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Abstract We conduct a survey of electrostatic electron cyclotron harmonic (ECH) emissions observed at
Saturn by the radio and plasma wave science investigation on board the Cassini spacecraft. These
emissions are known to be effective at interacting with electrons in the terrestrial inner magnetosphere,
producing electron scattering into the loss cone and acceleration (cf. Horne and Thorne, 2000; Thorne et al.,
2010). At Saturn ECH emission occurs with high probability and at strong intensity near the magnetic
equator, outside the Enceladus torus in the range ~5 < L < ~10. Inside the inner boundary of the torus, ECH
emissions are also observed near the equator and at higher latitude. Intensity levels of ECH emission are
comparable to those observed at Earth, higher than Saturn chorus and Z-mode emission, and are likely to
scatter electrons into the loss cone as at Earth. ECH waves are particularly intense and extend to higher
harmonics within some plasma injection regions. We present results for a survey of over 8 years of Saturn
data for fundamental and up to three harmonics of fce, the electron cyclotron frequency.

1. Introduction

Chorus emission at Earth is known to be a significant source of electron energization [cf. Thorne et al., 2010,
and references therein; Reeves et al., 2013], and has recently been studied using global models at Jupiter and
Saturn [Shprits et al., 2012;Woodfield et al., 2014]. Global modeling of wave particle interactions involves sto-
chastic, diffusive scattering of electrons by chorus, Z mode, electron cyclotron harmonic (ECH), and other
waves. These models require the diffusion coefficient for pitch angle and momentum scattering of the elec-
trons due to resonant interactions of the waves [Horne and Thorne, 2000; Glauert and Horne, 2005]. Necessary
for such global models are the global distributions of electron and wave intensity [cf. Shprits et al., 2009, 2012;
Horne et al., 2008;Woodfield et al., 2014]. The distribution of wave intensity as a function of spatial parameters
(L shell, latitude, and magnetic local time) as well as frequency is necessary. These distributions are then used
to obtain functional forms of the wave intensity for use in global modeling codes. While wave particle
interactions are now believed to be a significant source of electron acceleration and loss of radiation belt
electrons at Earth, the importance of such interactions at Saturn is an ongoing study. A survey of Saturn
chorus and Z-mode emission intensity has been published in Menietti et al. [2014, 2015]; however, ECH
emission survey studies at Saturn remain to be reported.

Electron cyclotron harmonics are narrowband electrostatic Bernstein modes at approximately (n + 1/2) fce,
and are nearly ubiquitous in planetary magnetospheres. Field strengths at Earth can be quite strong
(~1 mV/m) [Koons and Roderer, 1990; Kurth et al., 1980]. The source of free energy required for wave growth
can be loss cones, temperature anisotropies, or a positive slope in the electron perpendicular velocity distri-
bution [Ashour-Abdalla and Kennel, 1978]. At Earth ECH emissions can resonate with plasma sheet electrons
causing precipitation of electrons with energies less than a few keV [Thorne et al., 2010].

