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Introduction

Saturn's Kilometric Radiation (SKR) was discovered in the 1980s during the Voyager 1 Saturn approach [START_REF] Kaiser | Voyager detection of nonthermal radio emission from Saturn[END_REF] and was later studied in depth by the Cassini mission (Lamy et al., 2008a[START_REF] Lamy | Modeling of Saturn kilometric radiation arcs and equatorial shadow zone[END_REF][START_REF] Cecconi | Goniopolarimetric study of the revolution 29 perikrone using the Cassini Radio and Plasma Wave Science instrument high-frequency radio receiver[END_REF][START_REF] Fischer | Elliptical polarization of Saturn Kilometric Radiation observed from high latitudes[END_REF], 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) [START_REF] Wu | A theory of the terrestrial kilometric radiation[END_REF][START_REF] Zarka | Auroral radio emissions at the outer planets: Observations and theories[END_REF][START_REF] Lamy | Properties of Saturn kilometric radiation measured within its source region[END_REF][START_REF] Lamy | Emission and propagation of Saturn kilometric radiation: Magnetoionic modes, beaming pattern, and polarization state[END_REF][START_REF] Lamy | The low-frequency source of Saturn's kilometric radiation[END_REF][START_REF] Mutel | Cluster multi-spacecraft determination of AKR angular beaming[END_REF][START_REF] Menietti | Analysis of Saturn kilometric radiation near a source center[END_REF][START_REF] Treumann | The electron-cyclotron maser for astrophysical application[END_REF]. 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 * 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 [START_REF] Kaiser | Saturnian kilometric radiation: Source locations[END_REF]. 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 [START_REF] Farrell | A nightside source of Saturn's kilometric radiation: Evidence for an inner magnetosphere energy driver[END_REF], 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 [START_REF] Mutel | CMI growth rates for Saturnian kilometric radiation[END_REF]. 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 [START_REF] Lamy | Modeling of Saturn kilometric radiation arcs and equatorial shadow zone[END_REF], 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 [START_REF] Kurth | An Earth-like correspondence between Saturn's auroral features and radio emission[END_REF][START_REF] Jackman | In situ observations of the effect of a solar wind compression on Saturn's magnetotail[END_REF][START_REF] Lamy | Multispectral simultaneous diagnosis of Saturn's aurorae throughout a planetary rotation[END_REF]. The SKR radiated power is strongly correlated with the solar wind dynamic pressure fluctuations [START_REF] Desch | Evidence for solar wind control of saturn radio emission[END_REF][START_REF] Desch | The relationship between Saturn kilometric radiation and the solar wind[END_REF][START_REF] Jackman | In situ observations of the effect of a solar wind compression on Saturn's magnetotail[END_REF][START_REF] Taubenschuss | Linear prediction studies for the solar wind and Saturn kilometric radiation[END_REF][START_REF] Zarka | Modulation of Saturn's radio clock by solar wind speed[END_REF]. The Low-Frequency Extensions (LFE) of SKR have been used as a proxy for reconnection events and compression-induced hot plasma injections [START_REF] Bunce | In situ observations of a solar wind compression-induced hot plasma injection in Saturn's tail[END_REF][START_REF] Jackman | Statistical properties of the magnetic field in the Kronian magnetotail lobes and current sheet[END_REF][START_REF] Jackman | On the character and distribution of lower-frequency radio emissions at Saturn and their relationship to substorm-like events[END_REF][START_REF] Jackman | In situ observations of the effect of a solar wind compression on Saturn's magnetotail[END_REF][START_REF] Reed | Low-Frequency Extensions of the Saturn Kilometric Radiation as a Proxy for Magnetospheric Dynamics[END_REF]. 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) [START_REF] Galopeau | Evidence of Saturn's magnetic field anomaly from Saturnian kilometric radiation high-frequency limit[END_REF][START_REF] Galopeau | Reply [to "Comment on 'Evidence of Saturn's magnetic field anomaly from saturnian kilometric radiation high-frequency limit[END_REF].

