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ABSTRACT

Context. Rotational modulation has been observed in different magnetospheric phenomena at Saturn, including radio emissions, which
reflect the fundamental plasma processes in key regions. Though previous studies have shown Saturn’s kilometric radiation, 5 kHz nar-
rowband emissions, and auroral hiss to be rotationally modulated, the modulation features of its 20 kHz narrowband emissions are still
unknown.
Aims. This work complements previous modulation analysis of Saturn radio emissions by undertaking the analysis of 20 kHz narrow-
band emissions and comprehensively comparing the phases among the regularly observed radio components.
Methods. We carried out a least-squares analysis using the time series of narrowband emissions, which we derived from an event list
based on a previous statistical study on Saturn narrowband emissions.
Results. We reveal a “phase-lock”relation between the 5 and 20 kHz narrowband emissions and Saturn’s kilometric radiation,
which suggests these strongly clock-like modulated emissions are connected to the rotating field-aligned current system, with local
time preferences for the generation of the radio emissions. This local time preference cannot be well explained by existing theoretical
frameworks. Although the phase-lock relation is relatively stable, it may be disrupted during solar wind compression. Therefore, the
phase lock between these radio emissions may become a fundamental phenomenon that could help in establishing a global picture of
the large-scale dynamics of Saturn’s magnetosphere.
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1. Introduction

When Saturn’s kilometric radiation (SKR) was first discovered
during the approach of Voyager 1 to the planet, the SKR was
found to display a rotational modulation near 10 h 39 min 24± 7 s
(Kaiser et al. 1980; Desch & Kaiser 1981). A slightly modi-
fied period was later adopted as Saturn’s rotation period (Davies
et al. 1992). Many rotational modulation features at Saturn were
subsequently discovered in the decades that followed, including
radio emissions (Gurnett et al. 2009a,b; Ye et al. 2016; Fischer
et al. 2015), magnetic field perturbations (Espinosa & Dougherty
2000; Andrews et al. 2008; Provan et al. 2009), energetic neu-
tral atoms (Carbary et al. 2008a; Paranicas et al. 2005), the
plasma sheet (Carbary et al. 2008b), auroral features (Nichols
et al. 2008), and even the location of the magnetopause and bow
shock (Clarke et al. 2010, 2006). Moreover, the modulation in
the northern and southern hemispheres were found to show two
distinct periods (∼10.6 h and ∼10.8 h) from 2004 until 2009
⋆ Just to show the usage of the elements in the author field.

(Gurnett et al. 2009b, 2010). Interestingly, these two periods in
the northern and southern hemispheres derived using the SKR
data were then found to show seasonal variations, with the mod-
ulation rates in the two hemispheres converging near equinox
(11 August 2009; Ye et al. 2016; Fischer et al. 2015; Gurnett et al.
2010; Andrews et al. 2012) and showing a complicated behavior
after the equinox. Only in the last three years of the Voyager mis-
sion were the two SKR periods again clearly separated, with the
northern period, ∼10.8 h, being longer than the southern period,
∼10.7 h (Ye et al. 2018).

Interpretation of the SKR rotational modulation has evolved
over time. Initially, during the Voyager era, it was described as a
strobe-like or clock-like feature occurring on the dawn local time
sector (Warwick et al. 1981). Subsequent research using Cassini
measurements revealed a more complex behavior, indicating that
SKR is modulated as a rotating beam, akin to a searching light
co-rotating with the planet but also exhibiting strong strobe-
like modulation in the morning local time sector (Lamy et al.
2009; Lamy 2011; Andrews et al. 2010; Provan et al. 2014).
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The high frequency limit of SKR has also suggested a com-
bination of a strobe-like and rotating beam modulation (Wu
et al. 2023). Studies have found that the periods of magnetic
field oscillation in the northern and southern hemispheres of
Saturn are consistent with the modulations observed in the north-
ern and southern SKR data (Andrews et al. 2008, 2010, 2012).
Additionally, a combination of both northern and southern mod-
ulation periods in the magnetic field data has been observed at
the equatorial magnetosphere (Provan et al. 2011). These mag-
netic field perturbations display quasi-uniform characteristics in
the equatorial region and quasi-dipolar patterns at high latitudes,
indicating the presence of two independent high-latitude auroral
field-aligned current (FAC) systems co-rotating with the planet
at the northern and southern SKR periods (Andrews et al. 2010,
2019; Provan et al. 2014). These current systems, initially pro-
posed by Andrews et al. (2010), have been observed multiple
times by Cassini (Hunt et al. 2014, 2015; Bradley et al. 2018) and
are now referred to as planetary period oscillation (PPO) cur-
rent systems. The subsequent studies that followed these earlier
investigations are generally now referred to as PPO studies.