Gurnett et al. [2005] andMoncuquet et al. [2005] have reported intense ECH and upper hybrid emission in the
Saturn magnetosphere [cf. Gurnett et al., 2005, Figure 3]. These emissions have for years been known to scat-
ter electrons in the terrestrial magnetosphere into the loss cone and likely provide at least one source of the
diffuse aurora [cf. Horne and Thorne, 2000; Horne et al., 2003; Thorne et al., 2010]. Surveys of ECH at Earth have
shown a dominant source near the equator (local minimum field strength) outside the plasmapause in the
range 4 < L < 7 [Meredith et al., 2009; Ni et al., 2011]. ECH emission at Saturn is observed in plasma injection
regions as reported by Hospodarsky et al. [2008]. Injection regions are known to carry warm, tenuous plasma
from larger radial distances inward and cooler, more dense plasma outward in the Saturn magnetosphere,
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driven by the plasma interchange instability [cf. Hill et al., 1981, 2005; Pontius et al., 1986]. Menietti et al.
[2008] and Tao et al. [2010] have conducted initial studies of wave growth based on the electron distribu-
tion observed within these regions. These emissions are typically more intense than in other quiescent
regions of Saturn’s magnetosphere, with an unusually high number of harmonics [cf. Menietti et al.,
2012, Figure 10], probably due to the increase in the ratio of warm to cold plasma. However, plasma injec-
tion regions occur intermittently and are typically observed for relatively brief times. These events are
included in this study, but only up to 9/2 fce, because it is difficult in a computer survey to distinguish each
injection region from ECH emission. Another important source of intense emission seen in the same fre-
quency range of ECH waves is the narrowband source regions discussed by Ye et al. [2009]. Narrowband
source regions are associated with intense upper hybrid resonance emission, possibly due to special con-
ditions such as when the upper hybrid frequency, fuh, is close to 2 fce or 3 fce [Yoon et al., 1998; Menietti
et al., 2009]. These regions appear as intensifications of the electrostatic upper hybrid emission and are
source regions of electromagnetic narrowband emission in both the ordinary and Z mode [cf. Menietti
et al., 2009, Figure 1c]. These emissions therefore overlap the frequency range of ECH emission. Such emis-
sion is difficult to distinguish from ECH emission without personal examination of a spectrogram. Plasma
injections and anomalous emission regions such as narrowband emission source regions are not the spe-
cific focus of this investigation, but we will examine the impact of the most intense of these emissions later
in section 6.

In the present work we report a survey of ECH observations at Saturn in the approximate range 2.5 Rs< r< 10
Rs, over a large range of fce and for fpe/fce both less than and greater than 1. We find that ECH emission is quite
common in the Saturn equatorial plane with largest intensities seen inside plasma injection or anomalous
emission regions.

2. Methodology

The general scheme for conducting the computer survey of perikrone passes is to introduce spatial bins in
magnetic L shell (L), magnetic local time (MLT), and magnetic latitude (λ). A computer algorithm is used to
conduct a search for ECH emission in bands of width fce over the range fce< f< 5fce. We define the harmonic
band Δfn = nfcewhere n is an integer. There can be many instrumental frequency channels within each Δfn at
each time step, Δτi. The wave intensities are proportional to P = E2(V2/m2). From the measured electric
spectral density, χ(f), measured in V2/(m2-Hz) over a range of frequencies, we determine E2(Δfn) (measured
in V2/m2), by integration over the frequency channels within Δfn for a time step, Δτi (1 min). The sum of these
integrations over Δτi is called Pni where subscript “n” refers to the frequency band. The spacecraft position
(r, λ, and MLT) at each time step, Δτi, is always recorded. We then calculate both the mean and median
value of all Pni within any chosen spatial bin (Δr, Δλ, and ΔMLT) during the total integration time
(Ttotal = ΣiΔτi). The definitions of mean and median of a sample of points can be found, for instance, in
Bevington [1969]. As an example, for a particular ΔL, by calculating the mean and median for all values
of MLT, and all values of λ over Ttotal we can obtain Pn(L), and similarly for Pn(λ). In this paper the “number
of points” refers to the number of values of Pni for a specified bin.

