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Abstract During the Ring Grazing orbits near the end of Cassini mission, the spacecraft crossed the
equatorial plane near the orbit of Janus/Epimetheus (~2.5 Rs). This region is populated with dust particles
that can be detected by the Radio and Plasma Wave Science (RPWS) instrument via an electric field antenna
signal. Analysis of the voltage waveforms recorded on the RPWS antennas provides estimations of the
density and size distribution of the dust particles. Measured RPWS profiles, fitted with Lorentzian functions,
are shown to be mostly consistent with the Cosmic Dust Analyzer, the dedicated dust instrument on
board Cassini. The thickness of the dusty ring varies between 600 and 1,000 km. The peak location shifts
north and south within 100 km of the ring plane, likely a function of the precession phase of Janus orbit.

1. Introduction

Besides the spectacular main rings, Saturn also has a number of diffuse rings that are composed of particles
nanometer to tens of micrometers in size (de Pater et al., 2004; Hamilton et al., 2015; Hedman et al., 2007;
Horányi et al., 2008, 2009; Kempf et al., 2008; Spahn, Albers, et al., 2006; Spahn, Schmidt, et al., 2006;
Showalter & Cuzzi, 1993; Showalter, 1996; Throop & Esposito, 1998). The small size of these particles makes
them sensitive to not only the force of gravity but also nongravitational forces like solar radiation pressure
and electromagnetic forces, so the dynamics of diffuse rings are drastically different from that of the main
rings (Burns et al., 2001; Horányi, 1996; Tiscareno, 2013). The dynamic orbit evolution and plasma sputtering
lead to short life spans of these particles, requiring dust production mechanisms to replenish the diffuse
rings. While cryovolcanic activity near the south pole of Enceladus has been discovered by Cassini to be
the source of E ring material (Porco et al., 2006; Spahn, Albers, et al., 2006; Waite et al., 2006), other diffuse
rings are formed through collisions (meteoroid-moonlet impacts or collisions among the small bodies) and
diffusion of collisional debris by nongravitational forces (Hedman et al., 2007; Williams & Murray, 2011).

Saturn’s faint rings offer the special opportunity to be studied by both remote sensing and in situ observations.
The remote sensing of the faint rings of Saturn started from ground-based observations during equinox, when
line-of-sight optical depths of the faint rings are greatly enhanced and the glare from themain rings is minimal
(de Pater et al., 2004; Nicholson et al., 1996). Remote sensing of the faint rings of Saturn by the Voyagers and
Cassini revealed 3-D structures and put constraints on the size distribution of the ring particles (Hedman et al.,
2007, 2012; Showalter, 1996; Showalter et al., 1991). Dust impacts on the spacecraft induced signals in the
Plasma Wave Science and Planetary Radio Astronomy instruments onboard Voyager 2 during its Saturn flyby,
providing the first in situ observations of Saturn’s faint rings (Aubier et al., 1983; Gurnett et al., 1983). Cassini
has a dedicated dust instrument on board the Cosmic Dust Analyzer (CDA; Srama et al., 2004), which is
designed to measure the size, density, velocity, charge, and composition of the dust particles. The Radio
and Plasma Wave Science (RPWS) instrument is also sensitive to dust impacts during the faint ring crossings
(Gurnett et al., 2004). During the Cassini mission, the spacecraft crossed the ring plane at various radial
distances, providing valuable in situ measurements of dust particles in the Enceladus plume and Saturn’s
faint rings (Dong et al., 2015; Hill et al., 2012; Kempf et al., 2008, 2010; Kurth et al., 2006; Spahn, Schmidt,
et al., 2006; Srama et al., 2006; Wang et al., 2006; Ye, Gurnett, & Kurth, 2016; Ye et al., 2014).

Cassini was in its Ring Grazing orbits between 30 November 2016 and 22 April 2017. At periapsis of these high
inclination orbits, the spacecraft crossed the ring plane between the F and G rings at around 2.5 RS (Saturn
radius 60,268 km). The ring plane crossing locations are close to the orbit of the coorbital moons Janus
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and Epimetheus. This region is populated with dust particles that belong to the faint Janus-Epimetheus ring.
The moons Janus and Epimetheus and the E, F, and G rings are the most likely sources of these particles (Seiß
et al., 2017). Based on plasma density data collected during the Saturn orbit insertion and in 2007, Johnson
et al. (2017) inferred the density of nanometer-sized particles between the F and G rings. RPWS can provide
direct measurement of dust density and size distribution through its Wideband receiver (WBR), and the dust
density can also be inferred from differences in electron and ion densities measured by the Langmuir probe
around the ring plane crossings (Morooka et al., 2018). During most of the ring plane crossings, the CDA High
Rate Detector (HRD) can provide density and size measurements of the dust particles for comparison with
RPWS data.