While SKR maximal frequencies were measured as high as 1200 kHz using Voyager observations [START_REF] Kaiser | Voyager detection of nonthermal radio emission from Saturn[END_REF], 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 [START_REF] Kimura | Long-term modulations of Saturn's auroral radio emissions by the solar wind and seasonal variations controlled by the solar ultraviolet flux[END_REF].

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 [START_REF] Galopeau | Evidence of Saturn's magnetic field anomaly from Saturnian kilometric radiation high-frequency limit[END_REF][START_REF] Galopeau | Reply [to "Comment on 'Evidence of Saturn's magnetic field anomaly from saturnian kilometric radiation high-frequency limit[END_REF]. 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 [START_REF] Warwick | Planetary Radio Astronomy Observations from Voyager 1 Near Saturn[END_REF], a rotating magnetic anomaly would cause a periodic variation of f ce in the source while the plasma frequency (f pe ) 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 [START_REF] Galopeau | Evidence of Saturn's magnetic field anomaly from Saturnian kilometric radiation high-frequency limit[END_REF]. 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 [START_REF] Cao | Saturn's very axisymmetric magnetic field: No detectable secular variation or tilt[END_REF][START_REF] Cao | The landscape of Saturn's internal magnetic field from the Cassini Grand Finale[END_REF][START_REF] Dougherty | Saturn's magnetic field revealed by the Cassini Grand Finale[END_REF]. 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.

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 [START_REF] Gurnett | The Cassini Radio and Plasma Wave Investigation[END_REF]. SKR usually covers a broad frequency range, from a few kHz to around one MHz [START_REF] Kaiser | Voyager detection of nonthermal radio emission from Saturn[END_REF]Lamy et al., 2008a;[START_REF] Kimura | Long-term modulations of Saturn's auroral radio emissions by the solar wind and seasonal variations controlled by the solar ultraviolet flux[END_REF]. 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 [START_REF] Cecconi | Direction finding and antenna calibration through analytical inversion of radio measurements performed using a system of two or three electric dipole antennas on a three-axis stabilized spacecraft[END_REF] 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 [START_REF] Cecconi | Cassini/RPWS/HFR LESIA/Kronos N3e Data Collection (Version 1.0)[END_REF]. Under this assumption, the derived circular polarization can also be less than 1 (|V|<1), 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 n3e )<0.3 and abs(V n3d )<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, [START_REF] Ye | Source locations of narrowband radio emissions detected at Saturn[END_REF][START_REF] Wu | Statistical Study on Spatial Distribution and Polarization of Saturn Narrowband Emissions[END_REF], 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. 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. The f ce values as a function of radial distance calculated using the Cassini-11 magnetic field model [START_REF] Dougherty | Saturn's magnetic field revealed by the Cassini Grand Finale[END_REF] at Lshell=15. The north f ce (blue line) is larger than the south f ce (red line) due to the northward offset of the magnetic field at Saturn. Panel (g): Calculated difference f ce (r) North -f ce (r) South (solid black line) is plotted versus the northern f ce , and compared with that derived from the model fits in Panel (e) (pink dashed line and diamonds). The pink diamonds (frequency differences) are taken at the same percentile from the two curves in Panel (e).

The North-South Asymmetry of the SKR HFL

The good match confirms that the N-S difference in the HFL is generated by the offset of Saturn's magnetic field.

