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[1] Saturn’s auroral activities have been suggested to be controlled by the seasonal
variations of the polar ionospheric conductivities and atmospheric conditions associated
with the solar extreme ultraviolet (EUV) flux. However, they have not yet been explained
self-consistently by only the seasonal solar EUV effects. This study investigates the
long-term variations of Saturnian Kilometric Radiation (SKR) as a proxy of the auroral
activities, which were observed by Cassini’s Radio and Plasma Wave Science experiment
mostly during the southern summer (DOY (day of year) 001 2004 to DOY 193 2010). We
deduced the height distribution of the SKR source region in the Northern (winter) and
Southern (summer) Hemispheres from the remote sensing of SKR spectra. The peak
spectral density of the southern (summer) SKR was found to be up to 100 times greater
than that of the northern (winter) SKR, and the altitude of the peak flux was similar

(~ 0.8 Ry) in the Northern and Southern Hemispheres. The spectral densities in both
hemispheres became comparable with each other around equinox in August 2009. These
results suggest a stronger SKR source region during the summer than the winter related to
the seasonal EUV effect, which is opposite to the trend observed in the Earth’s kilometric
radiation. A long-term correlation analysis was performed for the SKR, solar EUV flux,
and solar wind parameters extrapolated from Earth’s orbit by an magnetohydrodynamical
simulation focusing on variations on timescales longer than several weeks. We confirmed
clear positive correlations between the solar wind dynamic pressure and peak flux density

in both the Southern and Northern Hemispheres during the declining phase of the solar
cycle. We conclude that the solar wind variations on the timescale of the solar cycle
control the SKR source region. In addition, it was also confirmed that the south-to-north
ratios of SKR power flux and source altitudes are positively correlated with the solar
EUV flux. This result strongly supports a seasonal EUV effect on the SKR source region.
The variations of SKR activity over both seasonal and solar cycles are discussed in

comparison to the terrestrial case.
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1. Introduction

[2] Auroral radio emissions are universal in all the mag-
netized planets and extremely intense, which implies that
their generation must be a one-step process directly convert-
ing the free energy of auroral electrons into electromagnetic
waves [Zarka, 2004]. For example, observations have been
made of Auroral Kilometric Radiation (AKR) at Earth,
Hectometric Radiation at Jupiter, and Saturn Kilometric
Radiation at Saturn. At Earth, AKR is excited from 30 to
800 kHz by precipitating electrons with keV energy in the
auroral acceleration region, via the Cyclotron Maser Insta-
bility (CMI) [Wu and Lee, 1979]. In the CMI process, radio
emission is excited via cyclotron resonance with energetic
auroral electrons at frequencies close to the local electron
cyclotron frequency f. = gB/(2mwm) where g is the electron
charge, B is the background magnetic field strength, and m is
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the electron mass [Le Quéau and Louarn, 1989]. Long-term
variations in the terrestrial auroral current system have been
investigated by several previous studies based on obser-
vations of AKR [e.g., Kumamoto and Oya, 1998; Green
et al., 2004; Morioka et al., 2012]. These studies indicated
seasonal variations of the AKR flux densities and spectra,
which are suggestive of seasonal variabilities in the auro-
ral acceleration region and associated field-aligned currents.
Kumamoto and Oya [1998] investigated the meridional dis-
tribution of the AKR flux density in winter and summer
and found that the flux density is larger in the winter polar
hemisphere than the summer hemisphere. Spectral spread
and power flux density in the summer and winter hemi-
spheres were investigated for solar maximum and minimum
phases by Green et al. [2004]. It was clearly demonstrated
that AKR spectra are more intense with broader spread in
frequency in a darker hemisphere, e.g., AKR spectra are
the broadest and most intense in the winter hemisphere dur-
ing the solar minimum. Morioka et al. [2012] continuously
monitored the intensity and height distribution of the auro-
ral acceleration region using the AKR spectra as remote
proxies over two terrestrial years. They found that the flux
density is larger and the acceleration region expansion is
higher around the equinox than the solstice while the bot-
tom boundary and peak flux altitude were higher during
the summer solstice. They pointed out that there are sea-
sonal variations in the auroral acceleration region driven
by two effects: (i) the southward magnetic field effect in
the interplanetary magnetic field (IMF) associated with the
Russell-McPherron effect [Russell and McPherron, 1973]
and (ii) the vertical profile of the polar ionospheric plasma.
The Russell-McPherron effect is a geometric controlling fac-
tor for magnetospheric activities, which determines whether
southward IMF is geo-effective or not depending on the
season and IMF sector polarity. The intensities and topside
altitudes of the acceleration region were found to be pos-
itively correlated with the temperature in the plasma sheet
with the maxima at the equinoxes. They suggested that in
accordance with the Russell-McPherron effect, the electrons
are heated when the magnetosphere may be activated by
a fluctuative southward component B, in the IMF. It was
also demonstrated that the lowest altitudes of AKR sources
and the altitudes of the peak intensities are correlated with
the scale height of the polar ionospheric plasma. The latter
effect was interpreted as being driven by the solar extreme
ultraviolet (EUV) fluxes with maxima around the solstices
because of Earth’s axial tilt of 23.4°. A north-south asymme-
try was also reported in the time difference between northern
and southern AKR breakup during the substorm onset
[Morioka et al., 2011]. The primary breakup of the AKR
during substorms occurred as a “one-sided” breakup in the
Northern (summer) Hemisphere without the southern (win-
ter) breakup, followed by a secondary simultaneous breakup
in the Northern and Southern hemispheres ~ 10 min later.
The authors interpreted this time difference as the fact that
auroral breakup occurs in each hemisphere independently.
[3] Similarly to the AKR excitation process, SKR is
excited from 3 to 1200 kHz by energetic (keV) electrons
on auroral field lines via the CMI process, with anisotropic
directivities in electron phase space density. Based on in situ
plasma measurements, remote radio observations, and ultra-
violet (UV) auroral imaging, it has been demonstrated that

the SKR source region is embedded in a layer of upward
current [Lamy et al., 2010] along the field lines connected
to the main UV auroral oval [Lamy et al., 2009]. Recently,
the long-term variations of Saturn’s magnetospheric period-
icities have been reported from observations by the Cassini
spacecraft over a quarter of 1 kronian year (i.e., 1 kronian
year = 29.5 terrestrial years) from 2004 to present (2013).
The periodicities of SKR near ~ 10.7 h were found to be
modulated over several years [Gurnett et al., 2009, 2010;
Lamy, 2011]. These radio emissions indicated a north-south
asymmetry with dual, variable periodicities of ~ 10.8 h for
the southern source and ~ 10.6 h for the northern source dur-
ing the southern midsummer, which approached each other
toward the equinox (August 2009). Gurnett et al. [2009,
2010] proposed that these long-term variations are driven by
seasonal variations of the ionospheric conductances and not
so much zonal winds, which are controlled by the seasonally
variable solar UV flux due to the large tilt of Saturn’s rota-
tional magnetic axis at 26.7° from the perpendicular to the
ecliptic. It should be noted that these long-term variations
and north-south asymmetry were also found in the peri-
odicity of the magnetic perturbation fields associated with
the magnetosphere-ionosphere (M-I) coupling current sys-
tem [e.g., Provan et al., 2011; Andrews et al., 2010a, 2010b,
2011, 2012]. These radio and magnetic signatures imply a
dynamic M-I coupling process around Saturn’s rotational
period with a north-south asymmetry depending on season.
However, they have not yet been explained self-consistently
by only the seasonal solar EUV effects. We should further
investigate the seasonal EUV effect based on magneto-
spheric observables comparing between the Northern and
Southern Hemispheres.