The spectral density values were obtained at Saturn from the Radio and Plasma Wave Science (RPWS)
instrument [Gurnett et al., 2004]. This complex instrument includes three low-time-resolution receivers,
for low-, medium-, and high-frequency measurements: LFR (1-26 Hz), MFR (24 Hz–12 kHz), and HFR
(3.5 kHz–16 MHz). For this study we have used the MFR and HFR data. No data satisfying the constraints
for ECH emission were obtained at the low frequencies of the LFR. There are three approximately ortho-
gonal electric antennas (10 m) and three orthogonal search coils for magnetic measurements. The MFR
usually toggles between the Ex and Bz antennas every 32 s (16 s each), Δf/f ~ 7%. For this study only
the electric antenna data are retrieved for the search of electrostatic cyclotron harmonic emissions. The
HFR receiver can be operated in either the two-antenna (dipole-monopole) mode or the three-antenna
(direction finding) mode (see Cecconi and Zarka [2005] for more details). The HFR consists of two sets
of four analog receivers. Three of four analog receivers, used in this study, have fixed-frequency filters that
together cover the frequency range 3.5 to 319 kHz. Digital spectral analysis within each of the three filter
bands provides 8, 16, or 32 logarithmically spaced frequency channels, depending on mode, providing
spectral resolutions of 20, 10, or 5%, respectively [Gurnett et al., 2004].
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A background spectral density is computed for every frequency channel measured by the RPWS instrument.
At each frequency all the spectral densities within a chosen time interval are sorted in amplitude from smal-
lest to largest. The time interval is generally about 1 day or the time for a perikrone (or periapsis) pass. Based
on past analysis of occurrence rates versus spectral density for the RPWS receivers, the lowest 30% of the data
are deemed below the noise level. Additional information regarding the receivers can be found in Gurnett
et al. [2004].

Apparent wave polarization of the observations is determined using the Meudon Cassini RPWS HFR data-
base (http://www.lesia.obspm.fr/kronos/data) which contains, among many other parameters, the apparent
Stokes parameters necessary to determine the apparent linear and circular polarization of the two-antenna
and three-antenna mode HFR data [cf. Cecconi and Zarka, 2005; Fischer et al., 2009; Ye et al., 2010]. Apparent
polarization is distinguished from real polarization which requires that the electric field wave components
lie in a plane perpendicular to the wave vector. Because the direction of the wave vector is not always
known, the apparent polarization is defined to be given by the wave electric field components measured
by two orthogonal antennas in the antenna plane [cf. Ye et al., 2010; Fischer et al., 2009].

The radio effective antenna lengths used are given in Zarka et al. [2004]. If the observed emission is circularly
polarized with signal-to-noise ratio (SNR) larger than background, this emission is rejected for not being

electrostatic. The criteria required for linear polarization is
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ u2

p
> 0:5 and |v| < 0.3, where q, u, and v

are the normalized apparent Stokes parameters [Ye et al., 2010].

3. Models and Data Constraints

ECH emissions are measured at the fundamental and harmonics up to the local upper hybrid frequency,

f uh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2pe þ f 2ce

q
, where fpe is the local plasma density. The upper hybrid resonance frequency has been

digitally catalogued for much of the Cassini mission period considered in this study [cf. Persoon et al., 2013],
and, when available, the values are interpolated during the calculations of our analysis. The uncertainty of
the measurement of the upper hybrid frequency is typically the width in frequency of the resonance emission
line. The spectral resolutions of the MFR and HFR are stated above. However, when the upper hybrid resonance
is not observed or uncertain, we use interpolated values of the density obtained from the Langmuir Probe,

Figure 1. Cassini orbits for the ECH emission survey. (a) Equatorial (x-y) plane. (b) Meridian (ρ-z) plane.
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an instrument on board Cassini and part of the RPWS [Wahlund et al., 2005; Morooka et al., 2009]. Density
measurements from the Langmuir Probe are reported to agree well with those of Persoon et al. [2009]
[cf. Morooka et al., 2009]. Finally, if these values are not available, we use the Saturn plasma density
model of Persoon et al. [2013] for Saturn’s inner magnetosphere. Persoon et al. [2015] have noted a