In this paper, we will focus on analyzing the RPWS WBR data collected during the ring plane crossings of the
Ring Grazing orbits. First, we will briefly discuss the detection mechanisms. We will show the RPWS data and
compare with CDA measurements. Then we will discuss the faint ring structure shown by this data set.

2. Dust Detection With RPWS WBR

The dust detection by wave instruments with electric field antennas is based on impact ionization which con-
verts the impact kinetic energy into electric signals (Aubier et al., 1983; Gurnett et al., 1983; Meyer-Vernet, 1985).
The high-speed impact vaporizes the dust particle and part of the spacecraft surfacematerial, which results in a
hot ionized gas where electrons and ions are either collected by the target or expelled depending on the
spacecraft potential. This charge separation and recollection by the spacecraft body or electric antenna ele-
ment creates a voltage difference between the antenna elements, which leads to a transient voltage jump sig-
nal in the Cassini RPWS receiver WBR (Gurnett et al., 2004). Similar dust impact signals have also been observed
by wave instruments on board other spacecraft (Gurnett et al., 1987, 1991; Kellogg et al., 2016; Malaspina et al.,
2014; Vaverka et al., 2017; Zaslavsky et al., 2012). Dust properties like size and densities can be computed from
the voltage jump size and count rate of the dust impact signals detected by WBR. A description of how RPWS
measurements are converted to grain size and density is given by Ye, Gurnett, and Kurth (2016).

The generation of impact signals on the electric field antennas has been simulated with impact experiments,
where submicron-sized iron particles were launched at high speed onto a spacecraft model in a vacuum
chamber (Collette et al., 2015). More recently, Nouzák et al. (2017) doing the similar experiment with a 1:20
Cassini model as target confirmed that the dipole antenna detects primarily impacts on the antenna ele-
ments, whereas the monopole antenna detects impacts on both the antenna and the spacecraft body
(including the high-gain antenna, HGA; Ye, Kurth, Hospodarsky, Averkamp, & Gurnett, 2016). The waveforms
recorded in the experiment show that the decay time scale of the impact signals varies with the target due to
different capacitances of the antenna elements and spacecraft body, and the rise time is longer with posi-
tively charged targets, when the ion escaping velocity is slower than electron escaping velocity (Ye, Kurth,
Hospodarsky, Averkamp, Gurnett, Sternovsky, et al., 2016). These findings are important to understanding
the generation mechanism of the antenna signals and can be used to validate the theoretical works by
Zaslavsky (2015) and Meyer-Vernet et al. (2017).

3. Observations

Cassini started its Ring Grazing orbits on 30 November 2016, when it shifted to a high inclination orbit, cross-
ing the ring plane just outside the main rings on the dayside every ~7 days. Both RPWS and CDA detected
dust impacts during the ring plane crossings (when CDA was not shielded by the HGA). RPWS WBR had
high-resolution (2–4 snapshots per second depending on the bandwidth) data coverage of all the periapsis
of the Ring Grazing orbits. The 20 Ring Grazing orbits ended on 22 April 2017, providing valuable in situ
measurements near the Janus/Epimetheus orbit.

Figure 1 shows an example RPWSWBRwave power spectrogram, which covers a 1-hr period around the Orbit
254 ring plane crossing on 26 December (day of year, DOY 361) 2016. The antenna mode was switched from
dipole to monopole at around 1:19 and switched back to dipole at around 1:48 (UTC). The monopole antenna
has a larger detection area and can detect more dust impacts for better characterization of the size distribu-
tion (Ye, Kurth, Hospodarsky, Averkamp, & Gurnett, 2016). The monopole antenna was used to measure dust
impacts during the ring plane crossing at around 1:32. Note the sharp changes in wave power at the times of
antenna switches. Similar differences between the monopole and dipole antennas have also been reported
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in other spacecraft observations (e.g., Meyer-Vernet et al., 2014; Tsintikidis et al., 1994). The difference in
spectral power at the antenna switch could be due to a lower impact rate, a smaller average voltage pulse
size, or both, as the spectral power is proportional to the product of impact rate and average squared
voltage pulse amplitude (Meyer-Vernet et al., 2009). Ye, Kurth, Hospodarsky, Averkamp, and Gurnett (2016)
compared the waveforms recorded using monopole and dipole antennas during a ring plane crossing and
showed that the impact signals recorded by the monopole and dipole antennas are similar in size and the
monopole antenna recorded a higher impact rate due to the larger effective impact area.