[4] Ithasbeen indicated by many previous studies that the
flux density and periodicity of SKR are strongly correlated
with the solar wind on timescales less than the solar rotation
(~ 26 days). The solar wind dynamic pressure is well known
to control the SKR intensity [e.g., Desch and Rucker, 1983;
Rucker et al.,2008; Badman et al., 2008; Clarke et al., 2009;
Taubenschuss et al., 2006], while the solar wind velocity has
been shown to be well correlated to the short-term varia-
tions of the SKR period [Cecconi and Zarka, 2005a; Zarka
et al., 2007]. It is notable that the solar wind also varies on
timescales longer than a solar rotation. During the declin-
ing phase of solar cycle 23, Tokumaru et al. [2012] indicated
a gradual decrease of the solar wind density for the low-
velocity solar wind based on the Interplanetary scintillation
observations made with the 327 MHz multistation system
from 1997 to 2009. Kataoka and Miyoshi [2010] indicated
that IMF is quite different between 1997 and 2009, which
originated from extremely weak open magnetic fields of the
Sun [Wang et al., 2009]. We expect this long-term variability
of the solar wind to affect the M-I coupling process at Saturn
up to solar cycle timescales (11 years).

[5] In this study, variations on timescales shorter than
a solar rotation are referred to as “short-term” variations.
Those on timescales longer than a few tens of days to
11 years (solar activity) or to a few tens of years (Saturn’s
orbital period) are referred to as “long-term” variations.
From these, Saturn’s M-I coupling process is expected to
be affected by the solar EUV over a planetary year and by
solar wind and solar EUV variations over the solar cycle.
This study focuses on the long-term variations in the source
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Figure 1. Distribution of cumulative time of RPWS observation in the present analysis period (from
DOY 001 2004 to DOY 193 2010). Black solid lines indicate the cumulative time with respect to the (a)

radial distance, (b) local time, and (c) latitude of the
time selected for statistics of the southern SKR (see

spacecraft. Red solid lines indicate the cumulative
selection criteria in section 4.2). Blue dotted lines

indicate the cumulative time selected for the northern SKR.

region of SKR by removing the short-term variations to
identify any seasonal effects on the M-I coupling process
at Saturn by comparing SKR with fluctuations of the solar
wind and of the solar EUV flux. It should be noted that
shadowing by Saturn’s rings intensifies darkness during the
respective hemisphere’s winter especially near the solstice.
This effect keeps in phase with the seasonal EUV flux varia-
tions. Therefore, the correlation between the solar EUV flux
and SKR investigated in this study should also be affected by
the ring-shadowing effect. The variation in the intensity and
height distribution of the SKR source location was deduced
from spectra by the Cassini Radio and Plasma Wave Science
experiment (RPWS) [Gurnett et al., 2004]. Finally, we dis-
cuss the long-term variations by comparing them with the
solar wind parameters, solar EUV flux, and the properties of
the Earth’s M-I coupling system.

2. Data Set

2.1. SKR Spectra Data Set

[6] We analyzed the spectral densities and polarization
of electric fields measured by the RPWS high-frequency
receiver (HFR) based on its goniopolarimetric capabilities
[Cecconi and Zarka, 2005b]. The data set used for this
study consists of processed dynamic spectra of SKR flux
density in units of W/m?/Hz normalized to 1 astronomical
unit (AU) and its circular polarization, as described in Lamy
et al. [2008a] (hereafter referred to as L08), whose char-
acteristics are the following. The data cover a frequency
range from 3.5 to 1500 kHz with 24 log-spaced channels at
3.5-325kHz (i.e., 6 f/f ~ 20 %) and 24 linearly spaced chan-
nels at 325-1500 kHz (i.e., § f = 50 kHz). Interferences in
the spectral data are removed based on the method proposed

by LO8. The data have a time resolution of 10.7 h for sea-
sonal variation analyses in sections 4.2 and 4.3 to remove
the periodic variations near the rotational period [e.g.,
Gurnett et al., 2010]. The data value at a specific sam-
pling time is computed from the median of the raw data
(3 min resolution) in a window of &+ 5.35 h centered at
the sampling time. The dependence of SKR spectral spread
on the spacecraft ephemeris is investigated in section 4.1.
The time resolution used to explore the ephemeris depen-
dence is 1 h to highly resolve the spacecraft ephemeris which
changes rapidly on timescales shorter than one planetary
rotation period near its perikrone. The power flux densities
with signal-to-noise ratio greater than 10 dB and magni-
tude of circular polarization degree |V| greater than 0.2 were
retained. The analysis period spans over 6.53 years from the
day of year (DOY) 001 2004 to DOY 193 2010. This inter-
val was chosen to match the period of time over which the
southern and northern SKR phase systems of [Lamy, 2011]
are defined. The black solid line in Figure 1 indicates the
distribution of cumulative time of RPWS data with respect
to the ephemeris of the spacecraft. In the period of analysis,
the observations were frequently performed in the southern
off-equatorial region (latitudes in the range from —20° to 0°)
at distances from 10 to 50 R, in the dawn sector.

2.2. Solar Wind and Solar EUV Data Set

[7]1 The solar wind parameters at Saturn’s orbit were esti-
mated from the Operating Missions as a Node on the Inter-
net (OMNI) data (http://omniweb.gsfc.nasa.gov) observed
around Earth’s orbit using a one-dimensional magnetohy-
drodynamical (MHD) simulation developed by Tao et al.
[2005]. The proton density, radial velocity, and proton
dynamic pressure from the MHD simulation were used for
the correlation analysis with the SKR spectral features. The
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Figure 2. Profiles of the local cyclotron frequency along auroral field lines in the (a) Northern and (b)
Southern Hemispheres as functions of altitude from Saturn’s surface. Solid lines show the local cyclotron
frequency along a magnetic field line with the invariant latitude of +74° (Figure 2a) and —72° (Figure 2b)
derived from the internal magnetic field model by Dougherty et al. [2005]. Squares along the solid lines
indicate locations where the local cyclotron frequency is equivalent to the central frequency at each

receiver channel of RPWS/HFR.

time resolution was degraded to that of the SKR data set (i.c.,
10.7 h). Based on the solar wind observations by the Ulysses
spacecraft at 5.2 AU from Sun, Tao et al. [2005] estimated
the arrival prediction error of this MHD simulation is at most
2 days for an Earth-Sun-Observer angle less than 60°. We
expect the same magnitude of prediction error (but possi-
bly twice larger than the error at Jupiter’s orbit) at Saturn’s
orbit, which is negligible for the correlation analysis of the
long-term variations. The solar EUV flux data at 0.1-50 nm
are from the database of the Solar Extreme Ultraviolet Mon-
itor (SEM) experiment on the Charge, Element, and Isotope
Analysis System (CELIAS) of the Solar and Heliospheric
Observatory (SOHO) spacecraft [Hovestadt et al., 1989].

3. Assumptions

[8] The height distribution of the SKR source location
was deduced from the SKR spectra with reference to the ter-
restrial studies by Morioka et al. [2008, 2009, 2010, 2011,
2012]. Referring to the validations by previous studies based
on remote and in situ measurements in the SKR sources
[Cecconi et al., 2009; Lamy et al., 2008a; Lamy et al., 2010,
2011; Mutel et al., 2010; Menietti et al., 2011], we assumed
the SKR emissions are predominately right-handed extraor-
dinary (R-X) mode waves excited via the CMI process
[Wu and Lee, 1979]. The R-X mode waves are right-handed
circularly polarized with respect to the background mag-
netic field. The emission frequency of the SKR spectra can
be converted to the corresponding source altitude where the
spectral frequency should be equivalent to the local f;. This
is justified by the in situ measurements in the SKR source
region [Lamy et al., 2010] which showed the difference

between the SKR emission frequency, and the local electron
cyclotron frequency has been estimated to be less than 3%.
For the frequency-altitude conversion, the magnetic field
line was traced from the footprint of the auroral field line at
Saturn’s surface to the height of the SKR source region.

