the maximum frequency for at
least 4 adjacent frequency channels.
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148 Figure 1. Examples of the identified SKR HFL. Panels (a)-(b) display the RPWS electric field intensity
149 spectrogram and the circular polarization (n3d level data, obtained from the inversion method of Cecconi
150  and Zarka (2005)) over a duration of 5 days. Panels (c)-(d) show the corresponding processed data over
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the same interval as Panels (a)-(b). Panels (e)-(f) zoom into the black box of Panels (c)-(d) over a
duration of 34 hours. Panels (g)-(h) zoom into the black box of Panels (e)-(f) over a duration of 3 hours.
The superimposed pink and black lines mark the identified HFL of the SKR emissions based on the
polarization sense, with pink for right-hand and black for left-hand.

The example in Figure 1 illustrates the performance efficiency of the selection criteria in finding
the SKR HFL. The unprocessed wave electric field intensity and circular polarization spectrograms from
2012-07-21 to 2012-07-26 are shown in Figure 1 Panels (a)-(b). The processed data and the zoom-in
results are given in Panels (¢)-(d) and Panels (e)-(h). The overlapped pink and black lines mark the SKR
HFL found for the right-hand and left-hand polarized waves, respectively. The obtained HFL lines are
well aligned on the top of the SKR emission, suggesting that the algorithm is good enough to capture the
temporal variations of the SKR HFL. At low latitudes, the north and south SKR are overlaid together as
shown in Figure 1 Panels (f) and (h). The algorithm can pick up both the north and south SKR at each
time step according to the polarization sense, e.g., at 07-24 19:00 in Panel (h). Because at low latitudes
the lower HFLs from one hemisphere may be polluted by the superposition effect of emissions from the
other hemisphere, only the higher HFL is kept at each time step. Finally, 9147518 (~4.64 years) and
6957390 (~3.53 years) HFL values were obtained for the north and south, respectively. The time
resolution of the RPWS data is typically 16s and depends on the operation mode of the receiver.

3. The North-South Asymmetry of the SKR HFL
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170 Figure 2. North-South asymmetry of the SKR HFL distributions. Panels (a)-(d): Positions of Cassini
171 during the observation of SKR HFL with (a): Latitude, (b): Longitude of Cassini, derived from the SLS5
172 system (Ye et al., 2018), (¢) Local time, (d) Radial distance. Panel (e): Histogram of the identified SKR
173 HFL with normal fits superimposed. The blue and red bins represent the observations of north and south
174 SKR, respectively. The dark blue color indicates regions with an HFL from both northern and southern
175 SKR (the overlap of light blue and red bars). Panel (f): The f.. values as a function of radial distance
176  calculated using the Cassini-11 magnetic field model (Dougherty et al., 2018) at Lshell=15. The north f..
177 (blue line) is larger than the south f,. (red line) due to the northward offset of the magnetic field at Saturn.
178  Panel (g): Calculated difference fee(r)North - fee(T)south (s0lid black line) is plotted versus the northern f.,
179  and compared with that derived from the model fits in Panel (e) (pink dashed line and diamonds). The
180  pink diamonds (frequency differences) are taken at the same percentile from the two curves in Panel (e).
181  The good match confirms that the N-S difference in the HFL is generated by the offset of Saturn’s

182 magnetic field.
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The average frequency of the north and south SKR HFL are estimated in Figure 2. To check any
possible bias caused by the anisotropic beaming pattern of SKR and the observing geometry of Cassini
(Lamy et al., 2008a, 2008b, 2013), the positions of Cassini when the SKR HFL are identified are plotted
in Figure 2, Panels (a)-(d). The observation positions of Cassini for all Saturn orbits during the 13
year-tour are almost symmetric in the northern and southern hemispheres, which allows us to exclude the
uncertainty caused by the geometry effects in estimating the average frequency. The longitude of Cassini
used in Panel (b) is derived from the Saturn Longitude System 5 (SLSS5, Ye et al., 2018, Ay =
Asunt(12-LTs)*15°, A is the longitude of the spacecraft, Ay, is the longitude of the sun, LTy is the
spacecraft local time). Because Cassini was inserted in Saturn’s orbit from the southern hemisphere in
2004 along orbits with apokrones in the southern hemisphere in the first year of the tour, there is a slight
excess of observations of the southern SKR HFL at larger radial distances (not shown), e.g., with radial
distance > 70 Rs (Saturn Radius=60268 km). This is a source of bias for the southern HFL at the larger
radial distance, and therefore we remove long distance (>70 Rs) observations to eliminate the possible
bias in the estimation of the average frequency.

The fitted average SKR HFL frequencies of the north (~625 kHz) and south (~539 kHz) are
estimated using normal (Gaussian) fits of the histograms in Figure 2 Panel (e). Note here that the shapes
of the histograms in Panel (e) do not fully represent the characteristics of normal distributions, which
causes uncertainties for derived average HFL values. However, this rough estimation is sufficient to
draw conclusions. The ~87 kHz difference in frequency is consistent with the previous results of a
50-100 kHz range in Lamy et al. (2008a), as previously computed over a more restricted time interval
that was proposed to result from the ~0.0466 Rs northward offset of the kronian magnetic field (Lamy et
al. 2008a). As SKR is produced close to the local f.. (Lamy et al., 2018), directly proportional to the local
magnetic field, the higher average frequency HFL in the north implies that the source region of the
northern SKR lies in a position with a stronger magnetic field than the southern SKR source region. The
“minimum altitude” of SKR source is primarily determined by the density depletion in the ionosphere
and it should be similar in both hemispheres, one can expect similar altitudes of northern and southern
SKR sources above the surface of Saturn, because particle densities in the ionosphere rather depend on
the gravity field and not on the magnetic field.