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[START_REF] Lamy | Modeling of Saturn kilometric radiation arcs and equatorial shadow zone[END_REF][START_REF] Lamy | Multispectral simultaneous diagnosis of Saturn's aurorae throughout a planetary rotation[END_REF], 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 (SLS5, [START_REF] Ye | An SLS5 Longitude System Based on the Rotational Modulation of Saturn Radio Emissions[END_REF], 𝜆 sc = 𝜆 sun +(12-LT sc )*15°, 𝜆 sc is the longitude of the spacecraft, 𝜆 sun is the longitude of the sun, LT sc 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 ce [START_REF] Lamy | The low-frequency source of Saturn's kilometric radiation[END_REF], 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 [START_REF] Dougherty | Saturn's magnetic field revealed by the Cassini Grand Finale[END_REF]. Using the Cassini-11 magnetic field model [START_REF] Dougherty | Saturn's magnetic field revealed by the Cassini Grand Finale[END_REF], f ce 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 [START_REF] Mcilwain | Magnetic coordinates[END_REF] corresponds to the distance (normalized to planetary radius) of a dipolar field line apex in the equatorial plane. The calculated f ce 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 f ce (r) North -f ce (r) South from the Cassini-11 model is plotted versus the northern f ce (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 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 (e). 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 [START_REF] Galopeau | Evidence of Saturn's magnetic field anomaly from Saturnian kilometric radiation high-frequency limit[END_REF]. 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. We restrict the location of Cassini to small spatial bins in local time and latitude (4 ° Lat × 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 [START_REF] Ye | An SLS5 Longitude System Based on the Rotational Modulation of Saturn Radio Emissions[END_REF][START_REF] Lamy | An auroral oval at the footprint of Saturn's kilometric radio sources, colocated with the UV aurorae[END_REF]). 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 [START_REF] Gurnett | A north-south difference in the rotation rate of auroral hiss at Saturn: Comparison to Saturn's kilometric radio emission[END_REF]. 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 [START_REF] Ye | An SLS5 Longitude System Based on the Rotational Modulation of Saturn Radio Emissions[END_REF]. 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 [START_REF] Southwood | The origin of Saturn's magnetic periodicities: Northern and southern current systems[END_REF][START_REF] Provan | Planetary Period Oscillations in Saturn's Magnetosphere: Cassini Magnetic Field Observations Over the Northern Summer Solstice Interval[END_REF]. When confining the observer to particular LT bins, the sub-solar longitude is related to the spacecraft longitude via a simple 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 A1 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.

The longitudinal modulation of the relative SKR HFL

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 A1).

The sinusoidal variations of relative HFL observed in some bins are reminiscent of the first results from [START_REF] Galopeau | Evidence of Saturn's magnetic field anomaly from Saturnian kilometric radiation high-frequency limit[END_REF], which was tentatively explained by the presence of a magnetic anomaly. However, in our case the relative HFL is organized as a function of SLS5, which is not related to the rotation of the planet but to that of a particular current system [START_REF] Ye | An SLS5 Longitude System Based on the Rotational Modulation of Saturn Radio Emissions[END_REF][START_REF] Andrews | Planetary period oscillations in Saturn's magnetosphere: Evidence in magnetic field phase data for rotational modulation of Saturn kilometric radiation emissions[END_REF][START_REF] Cowley | Planetary period modulations of Saturn's magnetotail current sheet during northern spring: Observations and modeling[END_REF]. To give an intuitive illustration of the SKR intensity and HFL modulation with SLS5, an example is given in Figure A2. The recurring emission 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 SLS5.

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 [START_REF] Ye | An SLS5 Longitude System Based on the Rotational Modulation of Saturn Radio Emissions[END_REF].

For more information about the LSSA method, readers are referred to [START_REF] Ye | Rotational modulation of Saturn's radio emissions after equinox[END_REF][START_REF] Ye | An SLS5 Longitude System Based on the Rotational Modulation of Saturn Radio Emissions[END_REF] and [START_REF] Gurnett | A north-south difference in the rotation rate of auroral hiss at Saturn: Comparison to Saturn's kilometric radio emission[END_REF]. 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 [START_REF] Fischer | Saturn kilometric radiation periodicity after equinox[END_REF], 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 [START_REF] Cowley | Planetary period oscillations in Saturn's magnetosphere: Further comments on the relationship between post-equinox properties deduced from magnetic field and Saturn kilometric radiation measurements[END_REF]. Other than that, the modulation features between the relative SKR HFL and the SLS5 are quite similar. 

The distribution and phase of the relative HFL modulation features

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 [START_REF] Lamy | Multispectral simultaneous diagnosis of Saturn's aurorae throughout a planetary rotation[END_REF]. The wave frequencies are assumed to be equal to the local f ce . 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 [START_REF] Lamy | Multispectral simultaneous diagnosis of Saturn's aurorae throughout a planetary rotation[END_REF]. For one set of given SKR sources, the SKR visibility spectrogram during 1 Saturn 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. 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.