[¢9] The internal magnetic field modeled by Dougherty
et al. [2005] was adopted for the field line tracing. The
invariant latitude of the auroral field line was set to be +74°
for the northern auroral field line and —72° for the south
referring to the imaging results of the auroral main oval
[Badman et al., 2006, 2011a; Lamy et al., 2009; Nichols
et al, 2009]. Figure 2 indicates profiles of the local
cyclotron frequency along the traced auroral field lines in
the Northern and Southern hemispheres. The squares in
Figure 2 correspond to locations where the local cyclotron
frequency is equivalent to the central frequency of each
receiver channel of RPWS/HFR. The frequency chan-
nels of HFR cover a corresponding altitudinal range from
~0 R, to 6 R,. The northern profile is shifted upward rel-
ative to the south because of the magnetic dipole offset
0f 0.037 R;.

[10] The sign of circular polarization then provides a
simple way to discriminate between southern (left-handed
polarized, LH) and northern (right-handed polarized, RH)
emissions. Near the equatorial region, the northern compo-
nent has the right-handed (RH) circular polarization with
respect to the k vector, while the southern component has
the left-handed (LH) polarization, where the k vector is the
wave vector (see Lamy [2011] for details). This analysis
method enables us to measure the activities in the northern
and southern auroral regions simultanecously by the remote
sensing of SKR.
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Figure 3. Cassini’s ephemeris and frequency-time diagrams of SKR observed by RPWS from DOY
001 2004 to DOY 193 2010. The horizontal axis shows the day of year 2004 with decimal year. (a)
Planetographic latitude (degrees), (b) local time (h) of apokrone (red “+”) and perikrone (blue “*”),
and (c) radial distance (R;) from Saturn (dotted line) of Cassini. (d) SKR with the right-handed circular
polarization corresponding to the northern polar source region. (¢) SKR with the left-handed circular
polarization corresponding to the southern source region. Color indicates the flux density normalized to
1 AU from Saturn. The vertical axis shows the frequency in kHz.

[11] We note, however, that recent analysis of in situ mea-
surements within an SKR source region did not reveal any
Earth-like density cavity (expected from the presence of par-
allel electric fields) at the temporal resolution of the Cassini
Plasma Spectrometer (CAPS) Electron Spectrometer, and
underlined that Saturn’s auroral regions were naturally suffi-
ciently depleted in cold plasma to drive CMI emission [Lamy
et al., 2010; Schippers et al., 2011; Kurth et al., 2011]. As
a result, there is no proof yet that the distribution of SKR
sources directly probes, as at Earth, the acceleration region.

4. Analysis Result

4.1.

[12] As a result of the strong SKR anisotropy, the
observed radio signal varies as a function of Cassini’s
ephemeris (and particularly local time (LT) and latitude, as
shown by L08). Figure 3 indicates Cassini’s ephemeris and
the frequency-time diagram for the interval DOY 001 2004
to 193 2010. SKR both from the northern and southern polar
source regions were measured at all Cassini’s ephemeris,
subsequently showing the ephemeris dependence. To correct

Update of Average Properties

for the subsequent bias introduced to our data set, we
selected radio data from the spacecraft locations where the
SKR spectral shapes are relatively constant (see section 4.2
for the obtained selection criteria). These dependences
have already been investigated in the early mission phase
by LO8 over a few years (2.75 years from DOY 181
2004 to DOY 90 2007). The reanalysis of the depen-
dences has been done in this study over an extended
data set.

[13] Figure 4 shows the dependence of median spectra for
the northern and southern SKR with the latitude of the space-
craft. The horizontal range is restricted to & 70° because
the bulk of the detected data points was concentrated in that
latitudinal range in this period. As already shown by LOS,
this indicates the latitudinal dependence of observing both
SKR above 30 kHz and the narrowband emissions below
30 kHz. The narrowband emissions are suggested to be
excited at two frequency bands at 5 and 20 kHz around the
plasma torus [Ye et al., 2009; Wang et al., 2010]. They are
specifically evident at latitudes below —30° for RH polarized
waves and above +40° for LH polarized waves. This char-
acteristic is still observed even when we include both the
early and equinox mission phases. From Figure 4a, one can
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Figure 4. Latitude-frequency diagram showing the depen-
dence of SKR spectra on the latitude of the spacecraft. The
analysis period spans from DOY 001 2004 to DOY 193
2010. The horizontal and vertical axes show the latitude of
Cassini (degrees) and spectral frequency (kHz), respectively.
Colors indicate the flux densities (W/m?/Hz) normalized to
the distance of 1 AU from Saturn.

see the SKR from the northern polar region was observed
with large flux densities in a wide latitudinal range of the
Northern Hemisphere (from —20° up to +70°). The strong
southern SKR in Figure 4b was also observed in a wide
range of the Southern Hemisphere (—60° to +10°). In the
Northern or Southern Hemisphere, the spectral shapes are
more dependent on the spacecraft latitude at high latitudes or
at the opposite hemisphere than the equatorial region, e.g.,
spectral spreads of the northern RH SKR rapidly vary from
+40° to +70° and —30° to —10°. If the data are success-
fully selected in the equatorial region (e.g., —5° to +30° for
north and —30° to +5° for south), we extract the long-term
variations suppressing the apparent variations in the spectral
shapes, depending on the spacecraft ephemeris. Another
notable characteristic is the north-south asymmetry in the
flux density. The maximum flux density at 200-300 kHz
is ~-203 dB in the southern off-equatorial region, which
is ~7 dB higher than the northern off-equatorial flux
(~—210 dB). It should also be noted that there is northern
(RH) SKR detected at high southern latitudes and southern
SKR (LH) detected at high northern latitudes with a “speck-
led” appearance in Figure 4. The RH-speckled SKR appears
from 60 kHz to 700 kHz between —60° and —20° and
LH-speckled SKR from 150 kHz to 900 kHz between +20°
and +60°. These components were not reported in LOS.

[14] Figure 5 shows the local time dependence of northern
and southern SKR spectra in the same format as Figure 4 but
as a function of local time. LOS first provided this LT depen-
dence by convolving the northern and southern components
during the solstice phase. This study explicitly separated
these components based on the polarization measurements.
The largest flux densities are observed in the dawn sector
(2—-10 h) for both the north and south. It should be noted that
these flux densities in this diagram indicate the dependence
on the local time of the spacecraft location, not necessar-
ily the SKR source location in the polar auroral region.
The source location has been identified directly by direc-
tion finding. Lamy et al. [2009] found the strongest SKR
source above the dawn sector of the southern auroral oval
during the early phase of Cassini’s mission. Our detection
of stronger SKR flux densities when Cassini was at dawn
may be indicative that the strongest sources continued to be
located in the dawn sector when including both the early
and equinox phases. Our statistics newly indicate a similar
LT dependence of the spectrum in the southern and north-
ern SKR sources. In addition, southern SKR is clearly more
intense than northern SKR at comparable latitudes or LT.
The high-frequency limit does not indicate much variabil-
ity, but the low-frequency limit from 30 kHz at 06 LT to
greater than 100 kHz at 20 LT is variable for both hemi-
spheres. This variability in the low-frequency limit seems
to be an LT dependence rather than at temporal variation
because the LT-frequency diagram for each individual year

freq(kHz)