Figure 2. (a) A frequency-time spectrogram with calibrated spectral density color-coded, for an equatorial orbit for
times 2005/266 02:00 to 2005/267 18:00. The dominant emission on the spectrogram is the ECH emission in the funda-
mental (3/2) and two weaker harmonics (5/2, 7/2). (b) Another perigee pass of a Cassini equatorial orbit with a perigee that
lies in denser plasma than the pass of Figure 2a. Note the anomalous emission region indicated by the arrow.
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seasonal dependence of the plasma density in the region between Saturn’s A ring and Enceladus orbit
which is not taken into account in this study. The dependence is confined to the equatorial region inside
Enceladus orbit, which is usually not a part of our investigation. For the survey we found the following
distribution of times each method was utilized: upper hybrid density-31%, Langmuir Probe density-34%,
model density-13%, and no value was available 22% of the time. If no measurement of fuh is possible,
harmonics of ECH are measured up to 9/2 fce maximum. The electron cyclotron frequency used in this
study is the local (spacecraft) value and is calculated from 1 min averages of the fluxgate magnetometer
measurements [Dougherty et al., 2004]. To avoid the E-ring (generated by Enceladus) when Enceladus is
not nearby, we omit observations within 2500 km of the equator and in the radial range 3.75
Rs < r < 4.4 Rs. During an Enceladus flyby orbit we increase the distance from 2500 km to 3500 km.

To avoid spacecraft and instrumental interference as well as natural wave interference, in the computer
search for ECH emission, we place constraints on the data analyzed in this survey, which are summarized
as the following:

1. Cassini orbits with r < 11 Rs at the equator and latitude, λ < 40° from 2005 day 015 to 2013 day 141.
2. Background spectral density, χmin, is determined dynamically for each periapsis.
3. fmin = fce, fmax = fuh or fmax = 5fce, whichever is lower.
4. Avoid observations near ring plane crossings of the high density E-ring, where dust impact noise is

intense.
5. Remove electromagnetic emission with circular polarization above the prescribed signal-to-noise ratio.

The data for the Saturn survey were obtained over approximately 7.5 years from 15 January 2005 to 8 July
2013. In Figure 1 we display plots of the orbits in the equatorial (x-y) and (ρ-z) planes, confined to 12 Rs
(Rs = Saturn radius). These plots together provide a sense of the overall spacecraft coverage. All of these orbits
were surveyed for ECH emission satisfying the above constraints.

4. Saturn ECH Intensity Surveys

Figure 2a is a frequency-time spectrogramwith calibrated spectral density color-coded. The brown curves are
harmonics of fce. The data shown are for a perikrone pass of the Cassini spacecraft for an equatorial orbit for

Figure 3. A higher resolution plot of anomalous emission, likely a plasma injection region, showing isolated intense harmo-
nics for the time period of 07:54–08:19. The cyclotron frequency is also enhanced during this time.
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times 2005/266 02:00 to 2005/267
18:00. The dominant emission on
the spectrogram is the ECH emission
in the fundamental and one or two
much weaker harmonics. The emis-
sion is observed inside of 10 Rs and
is also seen inside the Enceladus
torus where, for this time period, the
density is lower (note the decrease
in upper hybrid frequency, fuh
(dependent on the electron density)
for r ≲ 3.5 Rs (Saturn radius). For
this pass the ECH is seen to be
more intense than the chorus emis-
sion indicated on the plot and simi-
lar in intensity to terrestrial ECH
observations [Meredith et al., 2009].
Figure 2b is another perikrone pass
of a Cassini equatorial orbit with a
perikrone that lies in denser plasma
than the pass of Figure 2a. There is
no ECH emission near perikrone,
and we also note an anomalous
emission region during this pass as
indicated on the plot. Within such
regions it is common to observe mul-
tiharmonic ECH emission that is more
intense than the surrounding mag-
netosphere. In Figure 3 we show a
higher resolution plot of anomalous
emission observed on day 118 of
2010, likely a plasma injection region
showing multiple harmonics of
intense emission from 07:54 to
08:19. Outside this isolated region of
anomalous emission, ECH emission

extends only to the first harmonic and at moderate intensity levels. The upper hybrid frequency is shown
as determined from the digital database for the time preceding the anomalous emission region. During
the anomalous emission the value fuh is not known but may appear sporadically after the event as indicated.
For the time of the anomalous emission our automated methodology dictates that we obtain the upper
hybrid frequency from the plasma density model of Persoon et al. [2013], which is found to be ~31 kHz, so
harmonic intensities up to and including 9/2fce would be calculated at this time. Note also that the cyclotron
frequency is enhanced during the time of the event.