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 [START_REF] Warwick | Planetary Radio Astronomy Observations from Voyager 1 Near Saturn[END_REF]; 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 [START_REF] Lamy | An auroral oval at the footprint of Saturn's kilometric radio sources, colocated with the UV aurorae[END_REF][START_REF] Cecconi | Goniopolarimetric study of the revolution 29 perikrone using the Cassini Radio and Plasma Wave Science instrument high-frequency radio receiver[END_REF][START_REF] Andrews | Planetary period oscillations in Saturn's magnetosphere: Evidence in magnetic field phase data for rotational modulation of Saturn kilometric radiation emissions[END_REF]; 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[START_REF] Andrews | Planetary period oscillations in Saturn's magnetosphere: Evidence in magnetic field phase data for rotational modulation of Saturn kilometric radiation emissions[END_REF] 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 pe /f ce ) and the electron distribution [START_REF] Wu | A theory of the terrestrial kilometric radiation[END_REF][START_REF] Lamy | An auroral oval at the footprint of Saturn's kilometric radio sources, colocated with the UV aurorae[END_REF][START_REF] Lamy | The low-frequency source of Saturn's kilometric radiation[END_REF]. 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 [START_REF] Galopeau | Evidence of Saturn's magnetic field anomaly from Saturnian kilometric radiation high-frequency limit[END_REF] 
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 2 Figure 2. North-South asymmetry of the SKR HFL distributions. Panels (a)-(d): Positions of Cassini during the observation of SKR HFL with (a): Latitude, (b): Longitude of Cassini, derived from the SLS5 system (Ye et al., 2018), (c) Local time, (d) Radial distance. Panel (e): Histogram of the identified SKR HFL with normal fits superimposed. The blue and red bins represent the observations of north and south SKR, respectively. The dark blue color indicates regions with an HFL from both northern and southern SKR (the overlap of light blue and red bars). Panel (f): The f ce values as a function of radial distance
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 4 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. +1σ and -1σ width of the relative HFL distribution at each abscissa are plotted by solid and dashed blue lines, respectively. Columns (c)-(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).

  shift (𝜆 = 𝜆 + (12 -𝐿𝑇 ) × 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(𝜆 + 𝜑) + 𝑜𝑓𝑓𝑠𝑒𝑡, A: amplitude, 𝜑: 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
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  (a)-(b). observed 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)(𝜑 of the sinusoidal functions, 𝜑 ~ 0° implies that 𝐴 * 𝑠𝑖𝑛(𝜆 + 𝜑) function peaks at 𝜆 ~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.
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  The maximum frequency at each longitude as a function of rotating time is quantitatively given in Figure8Panel (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 Figure8Panels (e)-(f), which is calculated using the source configuration in Figure8Panel(d). The observers at different LT observe different phases with the HFL peaking at 38.5° in Panel (e) and 255° in Panel (f), which is similar to the small phase shifts as observed in Figure6Panels (e)-(f).

Figure 9 .

 9 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

  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

Figure A1 .

 A1 Figure A1. 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 A1. 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).
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Open Research

The Cassini RPWS data used in this work were downloaded from the LESIA/Kronos collection of n2 level [START_REF] Cecconi | Cassini/RPWS/HFR LESIA/Kronos N2 Data Collection (Version 1.0)[END_REF], n3d level (Cecconi, Lamy, and Zarka, 2017a), n3e level [START_REF] Cecconi | Cassini/RPWS/HFR LESIA/Kronos N3e Data Collection (Version 1.0)[END_REF]) (goniopolarimetric inversion results obtained following the method of [START_REF] Cecconi | Direction finding and antenna calibration through analytical inversion of radio measurements performed using a system of two or three electric dipole antennas on a three-axis stabilized spacecraft[END_REF]. The derived SKR HFL data is also available from MASER service via a doi link: (https://doi.org/10.25935/dz99-s514 ).