Consequently, the explanation of the north-south differences in the average HFL resides in the
northward offset of Saturn’s magnetic field (the magnetic equator is shifted northward from the
planetographic equator by ~0.0466 Rs (Dougherty et al., 2018). Using the Cassini-11 magnetic field
model (Dougherty et al., 2018), f.. values along a typical SKR L-shell (L=15, corresponds to invariant
latitude = 75°) were calculated and plotted versus the radial distance in both hemispheres in Figure 2
Panel (f). The L-Shell (Mcllwain, 1966) corresponds to the distance (normalized to planetary radius) of a
dipolar field line apex in the equatorial plane. The calculated f, in the northern hemisphere is larger than
in the southern hemisphere at the same altitudes, and the difference becomes larger at smaller radial
distances, which is because the magnetic field decays with the cube of the radial distance. This feature
implies that the North-South differences in the HFL will also increase as the HFL increases. A
comparison is given in Panel (g), where the calculated difference fee(r)north - fee(r)south from the Cassini-11
model is plotted versus the northern f. (solid black line), and compared with that measured from the
normal fits in Panel (e) (pink dashed line with diamonds). The solid black line is directly calculated using
the two lines in Panel (f). The pink dashed line with diamonds is calculated using the two normal fits in
Panel (e), e.g., the peak-peak frequency difference (difference of 50% - 50% percentile values for the two
distributions) is 625.4 kHz — 538.6 kHz ~=87 kHz as indicated by the vertical dashed lines in Panel (e).
The percentile values (at 50%, 66%, 80%, 90%, 95%, 98%, 99.5%, 99.9%) of the two normal fits in the
two distributions are measured and the corresponding frequency differences are plotted in Panel (g) as
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the diamonds. The two lines deviate from each other slightly at high frequencies. This is likely due to the
fewer data points for HFL at high frequencies and the uncertainty on the normal distribution fits. The
good match between the solid black line and the pink dashed line confirms that the magnetic field offset
is responsible for the observed difference in the northern and southern SKR HFL.

Another interesting point here is the spread of HFL (sigma values in Figure 2 Panel (¢)). The
frequency variations in HFL as large as ~400 kHz could be related to solar wind dynamics as suggested
by previous studies (Galopeau, Ortega-Molina, and Zarka, 1991; Taubenschuss et al., 2006), similar to
the LFE at Saturn (Jackman et al., 2009; Reed et al., 2018). The link between the High- Frequency
Extensions (HFE) of SKR and their connection to the solar wind dynamics would be worth a future
study.

4. The spatial visibility of the relative SKR HFL
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Figure 3. Distributions of the relative HFL. The quantity shown along the y-axis is the relative HFL, i.e.,
the instantaneous — rotation-averaged HFL. Panels (a)-(b) show the relative HFL distributions in latitude,
separately for the northern and southern hemisphere. Panels (c)-(d) and (e)-(f) are the distributions of
relative HFL vs local time and radial distance. Panels (g)-(h) and (i) -(j) are the distributions of relative
HFL in SLSS5 longitude system, using different longitude frames: spacecraft SLSS in Panels (g)-(h) and
sub-solar SLS5 in Panels (i)-(j). The black lines mark the mean (solid) and the median (dashed, nearly
superimposed to the mean) relative HFL derived from data with abscissa in the corresponding bin. The
blue lines give the +16 (solid) and -1c (dashed) extent of the relative HFL distribution at each abscissa.

The distributions of the relative SKR HFL are overplotted in Figure 3 as a function of the location of
Cassini (in Latitude, Local Time, Radial distance, and Longitude in Panels (a)-(b), (c)-(d), (e)-(f) and
(g)-(h). To eliminate long period, externally-controlled variations of the HFL, e.g., due to the solar wind
(Galopeau, Ortega-Molina, and Zarka, 1991; Galopeau and Zarka, 1992), a 10.6 hour (1 Saturn rotation
period) running-average was subtracted from the instantaneous HFL. The calculated mean, median and
+1 sigma values of the corresponding relative HFL distributions are overlapped as solid and dashed lines
in each panel. Exploring the relative HFL distribution along a single spatial parameter is not rewarding
due to the anisotropic beaming of SKR, which couples the different spatial parameters.
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All means and medians are flat and close to zero as indicated by the black lines in Figure 3,
confirming the absence of bias and suggesting that the beaming of SKR beam statistically covers all
spatial regions around Saturn. No particular position is found for which the absolute HFL would be
predominantly above or below the 10.6-hour running average. In Panels (a)-(b), more counts are
observed at low latitudes (the reddish peak near 0°) because Cassini spent a long time in the equatorial
region, but without changing the mean or median. The fewer points of HFL above 60 degrees in latitude
in Panels (a)-(b) are because most SKR emissions are observed below 60 degrees. There are also fewer
HFL observed beyond a distance of ~50 Saturn radii in Panels (e)-(f), which is due to the fact that Cassini
spent most of its time within 50 Saturn radii. There are more points around 20 Saturn radii, because
Cassini also spent a long time there, mainly during the numerous Titan fly-bys. Note here that the
standard deviations of the relative HFL are always slightly higher in the northern hemisphere than in the
southern hemisphere (for all 5 displayed coordinates), which agrees with the general normal fits for north
& south HFL in Figure 2 Panel (). We also organized the relative HFL as a function of sub-solar
longitude in Panels (i)-(j) for a first check of a possible asymmetry like the one found in Voyager data
(Galopeau, Ortega-Molina, and Zarka, 1991). No such asymmetry is observed. But as 13-year statistics
may smooth any asymmetry, we further explore these distributions by restricting the Cassini location to
small (LT, latitude) intervals, as discussed in the next Section.