Figure 2 shows the statistics of dust impacts observed during the ring plane crossing on DOY 361, 2016.
Figure 2a shows the impact counts as a function of voltage and time. Note the sharp change in dust impact
counts as the antenna mode was switched from dipole to monopole and back. Figure 2b shows the gain of
the receiver, which is set based on waveform amplitudes to maximize the use of the analog-to-digital conver-
ter dynamic range while minimizing clipping (exceeding the range of the analog-to-digital converter; Gurnett
et al., 2004). The gain is automatically controlled by onboard software once every few seconds and applied
between waveform snapshots. The automatic gain control helps expand the dynamic range of the WBR
and its sensitive size range (submicron to 10 μm). The gain decreased as Cassini approached the ring plane,
where there were more larger dust particles and the dust impact signals were strongest. With less amplifica-
tion, impact signals due to smaller particle impacts became unidentifiable, which led to a larger detection size
threshold at lower gain. Occasionally, large particle impact signals are also clipped due to the 8-bit dynamic
range, especially at high gains. Therefore, the sensitive size range of the instrument is inversely correlated
with the gain.

Figure 2c shows the dust number density (1-μm size threshold) calculated from the impact rates, assuming an
effective impact area of 1 m2. The sizes are calculated from the voltage jump sizes based on the charge yield
relations measured for the surface materials of the spacecraft, Kapton, BeCu, and HGA paint (Collette et al.,
2014; Grün, 1984). Details of the voltage to size conversion and discussions of uncertainty can be found in
Ye et al. (2014) and Ye, Gurnett, and Kurth (2016). Since the sensitive size range of RPWS changes with the
gain (smaller particles not detectable in the low gains), we scaled the impact rates to a fixed size threshold
of 1 μm, assuming the size distribution has the same slope within and outside the sensitive size range. The
red line represents a horizontal cut of panel (a) at 0.034 V, the voltage that corresponds to 1-μm dust size.
The count rate profile for 1-μm particles has a width of ~600 km.

Figure 1. Radio and Plasma Wave Science Wideband receiver electric field power spectrogram, covering 1 hr around the
ring plane crossing on day of year 361, 2016. The antenna mode was monopole at the ring plane crossing around 1:32
(UTC). The red arrows at around 1:19 and 1:48 mark the times of antennamode change, from dipole to monopole and back.
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Figure 2d shows the size distribution slope estimated within a 10-s mov-
ing window (blue diamonds). The voltage jump sizes recorded in the
moving window are sorted into equal size bins of a histogram. The bin
with the most voltage signals is selected as the voltage threshold Vthd.
Then the number of voltage jumps larger than Vthd, 2Vthd, and 4Vthd
are fitted with the associated threshold values. Since particle mass is
proportional to the voltage jump size, from the fit we can get the cumu-
lative mass distribution slope η + 1 (η is the differential mass distribution
slope), from which we can derive the differential size distribution slope
μ = 3 η + 2 (Ye, Gurnett, & Kurth, 2016; Ye et al., 2014). The scatter of
the blue diamonds indicates the uncertainty of the estimated size distri-
bution slope, increased when the number of impacts detected within
the moving window decreases. For example, when the antenna mode
was switched to dipole, fewer impacts were detected, causing higher
uncertainty level of the size slope. The red line indicates smoothed
values of the individual size slopes (blue diamonds) using a 120-s mov-
ing window. This smoothed size slope is also used to scale the density
values to the fixed size threshold shown in Figure 2c.