0 4 8 12 16 20 24
LT(hr

log flux normalized to 1AU log10(W/m~2/Hz)
T =
-23 -225 -22 -215 -21 -205 -20

Figure 5. Local time-frequency diagram showing the
dependence of SKR spectra on the local time of the space-
craft position, with a similar format to Figure 4, but the
horizontal axis shows the local time of Cassini.
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Figure 6. Height distributions of the northern and southern SKR source region as functions of time. The
horizontal axis is the day of year (DOY) 2004 corresponding to the period from DOY 1 2004 to DOY
193 2010. (a) Subsolar latitude on Saturn. The red vertical line indicates the equinox in August 2009. (b)
Altitude-time diagram indicating the height distribution of the northern SKR source region. The vertical
axis shows the source altitude (R;) from Saturn’s surface where the spectral frequency is equivalent to the
local electron cyclotron frequency. Colors indicate the flux density (W/m?/Hz) normalized to a distance
of 1 AU from Saturn. The white regions correspond to a lack of observation or a period when the obser-
vations did not fulfill the selection criteria described in section 4.2. The overplotted top altitudes (light
blue dots), peak flux altitudes (red dots), and bottom altitudes (orange dots) (R,) were smoothed by a run-
ning median with a window of 70 days. The peak flux altitude corresponds to the altitude where the flux
density has its maximum value in an altitudinal range from 0 to 2 R;. The top and bottom altitudes corre-
spond to the FWHM of the peak flux (see section 4.2 for detailed definitions). (c) The peak flux density
(W/m?/Hz) of the northern SKR as a function of time. Black dots represent the peak fluxes detected from
each SKR spectra with time resolution of 10.7 h. The blue line shows the smoothed data by a running
median with a window of 70 days. (d) Altitude-time diagram and (e) peak flux with the same formats as

Figures 6b and 6¢ but for the southern SKR source.

(not shown) indicates the same broader spread in the dawn
sector compared to dusk.

4.2. Height Distribution and Intensity
of SKR Source Region

[15] To deduce the long-term M-I coupling process, we
estimated the height distribution of the SKR source region
from the SKR spectra. Based on the geometric parameter
dependence shown in section 4.1, selection criteria for the
SKR spectra were defined as follows: (i) the radial distance
of the spacecraft spans from 10 to 100 R;, which easily
avoids the equatorial shadow zone at less than 5 R; (LO08)

and associated reduction of the signal-to-noise ratio, (ii)
the planetographic latitude of the spacecraft is in the range
—5° to +30° for the northern SKR and —30° to +5° for the
southern SKR (Figure 4), and (iii) the local time of the space-
craft is between 2 and 10 LT to measure the strongest SKR
emissions from the observation region of the strongest SKR
in the dawn sector as seen in Figure 5. Using these selection
criteria, we hope to remove the visibility effect and cap-
ture comparable spectral variabilities simultaneously for the
north and south near the equatorial region. The criterion (ii)
also removes minor L-O mode SKR which was discovered
in the hemisphere opposite to the R-X mode SKR by LO0S.
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face. (b) Statistics of the peak flux. The vertical axis is the fraction as described above. The horizontal
axis is the flux density (dB). (c and d) Statistics for the southern source with the same formats as Figures 7a

and 7b.

The ephemeris distribution when these selection criteria are
imposed is shown by the red and blue lines in Figure 1. The
cumulative times of the data selected by the criteria were
8507 and 13,930 effective hours for the north and south in
the present analysis period, respectively. It should be noted
that the northern events are more sparse than the southern
ones because intense northern events were observed less
frequently due to Cassini’s orbital coverage as shown in
Figure 1. Based on the detected SKR spectra, the following
characteristic altitudes are determined for every spectrum to
diagnose the height distribution of the SKR source region:
The “peak power flux altitude” is the altitude where the flux
density is found to be the maximum in a range less than 2
R, (larger than ~ 50 kHz), and the “top” and “bottom” alti-

tudes correspond to FWHM of the peak power flux density.
The FWHM was defined as the half value of the differ-
ence between the peak power flux found below 2 R, and
the noise floor found above 2 R,. Time series of the SKR
spectral features were smoothed by a running median over
a time window of 70 days with a time step size of 10.7 h.
This smoothing further removes the apparent variation due
to visibility at the timescale of the spacecraft orbital motion.

[16] Figure 6 shows the deduced height distribution of
the northern and southern SKR source regions. The data
in 2004, 2008, and 2010 are sparse because Cassini was
located at regions where the detection criteria are not ful-
filled. The spacecraft was far from the equatorial region
and/or its apokrone was around the dusk sector. One can see

7026



KIMURA ET AL.: SEASONAL VARIATION OF SKR

(@) 200 crrrrrrrrr e e S S S— -
E North all periods =———— [
E 2004/01/01-2006/03/04 *+*+++rrees a
F M (DOY:0001-0795) B
~ ~210f i 2006/03/05-2008/05/06 = = = = = H
I F (DOY:0795-1589) =
N E 2008/05/07-2010/07/11 =+ =+ =+ =" =
E E (DOY:1589-2384) 5
= -220 E .
o) E
hel - -~
E ',,/‘ ~ 1
B S 7 S B B a— i ——
F AN /7 ]
E LN Pad =
E ~ |/~ L7 3
- ~| ~ J~. B
_240 Gl d g b b b g g aa o .
freq(kHz) 1500.0kHz  205.0kHz  55.0kHz 21.5kHz 10.1kHz 5.8kHz
b 0.09 1 2 3 4 5
(b) -200 prerrrrrrr e T T T
all periods

2004/01/01-2006/03/05 ******trreere
(DOY:0001-0795)

2006/03/05-2008/05/07 = = = = =
(DOY:0795-1589)

2008/05/07-2010/07/11 =+ =+ ==
(DOY:1589-2384)

=210

NN NN NN NN NN

db(W/m2/Hz)
N
S

-230

INNNENNNNEN]

10.1kHz 5.8kHz
4 5

-240
freq(kHz) 1500.0kHz  169.9kHz 45,6kHz 21.5kHz
0.02 1 2 3

Altitude from surface (Rs)

Figure 8. Height distribution of the SKR source deduced
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source. The vertical axis is the flux density (dB) normal-
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and from 7 May 2008 to 11 July 2010 (dash-dotted line).
The horizontal axis shows the source altitude (R,) from the
surface with the corresponding cyclotron frequency (kHz).
(b) Height distribution of the southern source in the same
format as Figure 8a.

the long-term variations in both the northern and southern
source regions. The northern and southern source regions
expand from the bottom altitudes around 0.3 R, up to the
top altitudes around a few R;. The peak power flux altitudes
are located around 1 R; for both hemispheres. The bottom
altitudes remain approximately constant while the top and
peak power flux altitudes are more variable over the analysis
period. The southern peak power flux is always larger than
the northern peak power flux except for the period around
the equinox.

[17] Figure 7 shows the statistical distribution of the top,
peak, and bottom altitudes and the peak power flux of the
northern and southern SKR over the analysis period. The
parameters for the statistics have a time resolution of 10.7 h
without running median. It should be noted that Cassini’s
position fulfilled the selection criteria more frequently dur-
ing the early phase (midsummer in the Southern Hemi-
sphere) than the last phase (equinox) as shown in Figure 6.