5. The longitudinal modulation of the relative SKR HFL

10
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Figure 4. Examples of longitudinal modulation of the relative SKR HFL. Columns (a)-(b), Examples of
the longitudinal modulation of relative SKR HFL observed in the northern and southern hemispheres.
Different sub-panels give observations at various (Latitude, LT) positions of Cassini. The black lines
show the mean (solid) and median (dashed, hardly visible) relative HFL versus sub-solar longitude
(SLS5, Ye et al., 2018). The red lines are the sinusoidal fits of the solid black lines. +1c and -16 width of
the relative HFL distribution at each abscissa are plotted by solid and dashed blue lines, respectively.
Columns (¢)-(d) and (e)-(f) repeat the analysis from Columns (a)-(b) but using different longitude
systems, derived from different tentative rigid rotation periods of Saturn, 10.6 hours in Columns (c)-(d)
and 10.8 hours in Columns (e)-(f).

We restrict the location of Cassini to small spatial bins in local time and latitude (4" Lat X 2 hours
LT) to further explore the relative HFL variation as a function of sub-solar longitude. The SLS5
longitude system used in this work is derived from the long-term tracking of average SKR peak
intensities. The zero degree of sub-solar longitude in SLS5 corresponds to the maxima of SKR intensity,
which usually peaks on the morning side (Ye et al., 2018; Lamy et al., 2009). The SLS5 system follows
two time-variable periods, one per hemisphere, clearly distinct (~10.6 h and ~10.8 h) from 2004 until the
end of 2008 (Gurnett et al., 2009). The two periods started to converge around the vernal equinox of
Saturn in 2009 and crossed each other briefly in late 2009 before starting to oscillate around 10.7 h for
four years. The southern period remained at 10.7 h until the end of the mission, whereas the northern
period slowed down in 2014 and 2015 to end up at ~10.8 h for the last two years until September 2017
(see the introduction of Ye et al., 2018). The SKR-intensity derived SLS5 naturally contains information
on the modulation of SKR generation, which is further related to the modulation of a field-aligned
current system at Saturn (Southwood and Cowley, 2014; Provan et al., 2018). When confining the
observer to particular LT bins, the sub-solar longitude is related to the spacecraft longitude via a simple
shift (Aq, = Agyn + (12 — LT,.) X 15°). The relative HFL observed from a fixed location is then stacked
and binned as a function of sub-solar longitude. This procedure allows us to exclude the effects of
observation geometry and to mitigate the effect of the SKR beaming.

As shown by the averaged relative HFL (solid black lines) in Figure 4 Columns (a)-(b), the mean
relative HFL shows regular quasi-sinusoidal variations as observed from the different locations in local
time (different sub-Panels) in both hemispheres. A sinusoidal fit (red lines in Figure 4, A *
sin(Agyn + @) + of fset, A: amplitude, ¢: phase) is computed for the variations of the average relative
HFL in each spatial bin. Broad enough bins in local time (2 hours) and latitude (4 degrees) are needed to
gather enough data points in each bin and thus guarantee the accuracy of the calculation of the average
relative HFL. In each spatial bin, we require that relative HFL data represent an observation time larger
than three Saturn rotation periods (thus ~32 hours). The observation time for each bin is given in Figure
Al in the Appendix. To increase the resolution of the sinusoidal fit, there is a 50% overlap between
consecutive bins (i.e., 1 hour steps in LT and 2 degrees in latitude), leading to a total of 816 spatial bins.
For the sinusoidal fit in each spatial bin, the root mean square deviation (RMSD) is used to measure the
fit quality and discard the poor fits (that correspond to RMSD>0.1; ~40% of the fits have RMSD larger
than 0.1; see their distribution in Figure Al).

The sinusoidal variations of relative HFL observed in some bins are reminiscent of the first
results from Galopeau, Ortega-Molina, and Zarka, (1991), which was tentatively explained by the
presence of a magnetic anomaly. However, in our case the relative HFL is organized as a function of
SLSS5, which is not related to the rotation of the planet but to that of a particular current system (Ye et al.,
2018; Andrews et al., 2011; Cowley and Provan, 2017). To give an intuitive illustration of the SKR
intensity and HFL modulation with SLSS5, an example is given in Figure A2. The recurring emission
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occurrence peaks on the spectrum in Figure A2 show the characteristic SKR periodic modulation. The

pink lines on top of the SKR emission, as well as the relative HFL in Figure A2 Panel (d), indicate that
the HFL & relative HFL also experience a modulation that mirrors the repetition of the SKR emission

occurrence peaks.