Figure 3 shows the size distribution histograms for the particles
detected during the same ring plane crossing as shown in Figure 2.
The particles were separated by the gains they were detected in so
that the limited sensitive size range of each gain would not distort
the shape of the size distribution histogram. It is shown that within each
gain the size distribution exhibits a power law distribution with the
lower gains corresponding to higher density levels. The peaks on the
right-hand side of the histograms are due to the clipped signals of large
particle impacts. The color-coded line segments are power law fits of the
size distributions. Note that only the straight power law parts of the his-
tograms (indicated by line extent) were fitted, so the peaks due to the
clipped signals were not included. The slopes of the size distributions
for different gains range between �4 and �5 (except for 50 dB, where
the WBR spent a very short time so the statistics are not as good), con-
sistent with the slopes derived from the threshold fitting method shown
in Figure 2d.

4. Results

In Figure 4a, we plot dust density (>1 μm) versus vertical distance from the ring plane for the 20 ring plane
crossings of the Ring Grazing orbits. The ephemeris information (1-s resolution) is obtained from the
Navigation and Ancillary Information Facility’s SPICE kernels (Acton, 1996). The color-coded density profiles
are plotted on top of each other with the legend showing the orbit number on the right. It is shown that
the shapes of the density profiles are similar to Lorentzian functions with different peak size and width. In
Figure 4b, Cassini trajectories during the Ring Grazing orbits are color coded with dust densities (1-μm size
threshold) measured by RPWS. The ring plane crossing location shifted between the Janus/Epimetheus orbit
and the F ring (2.51 to 2.45 RS), with the orbits closest to the F ringmainly in the end. It is shown that the dusty
ring has a very narrow vertical extent around the ring plane and the measured peak density decreased as the
ring plane crossing location moved away from the core of the Janus/Epimetheus ring toward the F ring.

Figure 4c shows a Lorentzian function (red curve) fit of the dust density profile for the ring plane crossing on
DOY 361, 2016 (orbit 254). The Lorentzian density model is given by

n ¼ n0w2

z � z0ð Þ2 þ w2
(1)

where n0 is the peak density and z0 is the vertical offset of the peak density. From this model fitting, the peak
density and half width at half maximum (w) of each density profile can be determined. The fitted parameters

a

b

c

d

Figure 2. Dust analysis for the ring plane crossing on DOY 361, 2016. (a)
Impact counts as a function of voltage and time. Black verticals lines mark
the times of the mode changes, between which monopole antenna was
used. (b) Gain of the receiver. (c) Dust density (1-μm size threshold) calcu-
lated from the impact rates. The red line shows the horizontal cut of panel a
at 0.046 V (marked with white horizontal line in panel a). (d) Differential size
(radius) distribution slope estimated within a 10-s moving window (blue
diamonds, red line shows smoothed value with a 120-s moving window).
DOY = day of year.
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for the 20 Ring Grazing orbit ring plane crossings are listed in Table 1.
The systematic error of these density values was estimated to be around
one order of magnitude (Ye et al., 2014), but the shapes of the density
profiles and the relative density variations among orbits should not
be affected. The vertical thickness (w) of the dusty ring varies
between 300 and 500 km, likely controlled by the distance from the
Janus/Epimetheus orbit. The peak density (n0) also varies by 1 order of
magnitude (2 to 15 ×10�3 m�3), with the higher densities measured
during the early Ring Grazing orbits (December 2016 to March 2017,
Orbits 251 to 266), likely because the ring plane crossing locations were
closer to the high-density region near the Janus/Epimetheus orbit.

We examined the dependence of Lorentzian fit parameters on factors
like radial distance, moon phases, and precession phase (Figure 5). The
peak density and width seem to have a weak dependence on radial dis-
tance (panels a and b), with higher densities and ring thickness
observed close to the Janus/Epimetheus orbit. The density peak location
of the dusty ring (z0) shifts slightly between 100 km south and 100 km
north of the ring plane. Panel (c) shows the peak offset z0 as functions
of the phase of the moon Janus (we also tried with Epimetheus phase).
The moon phase control is not very clear as the vertical scattering of
peak offset values seem to be comparable to the variation with Janus
phase. Panel (d) shows the peak offset as a function of precession phase
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Figure 4. (a) Radio and Plasma Wave Science (RPWS) dust density profiles measured during 20 Ring Grazing orbits.
(b) Cassini Ring Grazing orbits trajectories color coded with dust densities (size threshold 1 μm) measured by RPWS.
(c) Dust density versus vertical distance from the ring plane, for the ring plane crossing on day of year 361, 2016. The red
curve is a Lorentzian function fit of the density profile. The red diamond marks the peak location of the fit. (d) Comparison
of vertical dust density profiles measured by RPWS and Cosmic Dust Analyzer High Rate Detector during the ring plane
crossing on day of year 361, 2016. There is one order of magnitude difference between the two results, which is within the
uncertainty limit estimated for the RPWS measurement (see section 5).