In this computer survey we do not distinguish ECH emission from localized plasma injections or regions of
anomalous emission containing unusually high intensities and/or harmonic levels. Statistical studies of
plasma injections have been conducted [cf. Chen and Hill, 2008; Kennelly et al., 2013], using personal data
inspection and specific computer algorithms. Identifying these regions using algorithms for the entire
Cassini data set is beyond the scope of the present study, the focus of which is ECH emission extending over
a significant portion of the Cassini mission. Ye et al. [2009] and Menietti et al. [2009, 2010] have studied nar-
rowband emission source regions which are associated with intense enhancements of the upper hybrid
emission and therefore overlap the frequency range of ECH emission. Later we will investigate the possible
impact that plasma injections or anomalous emission such as narrowband source regions may have on
our results.

Figure 4. (a) Equatorial plane color contour for the fundamental band (3/2).
The number of points within each bin is color coded. For these plots each bin
is limited to |λ| < 5°. (b) Occurrence probability is color coded. ECH is
observed almost all the time in the equatorial plane over the range from ~5
Rs < r < 10 Rs, falling off within the Enceladus torus region.
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In Figure 4a we plot the number of points (1 min intensity mean values, Pni) within each bin in the x-y plane
for the fundamental band (fce< f< 2fce) of the ECH. For these plots each bin is limited to |λ|< 5°. These num-
bers range from 1 to over 2500 and are absent along a band running near the dawn-dusk local time line.
There were two bins with less than 10 points, while the white bins indicate no coverage by Cassini. The bins
with the largest numbers are primarily on the nightside, where ECH emission is more probable. In Figure 4b
we plot the occurrence probability showing that ECH is observed almost all the time in the equatorial plane
over the range from ~5 Rs< r< 10 Rs, falling off within the Enceladus torus region. The occurrence probability
for a spatial bin is defined as the total time of observations of ECH (that is emission satisfying the constraints
above) divided by the total amount of time the spacecraft spent in the specified spatial bin, Tbin. We could
write this as ΣΔτi/Tbin where the index i is for each nonzero value of Pni within a spatial bin and frequency
band, n. Note that, ECH emission is observed for radial distances inside the inner edge of the Enceladus torus.
Figure 5a displays the mean ECH wave intensity that satisfies the constraints specified above in the equatorial
plane for the fundamental and first three harmonics. The intensity levels are typically between 10�9 and
10�8 V2/m2 with a number of regions peaking at levels higher than 10�7 V2/m2. The white bins are those

Figure 5. (a) Mean average ECH wave intensity in the equatorial plane for the fundamental and first three harmonics.
The white bins are those with no observations. (b) The number of points in each bin for the ECH harmonics is color
coded (|λ| < 5°).
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Figure 6. (a) Mean intensity versus latitude in a meridian plane for four frequency bands is shown. The data are averaged
over all local times within each bin. For the fundamental band (3/2) the maximum intensity lies near the equator for r > 5
Rs, but there are also high intensities at larger latitudes. At higher harmonics the highest intensities are only at higher
latitudes. Data are for λ < 40°, indicated by the red arrow. (b) The number of points in each bin for the fundamental and
harmonics of Figure 6a.
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with no observations. Fundamental
ECH emission is sometimes intense
at radial distances less than the inner
edge of the Enceladus torus near 3 Rs.
Beyond 5 Rs, the levels remain mod-
erate out to ~9 Rs. The higher harmo-
nics generally fall in intensity with
harmonic number and show far less
coverage in local time. There are
sporadic enhancements in the emis-
sion at the higher harmonics which
we will investigate later. Figure 5b
depicts the number of points in each
bin for the corresponding ECH har-
monics of Figure 5a.