As SKR emissions have been demonstrated to originate
along auroral magnetic field lines with electron precipitation,
that is, the upward field-aligned currents (Lamy et al. 2009,
2018), these PPO current systems identified by Andrews et al.
(2010) have provided a reasonable explanation for the sources
of SKR emissions and their modulation features. The rotating
beam modulation of SKR can be naturally attributed to the rota-
tion of these two current systems. Furthermore, the pronounced
dawnside strobe-like SKR modulation can be explained by the
interplay of the PPO current systems and potential quasi-steady
upward currents on the morningside resulting from solar wind
interaction (Southwood & Kivelson 2009; Cowley et al. 2004).
More recent works have further confirmed the seasonal varia-
tions of the magnetic PPO periods that are mostly identical to
the SKR modulation periods, except during 2013 (Provan et al.
2013, 2014, 2016; Cowley & Provan 2013). Detailed examina-
tions of PPO current densities have revealed an overall similarity
between the summer and winter hemispheres, suggesting a more
intricate coupling process with Saturn’s seasons (Bradley et al.
2018; Cowley et al. 2020).

Rotational modulation analysis of Saturnian radio emissions,
including the auroral hiss (Gurnett et al. 2009b), SKR (Fischer
et al. 2015; Gurnett et al. 2010; Lamy 2011; Ye et al. 2016, 2018;
Provan et al. 2014, 2016), and the 5 kHz narrowband (NB) emis-
sions (Ye et al. 2016, 2010a; Wang et al. 2010), has revealed
similar modulation features and helped in further understand-
ing their generation mechanisms. Auroral hiss has been proven
to be modulated like a rotating beam because its low-frequency
whistler-mode mostly propagates along the source field lines that
co-rotate with the planet (Gurnett et al. 2009a). The 5 kHz NB
emissions are modulated like a clock (strobe-like), which means
their sources are like a light fixed in a local time blinking on
and off.

The NB emissions were discovered by the Voyager spacecraft
and are referred to as 5 kHz NB and 20 kHz NB according to
their frequencies (Wang et al. 2010; Gurnett et al. 1981; Ye et al.
2009; Wu et al. 2021). Both the 5 kHz and 20 kHz NBs can be
produced via a mode conversion process from the Z mode to the
L-O mode (Ye et al. 2009, 2010b; Menietti et al. 2019), as pre-
viously observed and discussed in the studies of the terrestrial
ionosphere (Eckersley 1933; Ellis 1956; LaBelle & Treumann
2002; Benson et al. 2006). The 20 kHz NB can also be mode
converted from the upper hybrid resonance (UHR), which turns
into the Z mode at density gradients, and then the Z mode can

mode converted to the L-O mode (Ye et al. 2009). The Z-mode
emissions (at both 5 kHz and 20 kHz) can be excited via plasma
distributions with temperature anisotropies and a weak loss cone,
as observed in the NB emission source regions (Menietti et al.
2019, 2011). However, there is no unambiguous observation of
the Z-mode emissions in the source region with enough elec-
tron pitch-angle coverage, leaving the details of the generation
mechanism unresolved. The NB emissions are believed to be
generated in the interior of the Enceladus plasma torus. Blocked
by the plasma torus, the 20 kHz NB emissions only propagate to
high latitudes and are rarely observed at low latitudes outside the
plasma torus, whereas the 5 kHz NB emissions can be reflected
to this region by the magnetosheath (Wu et al. 2022, 2021).

The rotational modulation of the 5 kHz NB emissions has
been analyzed previously (Ye et al. 2010a, 2016). The dual peri-
ods of the 5 kHz NB emissions have been observed in each hemi-
sphere, which is in contrast to the case of the SKR, where one
period occurs in each hemisphere (i.e., north–south asymmetry).
The L-O mode 5 kHz NB emissions are mode converted from
Z-mode emissions, which may cross over to the other hemisphere
before mode conversion to the L-O mode (Ye et al. 2010b). The
detailed propagation features of the Z-mode NB emissions for
both the 5 and 20 kHz NB emissions are still unknown and will
be investigated in an isolated ray-tracing study. Such an inves-
tigation may indicate that the propagation is similar to that in
the Earth’s plasma environment, where it has been shown that
the Z-mode waves can propagate within field-aligned electron-
density irregularities (FAIs) with little attenuation (Calvert 1995;
Carpenter et al. 2002; Reinisch et al. 2001). Therefore, the dual
periods of 5 kHz NB emissions could be attributed to Z-mode
NB emissions generated in different hemispheres propagating
and crossing to the other hemispheres.

In this work, we analyze the modulation of the 20 kHz NB
emissions and compare the phase relations between the SKR, the
5 kHz NB emissions, and the 20 kHz NB emissions. The mod-
ulation characteristics of the 20 kHz NB are similar to those of
the 5 kHz NB emissions that are strongly clock-like modulated,
display dual modulation periods, and have seasonal variations in
the modulation rates. The comparisons of different radio compo-
nents suggest the emissions are always observed in a particular
sequence, which implies that the magnetospheric processes that
cause the excitation of the radio emissions occur in a temporally
or spatially organized sequence.