To explore further whether this modulation in relative HFL could reveal a magnetic anomaly or is
controlled by the SLS5 modulation, the relative HFL are further organized by using a series of longitude
systems derived assuming fixed rotation periods. For example, in Figure 4 Columns (c¢)-(d) and (e)-(f)
10.6 hours and 10.8 hours rotation periods are adopted. Should this variation be generated due to a
magnetic anomaly that corotates with the planetary magnetic field, the longitude derived using a fixed
rotation period should better organize the variation in relative HFL. As can be seen from Figure 4
Columns (c¢)-(d) and (e)-(f), weaker amplitudes or even lack of modulation are observed when the
relative HFL are organized in fixed-period longitude systems. All rotation periods from 10.5 to 11 hours
by step of 0.1 hour were also tested (not shown), but none led to a relative HFL longitudinal modulation
better organized (i.e. deeper) than the one obtained with SLSS5.

For confirmation, a Least-Square-Spectrum-Analysis (LSSA) periodogram was built using the
relative HFL series obtained in this study, which is presented in Figure 5. The LSSA, also known as
Lomb-Scargle analysis (Lomb, 1976; Scargle, 1982), is a method for estimating the time-frequency
spectrum of a time series, which is particularly suitable for the analysis of unevenly sampled data with
gaps. The LSSA parameters used to produce Figure 5 are the same as those adopted by Ye et al. (2018).
For more information about the LSSA method, readers are referred to Ye et al. (2016, 2018) and Gurnett
et al. (2009).

13
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Least Squares Spectral Analysis: SKR intensity & Relative HFL North & South
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Figure 5. LSSA spectrograms of SKR and relative SKR HFL from 2004 to 2018. The color-coded
spectrograms represent the modulation power as a function of universal time on the horizontal axis and
modulation rate on the vertical axis. Panels (a)-(d) show the results for the north hemisphere SKR
intensity, south hemisphere SKR intensity, north hemisphere relative SKR HFL, and south hemisphere
relative SKR HFL, respectively. Panel (e) displays the Cassini latitude during the Saturn orbital tour. The
white lines in the four panels represent the northern and southern SKR periods, as derived by Ye et al.
(2018). The white lines in Panels (a) and (c) are the same for the north hemisphere SKR, while the white
lines in Panels (b) and (d) are the same for the south hemisphere SKR. The relative HFL in Panels (c)-(d)
is obtained by subtracting two rotation period average values from the absolute HFL, i.e., instantaneous —
2-rotation-period-averaged HFL.

Panels (a) and (b) of Figure 5 are the SKR intensity modulation spectrograms reproduced from
Figure 1 of Ye et al. (2018). The well-known modulation of SKR intensity reveals two distinct periods
near 10.6 hours and 10.8 hours for the north and south hemispheres, respectively, and the merging and
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reversal. The white lines mark the SKR rotational modulation rates for the north in Panel (a) and the
south in Panel (b). Panels (c) and (d) show the results of the calculations using the relative HFL time
series obtained in this work. The relative HFL series used here are adapted by subtracting the
running-mean values of two rotation periods from the absolute HFL values. This was done to mitigate
possible bias caused by the process of subtracting one rotation period, as the modulation periods are close
to one Saturn rotation period of 10.6 hours. One can easily recognize similar modulation features
between the SKR intensity and the relative SKR HFL by comparing Panels (a) and (c), and Panels (b) and
(d). Note that the integrated SKR intensities in Panels (a)-(b) are obtained by dividing one rotation period
average values from the integrated intensities according to the previous work (Ye et al., 2016; 2018;
Gurnett et a., 2009). Therefore, the values of the normalized modulation power in Panels (a)-(b) are
smaller, whereas the normalized modulation power in Panels (c)-(d) is larger due to the subtracting
process. This calculation directly confirms the modulation of HFL with variable periods and excludes the
possibility of constant period modulation or the existence of a magnetic anomaly.

It is interesting to note that the northern SKR (Figure 5 Panels (a) and (c)) also has a second period
from early 2005 to the end of 2009 of around 800 deg/day, which is the same period as that of the
southern SKR. This might either result from an incorrect separation of northern and southern sources, or
electron populations from the south bounce to the north, where they also generate northern SKR with the
southern period as suggested by Hunt et al. (2015) and Kivelson and Jia. (2017). It is worth noting that
this secondary period of northern SKR at 800 deg/day seems to have a larger modulation signal as the
primary northern period around 820 deg/day in the rotational analysis of the relative HFL. Furthermore,
there is some deviation in the northern period calculated from the SKR intensity (white line) compared to
the result from the relative SKR HFL, and the first deviation can be seen in Panel (c) in the time interval
from Saturn equinox (August 2009) until mid-2010. There the relative HFL modulation signal slightly
above 810 deg/day is about 3 deg/day higher than the white line. The second deviation occurs during the
year 2011, where the rotation of the northern SKR intensity denoted by the white line is about 3 deg/day
quicker than the northern HFL modulation signal. This second deviation could be caused by the intense
secondary signal from southern hemisphere, but this is not the case for the first deviation. The differences
between the SKR modulation period and the one derived from the magnetic field from 2009-2013 were
discussed in Fischer et al. (2015), and the relative HFL modulation signal slightly above 810 deg/day
from equinox to mid-2010 rather agrees with the period derived from the magnetic field (Cowley and
Provan 2016). Other than that, the modulation features between the relative SKR HFL and the SLS5 are
quite similar.