Mean intensity versus latitude in a
meridian plane is shown for four
bands in Figure 6a. Here we average
the data at all local times within each
bin. For the fundamental band (3/2)
the maximum intensity lies near the
equator for r> 5 Rs, but there are also
high intensities at larger latitudes. At
higher harmonics the highest intensi-
ties are only at higher latitudes,
which we will discuss in the next sec-
tion. In Figure 6b we plot the number
of points (the number of 1 min
averages, Pni) for each ECH harmonic.
For all of the harmonics the equator-
ial bins in the range 4.5< r< 10 have
the most points (>5000). For the
higher latitudes there are still many
bins in the thousands, but the num-
ber of points falls off, especially for
the higher harmonics, to values less
than 100.

5. ECH Intensity
Distributions

For the following analyses we will
investigate the distribution of ECH
intensity as a function of frequency
band, L shell, and latitude. This also

allows us to expand the bin size and increase the number of points within each bin. We display in line plots
the ECH intensity distributions of the mean and median intensity within each bin.

In Figure 7 we plot the mean and median ECH intensity that satisfies all constraints above versus harmonic
band number, independent of where the emission occurs. In Figure 7 (top) we see the most intense average
emission is 3/2fce, but there are increases at the higher harmonics which will be investigated later. Figure 7
(middle) displays the same results but now for the median intensity. There is a smooth decrease in intensity,
and the intensity levels are about an order of magnitude lower. Figure 7 (bottom) shows the number of
points (1 min mean or median values, Pni) for each harmonic band.

Figure 7. Mean and median intensity versus harmonic band number, inde-
pendent of where the emission occurs. (top) We see that the most intense
average emission is 3/2 fce, with enhancements at the higher harmonics.
(middle) The same results but now for the median intensity average.
(bottom) The number of points for each harmonic band.
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Figure 8 displays themean (Figure 8,
top) and median (Figure 8, middle)
ECH intensity that satisfies all the
constraints defined above versus L
shell. We have averaged the inten-
sity over each frequency band and
over all local times and latitudes
within L-shell bins (ΔL = 5). In
Figure 8 (top) we see the fundamen-
tal ECH band emission mean
intensity peaks just outside the
Enceladus torus near L ~ 7 with
levels exceeding 10�9 V2/m2. The
higher harmonic emissions show a
more irregular (spiky) distribution.
In contrast, the median values show
a smoother profile about an order of
magnitude lower than the mean
intensity values, with peaks for
higher bands between 6 < L < 14.
Finally, Figure 8 (bottom) displays
the number of points (1 min values,
Pni) for each harmonic.

Figures 9 displays the mean
(Figures 9, column 1) and median
(Figures 9, column 2) ECH intensity
satisfying all constraints versus lati-
tude for respective L-shell ranges
L < 5 (Figures 9, row 1), 5 < L < 10
(Figures 9, row 2), and L > 10
(Figures 9, row 3). Figures 9 (column
3) contains the number of 1 min
values, Pni per bin. For L < 5, for
the lowest two bands the mean
intensity increases and then
decreases smoothly with latitude,
while the two highest bands exhibit
spikier intensity profiles. The med-
ian values shown in Figures 9
(column 2) all show much lower
intensity and flatter profiles versus
latitude with moderate increases
at some higher latitudes. For
5 < L < 10 the average intensity
for each band falls off from a peak
near the equator but increases at
intermediate latitudes with spikes
at the higher harmonics. The med-
ian intensity is much lower and
more ordered with decreasing
intensity versus latitude except for
the 9/2 band. Finally, the average
intensities for L > 10, which are

Figure 8. The (top) mean and (middle) median intensity of ECH emissions
versus L shell. We have averaged the intensity over each frequency band
and over all local times and latitudes within bins of L (ΔL = 5). (bottom) The
number of points for each harmonic.
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primarily from higher latitudes at smaller radial distances outside the Enceladus torus, display more order for
all the harmonics with a flatter, less intense profile. The average and median intensities are similar.