Thus, a large proportion of data used in the statistics comes
from the early phase. The power flux densities are asym-
metric between the northern and southern source regions.
The statistical mode of the southern power flux is ~-203
dB, which is 7 dB greater than that of the northern power
flux (~ —210 dB). The distributions of the characteristic alti-
tudes are also asymmetric between the northern and southern
sources. The altitudinal distributions of the southern top
(light blue) altitudes are narrower than those of the north.
The statistical modes of the peak power flux altitudes are
around 0.8 R; (~ 250 kHz) for the north and south. The
statistical mode of the top altitudes are 1.9 R, (~ 64 kHz)
for the south and 1.3 R; (~ 124 kHz) for the north.
The northern top altitudes are distributed widely, while
the southern top altitudes are higher with narrower statis-
tical spreads. In addition, both the northern and southern
bottom altitudes (orange) are distributed at the same alti-
tude with narrow spreads. Their statistical modes are
~03 Ry (~ 670 kHz and ~ 820 kHz for the south
and north) and FWHM is ~ 0.1 R, both for the south
and north.

[18] To further clarify the temporal variation of the alti-
tudinal and power flux distributions, Figure 8 shows the
median SKR spectra for the northern and southern compo-
nents. The height distribution of the SKR source deduced
from the spectra is plotted as a function of altitude. Regard-
ing the median spectra over all periods, the southern source
region shows a larger power flux density than that of the
north. The southern spectral density gradually decreased
as the equinox approached. The northern and southern
spectral densities became comparable around the equinox
(dash-dotted lines). This tendency is evident in the ratio of
the southern peak power flux (W/m 2/Hz) to the northern
peak power flux (W/m?/Hz) as a function of time in
Figure 9. The south-to-north ratio has a time resolution of
70 days to get simultaneous observations in both hemi-
spheres. The southern-to-northern ratio was as high as 100
during the end of 2004 and then gradually decreased to
2 around the equinox. Figure 10 shows typical examples
of f~t diagrams for the northern and southern SKR dur-
ing the midsouthern summer in 2005 (a, b) and just after
the equinox in 2009 (c, d). In this figure, we indicate
the mixing ratio of the northern and southern SKR power
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Figure 9. The ratio of the southern peak flux (W/m?/Hz) to
the northern peak flux (W/m?/Hz) as a function of time with
a time resolution of 70 days.

7027



KIMURA ET AL.: SEASONAL VARIATION OF SKR

™
I
<
o
2
g WWW
T
= = K
g ‘”*’ W“’W‘W“ W
- Iy \I| v"!r ! i
i\~ (N “
DOY 20 22 24 28 30
R(Rs) 32.5 41.6 48.4 53 2 56.6  58.6
Lot(deg)-05.2 —-05.0 -04.9 -04.7 -04.5 -04.3
LT(hr) 05.0 05.6 06.0 06.3 06.5 06.8

2009 y

(T M
|

e '"' '"

Stokes V.
+
)
°

|
LA

RH

340

330 332 334 336 338

35.1 40.1 42.3 41.9 39.0 33.2
+00.5 +00.5 +00.5 +00.4 +00.4 +00.4
18.3 18.8 19.2 19.5 19.9 20.4

Figure 10. Frequency-time (f~f) diagrams indicating Stokes parameter " and flux densities for typical
examples during the midsouthern summer (2005) and just before the equinox (2009). (a) The f-f diagram
of Stokes parameter V' for the SKR observed from DOY 20 to 30 2005. Black indicates a positive value
of V, corresponding to LH circular polarization, and white indicates a negative value of ¥ corresponding
to RH circular polarization. (b) The f~t diagram of flux density of the northern SKR. Color shows the
normalized flux density at 1 AU from Saturn. (¢ and d) The same diagrams as Figures 10a and 10b but
for the SKR from DOY 330 to 340 2009. Ephemeris of Cassini is labeled at the bottom of Figures 10b

and 10d.

flux densities in the equatorial region for each year. In
2009, a long sequence of f-t diagram could not be acquired
over several days in the dawn equatorial region because
of Cassini’s orbital configuration, so we substituted the
data in the dusk equatorial region. It is evident that the
peak power flux densities around 100-500 kHz during 2005
were dominated by the LH circular polarization, which is
indicative of the southern SKR (panels (a) and (b)). How-
ever, the northern (RH) and southern (LH) components
were more equally observed around equinox (panels (c)
and (d)).

[19] In the present analysis period, the Southern
Hemisphere was undergoing midsummer in the early phase
and autumn in the last phase. During the early phase, the
southern SKR sources were more frequently in the sunlit
(summer) region while the northern SKR source region was
more frequently in the dark (winter) region. Around the
equinox, the southern and northern SKR sources were expe-
riencing a similar amount of a solar flux. Thus, we conclude
that the SKR from the summer hemisphere has larger peak
power flux than that from the winter hemisphere. This is sug-
gestive of a seasonal effect as has been pointed out based on
the periodicity analyses [Gurnett et al., 2009, 2010].

4.3. SKR Response to Long-Term Variations of Solar
Wind Parameters and Solar EUV Flux

[20] During the interval under analysis, the solar wind and
solar EUV flux varied on the timescale of the solar cycle
as shown in Figure 11. It should be noted that this interval
overlapped with the declining phase of solar cycle 23. The
solar EUV flux in panel (a) gradually decreased over 7 years
in this period by a factor ~2 (from 3.3x10!° to 1.7x10!°
(photons/cm?/sec)). As evident in the smoothed data in pan-
els (b—d) (blue lines), the dynamic pressure, density, and
radial velocity at Earth’s orbit vary over several years in this
interval with transient enhancements over hundreds of days.
These long-term variations are responsible for the same
tendency at Saturn (Figures 11e—11g). Originally, the MHD

extrapolation of solar wind to Saturn’s orbit has an ambigu-
ity in estimating arrival time by a few days as described in
section 2.2. This ambiguity is filtered out by this long-term
smoothing.

[21] Correlation analyses of the solar wind parameters and
solar EUV flux with the SKR source region were performed
to investigate the solar wind effects. As in section 4.2, the
SKR spectral features were smoothed by a running median
over a window of 70 days. The selection criteria are the same
as those in section 4.2. The solar wind and EUV flux were
also smoothed by the same procedure to remove the short-
term variations on timescales less than a few tens of days.
Scatterplots for the southern SKR peak power flux, solar
wind parameters, and EUV flux are shown in Figure 12 as
examples. Correlations between the southern SKR and solar
wind are not found in the data set without smoothing (cross-
correlation coefficients, CCC= +0.07, +0.09, and +0.10
for the velocity, density, and dynamic pressure, respec-
tively). However, positive correlations were found using
the smoothed data (CCC= +0.67, +0.50, and +0.72 for the
velocity, density, and dynamic pressure, respectively). These
results mean that the larger southern SKR power flux is
driven by the disturbed solar wind in the long term: large
dynamic pressures and fast flow. Combined with the long-
term decrease of the dynamic pressure and radial velocity in
Figure 11, we conclude that the southern SKR flux gradually
decreased with the solar wind long-term variations on the
timescale of the solar activities. The peak power fluxes indi-
cate only weakly positive correlations with the solar EUV
flux (CCC= +0.20).