6. The distribution and phase of the relative HFL modulation features
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Figure 6. Distribution of the modulation of relative SKR HFL. Panels (a)-(b): distribution of the fitted
normalized amplitude of the relative SKR HFL in the north and south as a function of the local time and
latitude (amplitude is normalized by the root mean square deviation: A/RMSD, A is the amplitude of the
fitted sinusoidal function, RMSD is the calculated root mean square deviation, see more details in
Appendix). Panels (c)-(d): same format as the Panels (a)-(b) but for the fitted phase (¢ of the sinusoidal
function). The bin size of Panels (a)-(d) is [4" Lat X 2 hours LT] and the RMSD threshold used to discard
the poor fits is 0.1. Panel (e): local time slice of the sinusoidal fits of the modulation of the north SKR
HFL. The fitted sinusoidal curves in each local time bin are displayed at Lat = [16° 20°] and at Lat

= [—22" —18"] for the southern hemisphere in Panel (f). The plotted curves are normalized in amplitude.
The real amplitude of each modulation is indicated near the ticks to the left. The red boxes mark the local
times where the stronger modulation and relative stable phase of the sinusoidal fits are observed, and the
corresponding SLS5 ranges of the maxima (SLS5N=[20" 115"], SLS5S=[5" 110°] for the left-hand side
red boxes in both Panels (¢) and (f)) and minima (SLS5N=[220° 300°], SLS5S=[170" 260°] for the
right-hand side boxes). The black stars for each curve mark the maxima and minima of the sinusoidal
functions.

Case studies and statistical direction-finding analyses using Cassini data suggested that SKR
sources are distributed at all longitudes along the magnetic field lines mapping to the UV auroral oval,
whereas the intensities of SKR maxima are in the morning LT (Cecconi et al., 2009, Lamy et al., 2009,
2011). It has also been known for long that the SKR intensity modulation is best observed in the morning
sector (Lamy et al., 2009; Ye et al., 2016; 2018). Therefore, it is interesting to explore further the features
of the modulation, i.e., at which place the modulation is stronger? The distribution of the modulation
amplitude (with A the amplitude of the fitted sinusoidal function) and phase (@) of the sinusoidal fit for
each spatial bin is then color-plotted as a function of local time and latitude in Figure 6 Panels (a)-(b).
The blank bins are due to the lack of data and poor fits. The modulation of relative HFL can be observed
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in most of the spatial bins as shown by Panels (a)-(b) but with some asymmetries with respect to the
latitude and LT.

Strong modulation in both north and south is observed at abs(Lat) = 10°. The modulation
amplitude is stronger in the north than in the south. The weaker modulation amplitude observed at
—10° < Lat < 10° could be due to the beaming geometry of SKR, as the superposition of SKR from the
two hemispheres near the equatorial plane may affect the HFL, or may be simply due to the strongly
modulated source regions not being visible in these low latitude regions. The phases in Panels (c¢)-(d) (¢
of the sinusoidal functions, ¢ ~ 0° implies that A * sin(Ag,, + ¢) function peaks at A,,,~90°) of
these regions with strong modulation amplitudes are clustered and show small phases around zero.

In Panel (a) of Figure 6, a region exhibiting weaker modulation and scattered phases can be
observed in the morning side LT, e.g., from 5:00 to 10:00 LT. The cause of this phenomenon may be
attributed to the shorter observation time in these local times, as suggested in Figure A1 Panels (a)-(b), or
it could be due to the merging of signals from numerous intense morning side sources that are
continuously distributed throughout the morning sector and continuously illuminate the nearby region at
different phases of their modulation. This may result in difficulties for recognizing the modulation
features in these bins, as suggested by the large RMSD (poor sinusoidal fits) shown in Figure A1 Panels
(b) and (d). Additionally, the modulation also appears weaker from 20:00 to 22:00 LT. Weakly
modulated signal from the nearby LT to the 20:00 to 22:00 sector may result in weak modulations seen
there.