6. Injection and Anomalous Emission Regions

A likely source of the spikes occurring in the data, particularly noticeable in Figures 8 and 9 has been deter-
mined to be isolated cases of intense injection regions (such as seen in Figure 3) or anomalous emission such
as narrowband emission source regions. To demonstrate the impact of the injection and anomalous emission
regions, we sort by magnitude the individual 1 min intensity means (Pni) in each of the harmonic band spatial
bins of Figure 9. Each of these mean values is time-tagged, of course. We then manually examine frequency-
time spectrograms of the time intervals containing themost intense emission and remove those time periods
containing large plasma injections or anomalous emission. In each case this amounted to only a very small
fraction of the total points per bin. We note that we did not make a comprehensive search for these regions,
we eliminated only time intervals containing plasma injections or anomalous emission with the highest
intensity. We replot the revised data set in Figure 10. Clearly, the most significant spikes seen in Figure 9
are now missing in Figure 10, indicating that they are due to intense plasma injection and anomalous emis-
sion regions. Relatively few numbers of anomalous emissions are responsible for largest intensity values, as
evidenced by comparing the number of points (Pni) from column 3 of Figures 9 and 10.

Figure 9. (column 1) Mean and (column 2) median intensity versus latitude for L-shell ranges (row 1) L < 5, (row 2)
5 < L < 10, and (row 3) L > 10. (column 3) The number of points per bin.
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7. Summary and Conclusions

ECH emissions are prevalent in the Saturn magnetosphere, with a concentration near the magnetic equator,
extending from the outer Enceladus torus and falling off rapidly beyond ~8 Rs. Nearest the center of the
Enceladus torus there is a distinct decrease in ECH emission. For the fundamental the distribution of intensity
is relatively constant in local time but becomes far more sporadic at the harmonics, likely due to the presence
of plasma injection or anomalous emission regions. These regions typically contain intense multiharmonic
ECH emission [cf. Hospodarsky et al., 2008; Menietti et al., 2008], due to the enhanced ratio of Th/Tc [Rymer
et al., 2008]. It is clear that there are smoother, more ordered, and weaker intensities for the median com-
pared to the mean average, probably due to the presence of intense injection and anomalous emission
regions that can extend to high L shells at low radial distance and higher latitude. In particular, when the
sorted averages of the bins of Figure 9 are examined and reprocessed by removing the most intense exam-
ples of localized injection regions and anomalous emissions, the spikes in Figure 9 are greatly diminished
(Figure 10). The examples of localized, very intense emission are few in number, and the median values
are considerably smaller than the mean values of intensity.

Thomsen et al. [2016] have reported that hot electrons (>few hundred eV) disappear in a variable L-shell
range 4.7 < L < 8.4 consistent with the location of most observed interchange injections. This is also the
region where Saturn chorus intensity emission peaks. Menietti et al. [2014] report that this occurs near
L = 5.5. In addition, the peak Z-mode intensity at Saturn is found inside the inner edge of the Enceladus

Figure 10. Same as Figure 9 except that the most intense anomalous emissions have been removed from the data.
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torus at latitudes above the equator near ~25° [Menietti et al., 2015]. Both chorus and Z mode are known
to be significant sources of pitch angle and energy diffusive scattering of electrons [Glauert and Horne,
2005; Gu et al., 2013]. Finally, the peak ECH wave intensity is here found to lie at L ~ 7.5 for the fundamen-
tal near the equator and at higher latitudes for r < 4 Rs. Since all of these waves can scatter electrons with
energies in the range few hundred eV to tens of keV, these findings suggest that wave particle interactions
may be a likely significant reason for the observed inner edge of the suprathermal electron boundary
observed by Cassini.

The importance of ECH emissions to overall magnetospheric dynamics and electron scattering in the terres-
trial magnetosphere is significant as discussed in section 1, and is likely similarly significant at Saturn. These
waves are known to scatter electrons into the loss cone, especially at higher latitude and lower electron
energy, and thus may play an important role in the overall energy balance between energization and loss
of electrons at Saturn. The intensity levels of Saturn ECH waves are comparable to and sometimes larger than
those typically observed at Earth and occur in a similar frequency range [Meredith et al., 2009]. The results pre-
sented here will be important in the diffusive modeling efforts at Saturn, as has been shown at Earth by Horne
et al. [2003] and other authors cited earlier.
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