[22] We also compared the ratio of the southern param-
eters to the northern parameters with the solar wind and
EUV flux. The south-to-north ratio has a time resolution of
70 days as indicated in Figure 9. Some examples are indi-
cated in Figure 13. Clear positive correlations are found
between the solar EUV flux and the south-to-north ratio of
peak power flux and top altitude (CCC= +0.79 and +0.78
for the peak power flux and top altitude, respectively). On
the other hand, correlations between the south-to-north ratio
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Figure 11. (a) Solar EUV photon flux at 0.1-50 nm
(photons/cm?/s) measured by the SOHO satellite around
Earth’s orbit from DOY 001 2004 to DOY 001 2011. The
black line shows the daily averaged flux as a function
of time, and the red line shows the data smoothed by a
running median with a window of 70 days. (b—d) Solar
wind parameters from OMNI data observed around Earth’s
orbit, which were used for the initial conditions of the
MHD extrapolation to Saturn’s orbit. Raw (black), smoothed
(red), and rescaled smoothed (blue) data are plotted for the
radial velocity (Figure 11b), proton density (Figure 11c),
and dynamic pressure (Figure 11d). The blue lines plot the
smoothed data equivalent to the red lines but plotted on a
smaller scale (blue axes on right-hand side of plot). The
smoothed data were computed by the running median with
a window of 70 days. (e—g) Solar wind parameters from
DOY 001 2004 to DOY 193 2010 at Saturn’s orbit, which
are extrapolated from Earth’s orbit by the MHD simula-
tion. Figures 1le, 11f, and 11g have the same formats as
Figures 11b, 11c, and 11d. Gray-shaded regions are periods
when the MHD simulation cannot perform a precise estima-
tion of the solar wind arrival time at Saturn due to a phase
angle of Earth-Sun-Saturn greater than 60°.

of the bottom altitude and solar EUV flux were not found
(CCC= +0.05).

[23] Table 1 summarizes all the correlations of the
northern and southern SKR spectral features with the solar
wind parameters and solar EUV flux. We compared the
parameters of the southern SKR and northern SKR and the
ratio of the southern parameters to the northern parame-
ters with the solar wind and EUV flux. It is evident that
the peak power fluxes both in the north and south are pos-
itively correlated with all the solar wind parameters. In
particular, the southern and northern peak power fluxes indi-
cate strongly positive correlations with the dynamic pressure
(CCC= +0.72 for both). The southern and northern peak
power fluxes indicate much weaker positive correlations
with the solar EUV flux (CCC= +0.20, +0.30 for south
and north). However, the south-to-north ratio of peak power
flux is clearly correlated with the EUV flux (CCC= +0.79).
One more notable thing is that the northern and southern
bottom altitudes are obviously uncorrelated with all solar
wind parameters and solar EUV flux. The top altitudes of
southern and northern SKR show negative or positive corre-
lations with some of the solar wind parameters and EUV flux
in both the north and south. The northern top altitudes are
anticorrelated with all the solar wind parameters(CCC: —0.65
to —0.47). On the other hand, the south-to-north ratio of the
top altitudes shows a strongly positive correlation with the
EUV flux (CCC= +0.78). The northern and southern peak
power flux altitudes show less clear responses to the solar
wind and EUV flux relative to the peak power fluxes and
top altitudes.

5. Discussion

5.1. Seasonal Variations and North-South Asymmetry

[24] For a long time at the Earth, clear correlations
between the power of AKR and the auroral electrojet (AE)
index have been pointed out [e.g., Voots et al, 1977;
Morioka et al., 2012], meaning that the auroral radio
power is correlated with the substorm current system. In
this study, we discuss the height spread and power flux
density of the SKR source region as proxies of Saturn’s auro-
ral activities, expecting them to be analogous to the terres-
trial aurora. However, it should be noted that no observation
has identified direct relationships between the field-aligned
current and SKR flux or the height distribution of the auro-
ral acceleration region and that of the SKR source region.
Thus, we must confirm these relations based on in situ mea-
surements in the polar auroral acceleration region associated
with SKR parameters in future studies. In addition, the SKR
spectra are highly dependent on the position of the spacecraft
as shown in Figures 4 and 5. The orbital coverage of Cassini
had frequent observations in the Southern Hemisphere dawn
sector (Figure 1), which could lead to apparent spectral vari-
ations due to the ephemeris dependence, especially at the
lower frequencies (Figures 4 and 5). It should be noted that
there could still be an observational bias in the statistics of
height distribution.

[25] The north-south asymmetry in the power flux ratio
(south to north) was found to range from 2 up to 100
(Figure 9). This tendency was also pointed out in the data
over 3 years in the early mission period (L08). This asym-
metry is indicative of “antiphase” variations in northern
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Figure 12. Scatterplots for the southern SKR, solar wind parameters, and solar EUV flux. Scatterplots of
data without smoothing (i.e., at 10.7 h resolution) indicates correlations of the southern peak flux versus
(a) the radial velocity (km/s), (b) proton density (/cc), (c) dynamic pressure (nPa) of the solar wind, and
(d) the solar EUV flux (photons/ cm?/s). The vertical axes show the peak flux density of the southern SKR
(W/m?/Hz). The cross-correlation coefficients between the southern SKR and solar wind or the southern
SKR and solar EUV flux are annotated in the upper right panel for each plot. (e—h) Plots with the same
formats as Figures 12a, 12b, 12¢, and 12d but for the data smoothed by a running median with a window

of 70 days.

and southern SKR in terms of the seasonal effect. In con-
trast, the positive correlations (CCC= +0.72) are evident
for both the northern and southern power fluxes with the
dynamic pressure. This result suggests that northern and
southern SKR are “inphase” with each other in terms of
the solar wind response. The inphase variations are possibly
due to the simultaneous response of northern and southern
SKR sources by global solar wind compression. The inphase
variations are weaker for the south-to-north ratio while the
antiphase variations are stronger, as shown by the correla-
tion analysis in Figure 13 and Table 1. Thus, we interpret
the clear positive correlations of south-to-north ratios of

peak power flux and top altitude with the solar EUV flux
(CCC= +0.79, +0.78) as a result of the seasonal variations
in the solar illumination at each hemisphere. From these
results, we speculate that the auroral activities above the
summer polar ionosphere are more intense than those above
the winter polar ionosphere, which are probably related to
ionospheric modifications in response to the EUV flux. The
stronger source region in the south is suggestive of more
unstable phase space density of auroral electrons penetrat-
ing into the summer polar ionosphere. It should be noted that
the solar illumination has the long-term variation of the total
EUYV flux by a factor 2 as indicated in Figure 11. This could

7030



KIMURA ET AL.: SEASONAL VARIATION OF SKR

(a) peak flux
S/N ratio
100 N 40,79
z ol
} 1 0 +++: +

1
1.5%10" 2.5x10'" 3.5x10"
EUV flux
0.1-50nm(ph/cm?/s)

(c) peak flux altitude
S/N ratio
2 C2=+0.57

+

s/N

1.5%x10'" 2.5x10" 3.5x10'°
EUV flux 5
0.1-50nm(ph/cm?/s)

(b) top altitude

S/N ratio
3 N G078
[ +¢~f -

1.5x10" 2.5x10'° 3.5%10"
EUV flux
0.1-50nm(ph/cm?/s)
(d) bottom altitude

S/N ratio
2 | 8&-+005

S/N

+4

1.5x10" 2.5x10" 3.5x10'°
EUV flux )
0.1-50nm(ph/cm?/s)
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affect the polar ionosphere as the second-order effect (see
section 5.2 for details).