Figure 3. Size distribution histograms for the particles detected during the
ring plane crossing on day of year 361, 2016. Particles are separated by the
receiver gains in which they were detected. The color-coded lines are
power law fits to the size distributions. The size range of the lines indicate the
range of the fits.
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of the dusty ring, which is computed as the product of the precession
rate of Janus (�2.0°/day; Jacobson et al., 2007) and time. The peak
offsets seem to be modulated by the precession phase. It appears as
though the dusty ring is tilted and precesses as it rotates around
Saturn. Since the ring plane crossings took place at around noon local
time, Cassini detected different peak offsets as it crossed the ring plane
at different precession phases of the dusty ring.

5. Discussion

The RPWS Langmuir probe can indirectly detect the existence of the
dust particles via the difference in the measured electron and ion densi-
ties (Engelhardt et al., 2015; Morooka et al., 2011; Shafiq et al., 2011;
Wahlund et al., 2009; Yaroshenko et al., 2009). The electron depletion
is mostly due to absorption by nanoparticles, but with an assumption
of the size distribution slope, micron dust density can be inferred, as
Morooka et al. (2018) did near the Janus/Epimetheus orbit based on
Langmuir probe measurements. The dust density profile is 4–5 times
wider than that derived from the RPWS WBR data. This could be due
to the fact that Langmuir probe is sensitive to nanoparticles, which
can more easily migrate away from the ring plane. Morooka et al.
(2018) suggested that the size distribution slope could be steeper away
from the ring plane and the micron dust densities derived based on a
steeper slope match the WBR micron dust densities outside the narrow
peak around the ring plane (their Figure 1). As shown in Figure 2d, WBR
observed different values of the dust size distribution slope for the nar-
row and dense (�4) and the broad and thin (�5) parts of the ring.

CDA made measurements of the Janus/Epimetheus ring when the instrument was not shielded by the HGA.
Figure 4d compares the vertical dust density profiles measured by RPWS and CDA HRD during the ring plane

Table 1
Lorentzian Fit Parameters for Vertical Dust Density Profiles of the Ring Plane
Crossings During the 20 Ring Grazing Orbits

Time (UTC) n0 (m
�3) w (km) z0 (km) rmax (RS)

2016-12-4 T13:09:22 0.0053 396 �7 2.5104
2016-12-11 T17:26:03 0.0124 458 4 2.51
2016-12-18 T21:29:34 0.0035 480 �66 2.491
2016-12-26 T01:31:19 0.0042 436 �51 2.4891
2017-1-2 T05:27:06 0.0134 388 45 2.4854
2017-1-9 T09:20:31 0.0072 304 �42 2.4834
2017-1-16 T13:12:16 0.0057 341 �17 2.4844
2017-1-23 T17:05:32 0.0068 352 �13 2.4847
2017-1-30 T21:02:33 0.0041 299 �61 2.486
2017-2-7 T01:25:07 0.0067 436 �76 2.5054
2017-2-14 T05:56:36 0.0076 389 �76 2.506
2017-2-21 T10:02:37 0.0085 338 41 2.4709
2017-2-28 T14:10:20 0.0045 367 6 2.4694
2017-3-7 T18:09:57 0.0046 335 4 2.4597
2017-3-14 T22:05:26 0.0041 431 43 2.4576
2017-3-22 T01:57:25 0.0053 303 11 2.4569
2017-3-29 T05:48:50 0.0025 350 �13 2.4556
2017-4-5 T09:40:16 0.0031 389 76 2.457
2017-4-12 T13:39:51 0.003 344 23 2.4615
2017-4-19 T17:44:27 0.0029 313 19 2.4623

Note. From left to right, the columns of the table are UTC of peak density,
peak density for particles larger than 1 μm, half width at half maximum of
the Lorentzian fit, vertical offset of the peak location, and radial distance
(in Rs) of the peak location. The date is formatted as Year-Month-Date.