To give an intuitive illustration of the relative HFL modulation at different LT bins, the fitted
sinusoidal curves at Lat = [16°, 20°] in the northern hemisphere are shown in Panel (e) (the 24 sub-panels
for different local times are normalized in the vertical direction to address the phase relation, the real (or
"physical") amplitude of each curve is indicated near the ticks to the left). The red boxes mark the local
time intervals where the stronger modulation and relative stable phase of the sinusoidal fits are
consistently observed. The black stars for each curve mark the maxima and minima of the sinusoidal
functions. As shown by Figure 6 Panel (e), the curves with larger amplitude mostly show similar
modulation phases, e.g., indicated by the red box with LT=11~19 and LT=0~4, whereas the curves with
smaller amplitude show dispersed phases, e.g., LT=5~10 and LT=20~23, which could be related to the
shorter observation time in the corresponding bins and poor fits caused by the strong modulated morning
side SKR sources. The southern modulation pattern has similar features, as shown in Panel (f), for a
latitudinal slice at Lat = [-22°, -18°]. The choice of the two latitude slices in Panels (e)-(f) is because
these latitudes cover most of the local times as can be seen in Figure 6 Panels (a)-(b), as the other
latitudes have more blank bins due to poor fits or lack of data.

7. Simulation of the SKR visibility

To explain the relative HFL modulations observed in Sections 5-6, simple simulations have been
carried out using a dipole field with a magnetic moment of 0.21 Gauss and an empirical beaming angle
derived from data in a previous work (adopted from the black dashed line in Figure 9 of Lamy et al.,
2013). The wave frequencies are assumed to be equal to the local f... The SKR sources can be distributed
on a set of Lshells of given longitudes, at altitudes corresponding to the emitted frequencies. The SKR
spectrogram seen by an observer at a given LT and latitude is obtained by calculating the angles between
the location of the observer and the magnetic field vector in SKR sources at each frequency / Lshell / LT
/ longitude. The frequencies for which these angles match the emission beaming cone are visible for the
observer, the others are not. The thickness of the hollow cone wall is set to be 5° in our simulation
(Lamy et al., 2013). For one set of given SKR sources, the SKR visibility spectrogram during 1 Saturn
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rotation is derived by combining the calculations for sources at each time step (corresponding to a
specific sub-solar longitude) and noting the highest visible frequency. We set the 0° sub-solar longitude
at 12:00 LT to be the first time-step at the start of each calculation.

The relative HFL modulation vs sub-solar longitude observed at certain locations could be
generated by either a temporal effect (e.g., a variation in source altitudes generated, e.g., by periodic
electron precipitation) or a spatial effect (effects related to the rotation of the planet, e.g., the existence of
a complex source structure could produce the HFL variation as the planet is rotating), or both.

To keep the analysis simple, two scenarios were considered: (1) temporal effect: the SKR source
is fixed in LT and the source frequencies (altitudes) are changing with time, or equivalently with rotation,
as long thought from Voyager results (Warwick et al., 1981). (2) spatial effect: the SKR sources are
located at certain longitudes and frequencies (at fixed altitudes, frequencies do not change with time) and

the sources corotate with the planet, as evidenced by Cassini measurements (Lamy et al., 2009; Cecconi
et al., 2009; Andrews et al., 2011).

Scenario (2), Time-1, 4,,,, = 90° Scenario (2), Time-2, A, = 180’ Scenario (2), Time-3, A,,,, = 270

Figure 7. Cartoon illustration of the source configuration for the two Scenarios. Panel (a) displays Saturn
with a dipole magnetic field with the SKR sources distributed in the north polar region. The pink
magnetic field line is at the sub-solar longitude (LT=12:00, Ag,,, = 90°). The cyan-red markers show the
SKR source configuration in the simulation of Scenario (1). The yellow transparent cone is an example
of the SKR beaming. The beaming cone is at Ay, = 90° in Panel (a) and it rotates to Ag,,, = 180" and
Agun = 270° in Panels (b)-(c). Panels (a)-(c) give the distribution of SKR sources at different simulation
time steps. Panels (d)-(f) give the configurations of SKR sources for Scenario (2). Note that the “Time-1"
in Panels (a)-(b) with Ag,, = 90° is arbitrarily chosen to mark the time coordinate, which is different
from the time-step 1 in the simulation that starts from Ag,,, = 0°.
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In scenario (1), we only assume that the SKR sources are varying sinusoidally in frequency as a
function of time because the observed HFL does so. If identical SKR sources are placed at all longitudes
and they change together in frequency with a sinusoidal pattern as a function of time, the observer will
naturally observe a sinusoidal HFL variation at the same phase at all LT (the observer’s latitude being
fixed) as illustrated in Figure 7 Panels (a)-(c).

In scenario (2), the complicated source structure could be constructed by simply setting the SKR
sources to all longitudes and by giving a different maximum frequency at each longitude, as shown in
Figure 7 Panels (d)-(f). As one can imagine, in this case, an observer at a fixed location will thus intersect
the hollow cones at different frequencies as the planet rotates, and thus see a changing HFL.

Scenarlo (1): SKR Sources Fixed in LT %0 700 Cassini at: LT=1 Lat=18" Rs=25 700 Cassini at LT=17 Lat=18" Rs=25
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Figure 8. Simulation of the SKR HFL modulations. Panel (a) displays Test 1 for Scenario (1), the SKR
sources are fixed in LT range [0:00 -24:00] at Lshell=15. The maximum SKR frequencies are indicated
in color code and all the source frequencies are changing together sinusoidally as a function of time /
sub-solar longitude. Panels (b)-(c) display the SKR HFL modulations for different observer’s locations
under the conditions of Scenario (1). Cassini at LT=01:00, Lat = 18" and Rs=25 Saturn radii in Panel (b)
and similar location but at LT=17:00 for Panel (c). Panel (d) displays the source configuration of
Scenario (2), the SKR sources are placed at all longitudes. The maximum frequencies of SKR at different
longitudes are different and do not change with time. Panels (e)-(f) display SKR visibility spectrograms
for different observer’s locations (same as Panels (b)-(c)) under the conditions of Scenario (2).