[26] This is the same conclusion that was reached from
the study of the infrared (IR) auroral main oval imaged by
Cassini during the southern summer period [Badman et al.,
2011b]. Badman et al. [2011b] indicated that the southern
main auroral oval is more intense by a factor of 1.3 than
the north. Consistently, the bulk of SKR is known to be
emitted on field lines connected to the main oval [Lamy
et al., 2009]. Badman et al. [2011b] proposed some
candidates for the north-south asymmetric IR aurora: the
asymmetries of precipitating electron power, ionospheric
conductance, or Joule heating, which are caused by the
larger solar EUV flux in the southern ionosphere and
consequently responsible for the stronger southern main
oval. In both cases of SKR and IR aurora, we would
expect the stronger auroral activities above the sunlit
polar ionosphere. As Saturn’s season passes through the
equinox, the southern activities could decrease until the
northern SKR becomes stronger than the southern SKR
if the polar ionosphere responds linearly. The compara-
ble power flux of the northern and southern SKR around
the equinox shown in Figures 8 and 9 also supports
the above possibility. We need to investigate the post
equinox period with further sufficient data volume to
examine the crossover of the northern and southern auro-
ral activities. Unfortunately, the apokrone of Cassini has
been in the dusk to dayside after this analysis period
to the present (2013), and recently, Cassini is in another
high-inclination phase. Thus, the appropriate geometry

for this study, i.e., low latitudes in the dawn sector, is not
satisfied by the recent orbits. Our approach for the northern
summer will be performed in the period when Cassini will
revisit the dawn low latitudinal region in the near future.
[27] Based on the statistics of the in situ azimuthal mag-
netic fields above the nightside polar ionosphere in 2008,
Talboys et al. [2011] indicated that the field-aligned currents
in the north and south are of the same order of magnitude,
and their difference does not exceed the observational uncer-
tainty. This result needs to be reconciled with the above
north-south asymmetry of the IR aurora and SKR. Possi-
ble solutions are that a small amount of events (30 periapsis
passes) with large variability in each could not figure out
the statistical north-south asymmetric features and/or the
investigated local time sectors (nightside sector) had differ-
ent current flows from the dawn sector in our study. The
instantaneous solar wind variations could be a cause for
the variability in each event because the CMEs and CIRs
largely affect the strength of SKR, suggestive of the short-
term variability in the auroral field-aligned currents. The
in situ observations in the southern polar magnetosphere
by Bunce et al. [2010] actually indicated an unusual inten-
sification of the field-aligned currents on day 291 2008.
That intensification was accompanied by the contraction of
the open field region, hot keV electron populations, and
SKR extending toward low frequencies. These signatures
were suggested to be triggered by a solar wind compres-
sion. Unfortunately, a direct comparison between the solar
wind and in situ field-aligned currents has not been achieved
because of the observations by one spacecraft in the magne-
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Table 1. Summary of Cross-Correlation Coefficients

Southern SKR?

Peak Flux Top Altitude Peak Flux Altitude Bottom Altitude
V. +0.67 +0.56 +0.15 —0.05
N, +0.50 -0.07 -0.42 0.00
Payn +0.72 +0.21 —0.26 —0.01
Sfeov 020 -0.06 -0.37 -0.02
Northern SKR*
Peak Flux Top Altitude Peak Flux Altitude Bottom Altitude
Ve +0.58 —0.61 +0.14 +0.10
N, +0.66 -0.50 —-0.03 +0.09
Payn +0.72 —0.65 +0.03 +0.08
Sfeov 1030 -0.47 -0.50 -0.13
Southern-to-Northern Ratio®
Peak Flux Top Altitude Peak Flux Altitude Bottom Altitude
Ve, +0.14 +0.17 +0.13 -0.14
N, +0.54 +0.34 +0.08 0.00
Payn +0.51 +0.38 +0.10 —-0.09
feov  +0.79 +0.78 +0.57 +0.05

2Smoothed over 70 days with 10.7 h resolution.
"With 70 days resolution.

tosphere. The long-term analyses for the in situ field-aligned
currents are necessary to flatten the short-term variability
and extract the seasonal variability of the polar field-aligned
currents for the comparison with the remotely detected
auroral processes.

[28] This study also indicated that the bottom altitudes
of the SKR source (0.3 Ry) are the same in the north and
the south. LO8 found a systematic extension of the north-
ern spectra toward higher frequencies (by 50 to 100 kHz)
than the south above 200 kHz (i.e., below 1 Ry). This corre-
sponds to the expansions of northern bottom altitudes toward
low altitudes. In that case, if the iso-contours of local f. are
centered at Saturn, the northern bottom altitudes are lower
than the south as measured from Saturn’s surface. However,
the iso-contour is actually shifted northward from the planet
center by the magnetic dipole offset of 0.037 R;. Thus, the
northward shift compensates for the lower expansion of the
northern bottom altitudes. The higher-frequency expansions
of 50 to 100 kHz are equivalent to downward altitudinal
expansions of less than 0.1 R, around 0.3 R;. Although both

the lower expansions and northward shift are small with
respect to the altitudes of interest (i.e., 0.3 R;), they cancel
each other, which is consistent with the determination of the
same bottom altitudes at 0.3 R, in the north and south.

5.2. Variations on the Solar Cycle Timescale

[29] In section 4.3, the smoothed southern and northern
peak power fluxes were found to be well correlated with
the dynamic pressure during the declining phase of the
solar cycle. Even though the northern SKR was found to
be less intense and less variable than the southern SKR
(Figures 7 and 8), it significantly responds to the dynamic
pressure. This correlation straightforwardly suggests that
large SKR fluxes are emitted from both the summer and win-
ter hemispheres during solar wind compressions of Saturn’s
magnetosphere. This is not the first report of the positive cor-
relations between SKR and the solar wind dynamic pressure
(or radial velocity), which has long been reported from the
short-term observations in the timescale less than the solar
rotation (~ 26 days) [e.g., Desch and Rucker, 1983; Rucker
et al.,2008]. A gradual decrease of the peak power flux can
also be seen in the data during the early mission period from
late 2005 to mid-2006 (see Figure 9 of L08). What this study
has newly confirmed is that the solar wind responses were
evident in both north and south, and they continued into later
mission phases through different solar activities.

[30] The long-term variation by the solar wind is an
important factor for the long-term variations of SKR in addi-
tion to the seasonal variations by the solar EUV. From the
scatterplot for the smoothed data in Figures 12e—12h, the
dynamic range of the southern peak power flux was found
to be ~ 16 dB (210 to —194 dB), which leads to the radio
energy flux range of a factor ~40. This dynamic range is sig-
nificant with respect to the southern-to-northern peak power
flux ratio of up to 100 during the midsouthern summer (see
Figure 9). If we roughly assume that the peak power flux
is seasonally symmetric between the midsummer and mid-
winter, we can regard this south-north ratio of less than 100
as a typical amplitude of the seasonal variations. Then the
amplitude of the solar wind variations are significant with
respect to the seasonal variations in this analysis period. This
points out a possibility that the solar wind variations on the
solar cycle timescale affect the long-term M-I coupling pro-
cess on top of the baseline of the seasonal variations. The
physical process of the intensification of the SKR source

Table 2. Comparisons of Auroral Acceleration Regions at Earth and Saturn for the Long-Term

Variations
AKR at Earth [Morioka et al., 2012] SKR at Saturn (This Study)

Peak flux

Relevant factor IMF B.,? EUV® and SW°¢
Top altitude

Altitude 0.9-1.4R, 1.3-1.9 R

Relevant factor IMF B.* EUVY?
Peak flux altitude

Altitude 09 R, 0.7-0.9 R,

Relevant factor EUV® ?
Bottom altitude

Altitude 0.4-0.6 R, ~ 0.3 Ry

Relevant factor EUV® Constant

*IMF B,: effect of north-south component B, in the Interplanetary Magnetic Field.

YEUV: seasonal solar EUV effect.

‘SW: solar wind compressional effect in the timescale of solar cycle.
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region by the solar wind compression has not been estab-
lished. However, it would be expected that the SKR source is
associated with the auroral field-aligned current system
driven by the flow shear between the high latitude,
antisunward open field line flows, and the subcorotating
magnetospheric plasma theoretically proposed by Cowley
et al. [2004]. In that theory, the field-aligned current system
depends on the radial gradient of the angular velocity in the
subcorotating plasma. The magnetospheric compression by
the solar wind possibly steepens the angular velocity profile
of the subcorotating plasma. The auroral field-aligned cur-
rent and associated SKR are expected to be intensified by the
profile change. We speculate this relationship works in the
long term.