Figure 5. For each of the 20 Ring Grazing orbits, the Radio and Plasma Wave Science dust density profile was fitted with a
Lorentzian function. The fitted parameters, peak density, peak vertical offset, and peak width (half width at half height)
are listed in Table 1. The parameter values show variation from orbit to orbit. Variation of the Lorentzian fit parameters of
the dust density profiles with radial distance, moon phase, and the precession phase of the dusty ring. The red lines in
panels (c) and (d) are best sinusoidal fits.
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crossing on DOY 361, 2016. HRD uses polarized foils for dust detection and can measure high impact rates of
particles bigger than a size threshold that depends on the impact speed (Srama et al., 2004). Discontinuities in
the RPWS dust density profile are due to gain changes of WBR. The HRD data showed consistent peak den-
sities around 0.04 m�3 (threshold ~ 0.8 μm) during the Ring Grazing orbits, less than 1 order of magnitude
higher than the RPWS WBR dust density and within the uncertainty limit of the method (Ye et al., 2014).
WBR also measured wider peaks (full width at half maximum, FWHM 600 to 1,000 km) than HRD (averaged
profile shows a FWHM of 475 km; Seiß et al., 2017). This could be due to the fact that RPWS is sensitive to dif-
ferent size particles during the ring plane crossing (gain change) whereas HRD is sensitive to a fixed size
range of particles. Due to nongravitational forces, the smaller particles that RPWS is sensitive to at higher
gains can more easily move away from the plane than the larger grains, so the vertical thickness of the dusty
ring is size dependent. During the E ring crossings, the E ring FWHM measured by CDA and RPWS are similar
around Enceladus’ orbit. But at Mimas’ orbit, the width measured by CDA is much smaller than RPWS, and
optical measurements are more consistent with RPWS (de Pater et al., 2004; Kempf et al., 2008; Ye, Gurnett,
& Kurth, 2016).

The fact that the peak of the Janus/Epimetheus ring has a vertical offset is intriguing. Peak offsets were also
observed by the CDA HRD, although no modulation due to the precession was found. Instead, the HRD den-
sity profiles on average showed a peak offset of 130 km south of the ring plane (Seiß et al., 2017). Similar off-
sets have been observed in the density structure of the E ring, which is mainly due to the slowmodification of
dust orbits by the solar radiation pressure (Hedman et al., 2012; Ye, Gurnett, & Kurth, 2016). The tilt of the E
ring is subject to change seasonally when the solar illumination angle changes (Hedman et al., 2012). The
orbits of Janus and Epimetheus are slightly inclined by 0.16° and 0.35°, respectively, which result in maximum
vertical offsets from the ring plane of 400 km and 1,000 km. Note that the maximum offsets of the moons are
greater than the maximum vertical offset of the ring density peak but close to the thickness of the dusty ring
measured by CDA and RPWS. The gravity forces from these two moons could play a more important role in
tilting and scattering the trajectories of micron-sized dust particles in this ring than nongravitational forces.
The coorbital moons of Janus and Epimetheus are locked in horseshoe orbits in a rotating frame, with Janus
restricted to a smaller azimuthal angle range (less than 90°). Epimetheus led Janus by about 90° in azimuth
during the Ring Grazing orbits. The two moons switch orbits every 4 years, during which the change in
relative positions of the two moons could affect the dust dynamics in the dusty ring, thereby causing change
in the ring shape. The more massive moon Janus play a more important role in altering the trajectories of
dust particles.

6. Summary

We presented the first in situ measurements of the dusty Janus/Epimetheus ring performed during the 20
Ring Grazing orbits of Cassini between December 2016 and April 2017. RPWS WBR data were analyzed to
provide density profiles and size distributions of the dust particles in the dusty ring. The RPWS dust density
profiles, fitted with Lorentzian functions, are comparable to that measured by the CDA HRD, although the
HRD data show slightly higher peak densities and narrower peak widths. The dust densities inferred from
the Langmuir probe sweep data (assuming a differential size distribution slope �4.5) agree with the WBR
results. The peak locations of the RPWS dust density profiles shift north and south but are within 100 km
of the ring plane (CDA HRD density profiles show a systematic southward shift of 130 km). These peak offsets
are within the maximum offsets of the moons Janus and Epimetheus due to their slight orbit inclinations, and
they seem to be modulated by the precession phase of the Janus/Epimetheus orbit.
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