The simulation results are given in Figure 8. For Scenario (1), the LT view of the maximum SKR
frequency distribution as a function of time is quantitatively given in Figure 8 Panel (a). All these sources
are changing sinusoidally together as a function of time as shown by the color code (only the maximum
frequency along each field line is plotted). We arbitrarily distributed the SKR sources between 400 kHz
to 700 kHz (step = 5 kHz) at Lshell=15, but taking another range does not change the shape of the results.
A sinusoidal variation of the HFL is obtained as indicated by the pink lines in Panels (b)-(c). At any two
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different local times, i.e., 01:00 for Panel (b) and 17:00 for Panel (c), the HFL peak times are identical
and at time step 92, i.e., when the sub-solar longitude reaches 91°.

For Scenario (2), we set the SKR sources along L=15 field lines at all longitudes (1°-360°,
step=1°), from 400 kHz to 700 kHz (step = 5 kHz). Then we applied a sinusoidal variation to the
frequency range of SKR sources as a function of the longitude as can be seen in Panels (d) in Figure 8.
The maximum frequency at each longitude as a function of rotating time is quantitatively given in Figure
8 Panel (d). The color code in Panel (d) suggests that the maximum frequency of a longitude-fixed
rotating source produces a complicated pattern in view of a fixed observer at a certain LT and as a
function of time. Clear sinusoidal (or quasi-sinusoidal) variations in the HFL are observed in Figure 8
Panels (e)-(f), which is calculated using the source configuration in Figure 8 Panel (d). The observers at
different LT observe different phases with the HFL peaking at 38.5° in Panel (e) and 255° in Panel (),
which is similar to the small phase shifts as observed in Figure 6 Panels (e)-(f).

( a)1 socScenario (1*) SKR HFL, Lat=18" LT=[1~24] (b)1 7OOScen:rio (2) SKR HFL, Lat=18" LT=[1~24]
:zz =
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Figure 9. Simulated northern HFL modulation at Lat = 18"and different LTs. Format is similar to
Figure 6 Panel (e). Panel (a) displays the results of the scenario (1) simulation (LT-fixed but

20



525
526

527
528
529
530
531
532

533
534
535
536
537
538
539
540

541

542
543
544
545
546
547
548
549
550

551
552
553
554
555
556
557
558
559
560
561
562

563
564
565
566
567
568

manuscript submitted to Journal of Geophysical Research: Space Physics

time-variable sources). Panel (b) displays the results of the scenario (2) simulation (Longitude-fixed,
rotating sources).

The simulation results at Lat = 18" and different LTs are given in Figure 9 in the same format as
Figure 6 Panels (e)-(f) (at the same latitude with Lat = 18°). The results of Scenario (1) simulation are
shown in Figure 9 Panel (a). At all LTs where the SKR is visible, the observed HFL change together with
no phase shifts. Results of Scenario (2) simulation displayed in Panel (b) are similar to the results in
Panel (a) but with a shift at each LT. These shifts are introduced by the rotation of the planet as shown in
Figure 8 Panel (d).

A combination of both scenarios is needed to explain the observations. Scenario (1) provides
modulations in HFL with stable phases, and scenario (2) provides intermittent small phase shifts. The
maxima and minima of the obtained sinusoidal curves are mostly concentrated at fixed longitudes as
indicated by the red boxes in Figure 6 Panels (e)-(f) and only small phase shifts are observed, which are
possibly generated by the rotation of the source region as suggested by Scenario (2) simulation.
Therefore, the sinusoidal modulation phenomenon of the relative SKR HFL could be generated by the
combination of the two simulated situations, that is, the SKR sources corotate with the planet, but many
of them show a strong time-variation and may be fixed in local time.

8. Discussion and Summary

The initial understanding of the SKR is a “clock” like source, which means that the SKR sources
are fixed in LT and change emission characteristics (intensity, HFL) as a function of time or sub-solar
longitude (Warwick et al., 1981; corresponding to Scenario (1) simulation in the last Section), whereas
later studies show that the SKR sources also behave as a rotating beam that corotates with the planet and
goes over all longitudes with time, along a circumpolar oval whose intensity peaks at dawn (Lamy et al.,
2009; Cecconi et al., 2009; Andrews et al., 2011; similar to Scenario (2) simulations). Hence the
modulation of SKR tends to be a combination of the temporal and spatial effects, as shown by Cassini
radio direction-finding and magnetic measurements (Lamy, 2011, Andrews et al., 2011) and modeled in
our Scenarios. The same is found for the relative HFL modulation studied in this work.