[31] The EUV flux variation related to the solar activity is
possibly another relevant parameter for the long-term vari-
ations in the SKR source region. The decreasing total solar
EUV flux in this data set possibly emphasizes the decrease
of solar illumination in the south and suppresses the increase
of solar illumination in the north. As shown in Figure 11,
the solar EUV flux was decreasing by a factor ~ 2 due to
the solar activities. In the southern polar region, the sea-
sonal solar EUV flux decreases through summer to autumn.
This seasonal decrease is inphase with the decrease by the
solar activities. On the other hand, the seasonal solar EUV
flux increases through winter to spring in the northern polar
region. This seasonal increase is in antiphase with the solar
activities. The total solar illumination in the north tends to
be suppressed by the antiphase variations. Consequently, if
we assume a linear response of SKR flux to the input solar
EUV flux, the variable southern SKR is expected to dom-
inate over the invariable winter SKR in the south-to-north
ratio. It should be noted that in this data set, it is difficult to
clearly deconvolve the EUV variations by season and by the
solar activity. However, the gradual decrease of the south-
to-north ratio of SKR power flux in Figure 9 and good posi-
tive correlations with the total EUV flux are consistent with
this story.

5.3. Comparison With Earth

[32] As briefly mentioned in the introduction, Morioka
et al. [2012] thoroughly investigated the long-term varia-
tions of Earth’s auroral acceleration region based on AKR
spectra observed by the Polar spacecraft over 18 months
from 1996 to 1997. They demonstrated that the terrestrial
auroral acceleration region is controlled by both the sea-
sonal effects of the solar EUV flux and IMF B, through the
Russell-McPherron effect [Russell and McPherron, 1973].
The solar EUV illumination causes annual variations of the
photoionization rate in the polar ionosphere. One enhance-
ment of the photoionization is caused per terrestrial year
in one hemisphere around solstice as expected at Saturn.
On the other hand, the Russell-McPherron effect is associ-
ated with geo-effective southward IMF, which is determined
by the season and IMF sector polarity. At the equinoxes,
the IMF B, in the geocentric solar magnetospheric coordi-
nate should have the largest value if the IMF sector polarity
directs the right way, e.g., the IMF is aligned with the mag-
netic axis direction. Based on the AKR spectral features
during the off-breakup phase of substorms, Morioka et al.
[2012] indicated the correlations of the auroral acceleration
region with the magnetospheric and ionospheric parameters:

(i) the positive correlation of the peak power flux and
top altitudes of AKR source region with plasma sheet
temperature and AE index, and (ii) the positive correlations
of the peak power flux altitude and bottom altitude with
scale height of ionospheric electron density. Morioka et al.
[2012] interpreted correlation (i) as the B, effect on the mag-
netosphere, which drives the plasma sheet heating followed
by the intensification of the M-I coupling auroral currents.
Correlation (ii) was interpreted as the solar EUV effect on
the polar ionosphere, which enhances the scale height of the
polar ionospheric plasma, and the plasma cavity of the auro-
ral acceleration region is filled by the ionospheric plasma at
the bottom altitudes. Green et al. [2004] also investigated
the seasonal variations of AKR for each solar activity. They
found a stronger AKR flux in the winter hemisphere than
in the summer hemisphere and that both winter and sum-
mer AKR are more intense during the solar maximum than
the solar minimum. They interpreted that AKR activities are
decreased by filling of the plasma density cavity due to large
solar EUV flux during summer and maximum solar activity.

[33] These features of the terrestrial auroral acceleration
region are in completely the opposite sense to the SKR char-
acteristics identified here for Saturn. The results in this study
imply that Saturn’s auroral acceleration region has variabil-
ities which are essentially different from Earth in the long
term. The peak power flux had its largest value during the
summer, and the top altitudes were not higher around the
equinox than the other periods. This tendency indicates that
the IMF B, effect at Saturn is insignificant or not inphase
with Earth even though it is well expected by analogy with
Earth based on the larger tilt of rotational axis at Saturn
(26.7°) than that at Earth (23.4°). The different dependence
on the IMF B, between Earth and Saturn could be due to the
difference of the solar wind polarity at each orbit, plasma
beta conditions around the magnetopause as suggested by
Masters et al. [2012], or other unknown factors. The absence
of the IMF B, effect is in agreement with earlier observations
that Saturn’s magnetosphere and aurorae are more effec-
tively controlled by the solar wind dynamic pressure than
the IMF polarity [Crary et al., 2005]. The bottom altitudes
of the SKR source region were not found to be correlated
with the solar wind or EUV flux. This suggests that the
bottom altitude of the SKR source region is not controlled
by the variation of the polar ionospheric scale height, i.c.,
there is no significant depletion and repletion of the auroral
plasma cavity. Nondetection of the plasma cavity in Saturn’s
auroral region [Lamy et al., 2010; Schippers et al., 2011]
is consistent with these terrestrial cases. The absence of the
plasma cavity could be a major difference between Earth and
Saturn. Table 2 summarizes the comparisons of the auroral
acceleration regions at Earth and Saturn deduced from the
auroral radio emissions. The height distribution of the auro-
ral acceleration region at each planet is normalized by the
planetary radii.

[34] We found that Saturn’s top altitudes are somehow
strongly anticorrelated with all the solar wind parameters
and EUV flux only in the Northern Hemisphere. This anti-
correlation indicates that the top altitudes in the winter
hemisphere decreased during the solar wind compression
period and/or high-solar activities. There is no physical can-
didate for the explanation of these characteristics even if
we refer to AKR characteristics at Earth. We should further
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investigate the altitudinal expansion of the SKR sources,
consistently separating the dark and sunlit hemispheres.

6. Summary

[35] In this study, the long-term variations of the SKR
source region were investigated based on the SKR spectra
during the southern summer (from DOY 001 2004 to DOY
193 2010) and compared with the solar wind and solar EUV
flux on the timescale of solar activity. It was found that on
average, the southern SKR peak spectral density was up to
100 times greater than that of the north, and the altitude of
the flux maxima was ~ 0.8 R, for the north and south. The
southern and northern spectral densities became compara-
ble with each other at the equinox. These results suggest
the relatively stronger auroral activities during the summer
than the winter. A long-term correlation analysis was per-
formed for the SKR spectral features, solar EUV flux, and
solar wind parameters extrapolated from Earth’s orbit by
an MHD simulation. The SKR spectral features, solar EUV
flux, and solar wind parameters were smoothed by a running
median with a time window of 70 days. The solar EUV flux
and some solar wind parameters were gradually decreasing
during the declining phase of the solar activities. Clear pos-
itive correlations between the solar wind dynamic pressure
and peak flux density were found in both of the Southern
and Northern Hemispheres (CCC= +0.72). They imply that
solar wind compressions on timescales of the solar cycle
control the northern and southern auroral activities. It was
also confirmed that the ratio of southern SKR parameters
(peak flux and top altitude) to northern SKR parameters is
positively correlated with the solar EUV flux (CCC= +0.79,
+0.78). This result strongly supports the seasonal EUV effect
on the SKR source region. The comparison with Earth’s
auroral acceleration region suggested that the IMF B, effect
and scale height effect of the polar ionospheric plasma are
insignificant to Saturn’s auroral radio source, which is rather
attributed to the seasonal EUV and solar wind pressure in
the long term.
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