The source altitudes of the SKR rely on both the CMI conditions (i.e., f,¢/fcc) and the electron
distribution (Wu & Lee, 1979; Lamy et al., 2009, 2018). The CMI condition is not likely to cause the
source altitude variation because the plasma density at the SKR source region is mainly related to the
ionospheric plasma density, which decays exponentially. The ~ 1 rotation period modulation of relative
HFL can be observed both on the dayside and on the nightside, which suggests the ionospheric
conductance does not play a major role in producing the modulation. Hence the formation of the
shell-like electron distribution is a likely reason for the modulation of the source altitudes, which is
further related to particle transport and associated current systems. The corotating source structure could
be formed naturally because electron precipitation is different at different longitudes, leading to the
formation of complex source regions. Further details to understand the SKR source variations would
require simulations of the electron precipitation, forming of the field-aligned currents and calculation of
the wave growth rate, which are beyond the scope of this work.

The previous work of Galopeau, Ortega-Molina, and Zarka, (1991) analyzed Voyager-Saturn
data for 3-4 months around each fly-by to study the SKR HFL. Because the fly-bys of the Voyager
spacecraft only covered limited local time and latitude ranges, these authors also observed a sinusoidal
variation of the relative HFL as a function of sub-solar longitude. Their explanation of this variation in
terms of a magnetic field anomaly was a logical one (that can be reproduced by our simulations). More
than 40 years after the Voyager Saturn fly-bys in 1980 & 1981, having Cassini observations at all LT and
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latitudes, having discovered the SLS5 system with variable N & S periods, having checked that no single
rigid rotation period can explain the observed relative HFL modulations better than SLS5, and having the
direct calculation of the HFL modulation spectrograms, we can conclude that this modulation is related
to the SKR current systems and refute the need for a magnetic anomaly.

This present work makes it possible to obtain all the SKR HFL during the 13 years of Cassini’s
orbital tour around Saturn by using an automatic detection algorithm. The characteristics of HFL are
analyzed. The average HFL in the northern hemisphere is at 625 kHz, and at 539 kHz in the south. The
difference in the average frequency between the two hemispheres is produced by the northward offset of
the Saturnian magnetic field. The SKR HFL can cover almost all the regions in the vicinity of Saturn as
seen in the quite uniform distribution of HFL. Sinusoidal modulation of the relative SKR HFL is
observed when the data are restricted to small spatial bins and organized as a function of sub-solar
longitude. The LSSA calculation using the relative HFL time series directly confirms the modulation of
relative HFL at the SLS5 modulation periods and hence excludes the possibility of the existence of a
magnetic anomaly. Simulation results suggest that the modulation could be explained by a rotating SKR
source superimposed with a strong temporal modulation, which is consistent with the previous studies.
The source structure and the variation could be related to the electron precipitation processes in the SKR
source regions, and this may be covered in a future study.
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Figure Al. Observation time and the RMSD in each of the spatial bins. Panel (a) gives the observation
time of Cassini in each spatial bin when the north HFL is observed. Panel (b) give the calculated RMSD
for the sinusoidal fits of the relative HFL with respect to the SLS5 longitude when using SLS5-N. Panels
(c)-(d) give the results in the same format as Panels (a)-(b) but for the southern hemisphere.

The observation time and the calculated RMSD of the sinusoidal fits are given in Figure Al. The
calculated results of the spatial bins shown in Figure 6 Panels (a)-(b) have to satisfy two criteria: (1) data
inside each bin must have an observation time larger than 3 rotation periods (1 Saturn rotation time =
10.6 hours); (2) The RMSD value is less than 0.1 (roughly 40% of all the bins exhibit RMSD >0.1).

RMSD defined as: \/%Z?ﬂ(A * sin(longitude(i) + @) — meanyg (longitude(i)))?, n is the number

of the data points in the fitting. Here n=90 since we use a longitude step= 4". A and ¢ are the amplitude
and phase obtained by the fittings, respectively. As can be seen from the comparison between the
calculated RMSD in Figure A1 Panels (b) and (d) and the modulation amplitude in Figure 6 Panels
(a)-(b), the fitted bins with smaller RMSD also show a stronger modulation amplitude in general. The
poorly-fitted bins with larger RMSD usually show rather random patterns, so that their removal does not
affect the results.
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Figure A2. Modulation of SKR intensity and HFL. Panel (a) presents the RPWS electric field intensity
spectrogram, processed using the same methodology as Panels (c)-(d) in Figure 1. Panel (b) displays the
circular polarization (n3d level data). The overlapping pink line represents the identified SKR HFL. The
black dotted lines indicate the instances when SLS5-N reaches zero. Panel (c) gives the integrated SKR
intensity (integrated from 200 kHz to HFL) using the data in Panel (a). Panel (d) gives the relative HFL
values derived from the pink lines above and by subtracting out the 10.6 hours running average values.

Figure A2 demonstrates the modulated occurrence of SKR as seen by a distant observer. A linear
frequency axis (y-axis) is used to emphasize the HFL variations. The origin of the SKR emissions in
Figure A2 is in the northern hemisphere, as indicated by the negative polarization values in Panel (b) and
the associated latitudes below. The black dotted lines indicate the points where SLS5-N reaches 0 degree,
which closely align with consecutive peaks in SKR intensity. The pink lines on top of the SKR emission,
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as well as the SKR intensity (in Panel (c¢)) and relative HFL (in Panel (d)), indicate that the HFL &
relative HFL also experience a modulation that mirrors the repetition of the SKR emission peaks.
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