2. Data and methodology

We used the wave electric field data measured by the Radio and
Plasma Wave Science (RPWS) instrument (Gurnett et al. 2004)
on board the Cassini spacecraft. The RPWS wave electric field
data are from the LESIA/Kronos collection with n2 level data
(Cecconi et al. 2017a) and the wave polarization data with n3d
data (Cecconi et al. 2017b). We note that the n3d data give the
wave polarization information, which is derived by assuming the
waves originated from the center of Saturn (Cecconi & Zarka
2005). From Day 183, 2004, to Day 258, 2017, the SKR intensity
was obtained by integrating the electric field spectral power in
the frequency range from 80 kHz to 500 kHz and separated into
the northern and southern hemispheres according to the space-
craft latitude and circular polarization. The circular polarization
threshold was used to distinguish the SKR emission that was
either generated at the northern hemisphere (circular polariza-
tion <−0.5) or the southern hemisphere (circular polarization
>0.5). The derived SKR intensities in the two hemispheres were
normalized by the mean value of the intensities within one
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Saturn rotation (in this study, 10.6 h) to eliminate the radial dis-
tance effect. For the period after 1 December 2016, the SKR
power was separated only by latitude (10◦ used in this work) due
to uncertainty in the polarization measurement of SKR when
Cassini was close to Saturn (the assumption of Saturn’s center
as the source of SKR was not good anymore). The procedure
to derive the SKR power time series is the same as in Ye et al.
(2018). The Saturn Longitude System 5 (SLS5) longitude system
used in this work to produce Fig. A.1 is from Ye et al. (2018).

The low-frequency extension of SKR into the frequency
range of the NB emissions contaminates the integrated time
series of the NB emissions from time to time (Reed et al. 2018).
Hence, instead of integrating the spectral power in the frequency
ranges of NB emissions directly, the time series of the 5 kHz
NB and 20 kHz NB are obtained by using the event list derived
by computer selection and aided by human confirmation (Wu
et al. 2021). During the whole Cassini-Saturn orbital tour (from
Day 183, 2004, to Day 258, 2017), the start and end times of
the NB emissions were obtained when the intensity and circu-
lar polarization exceeded certain preset thresholds of 23 dB and
|v| > 0.3, respectively. When there was an NB emission present,
the intensity was assigned a value of one, and in intervals of no
NB, the value assigned was zero. In this way the contamination
with SKR was eliminated. The modulation analysis of the zero-
one time series has previously been applied successfully to the
auroral hiss (Gurnett et al. 2009b). Finally, we obtained four cat-
alogs for the 5 kHz NB, 20 kHz NB, northern hemisphere SKR,
and southern hemisphere SKR. For each series, the data values
are organized at a 10-min cadence.

We used the least-squares spectral analysis (LSSA) method
(Scargle 1982) to derive the rotational modulation spectrogram
of the radio emissions. The parameters used in the analysis are
the same as the previous studies (Gurnett et al. 2009a,b, 2010;
Ye et al. 2016, 2018) and are detailed below.

To calculate the modulation spectrogram, we first truncated
the original integrated wave power time series into a series of
240-day sequences with an overlap of 210 days (The 240-day
time window was shifted forward in 30-day steps). The power
time series was then weighted by a Hanning window of the same
length. The length of 240 days (540 Saturn rotations) guarantees
a resolution of 1.5◦ per day near Saturn’s rotation period, as sug-
gested by previous studies (Gurnett et al. 2009b; Ye et al. 2016,
2018). The 240-day time series were then sorted and averaged to
the longitude of the sun (clock-like source),

λsun = ω0 ∗ T,

and the longitude of the spacecraft (rotating beam source),

λSC = ω0 ∗ T + (12 − LTSC) ∗ 15◦,

in one-degree bins by assuming a series of rotation rates (from
785◦ to 830◦ around Saturn’s rotation rates). For each rotation
rate ω0, a sinusoidal curve was fitted to the data to get the ampli-
tude (A) and phase (ϕ). Therefore, the best-fit parameters would
have the strongest modulated power (defined as P = (2A)2) and
correspond to the best rotation rate ω0. After each modulation
power analysis, the 240-day window was advanced by a time
step of 30 days. We note that in the calculation result of one
240-day window, there could be several power peaks. The mod-
ulation rates should not be decided only by using the maximum
power peak but should be decided by combining the information
in the modulation spectrograms as discussed in Sect. 5.

3. Clock-like modulated narrowband emissions

The previous studies (Ye et al. 2016, 2010a; Wang et al. 2010)
reported that the 5 kHz NB emissions are modulated with a
clock-like source. To explore whether the 20 kHz NB are mod-
ulated like a clock or a rotating beam, we reorganized the time
series of NB emissions as a function of longitude of the Sun
(clock-like source) and longitude of the spacecraft (rotating-
beam source). (The NB time series were obtained from the event
list given by a former study (Wu et al. 2021) detailed in method
section.) The reorganized series were then fitted by a sinusoidal
function (with amplitude A; period 2π/ω0, ω0 is the assumed
modulation rate; and phase ϕ) to get the fitted power (where P is
defined as P = (2A)2). These fitted powers are plotted in panels a
and b of Fig. 1 to show which modulation rates are fitted bet-
ter. A stronger power means the series is organized better by the
assumed modulation rate. This fitting algorithm is often referred
as LSSA.

Figure 1 shows the calculated LSSA result of the NB emis-
sions’ time series with a 240-day window from 5 November
2008 to 3 July 2009. During this interval, Cassini made 21 high
inclination orbits with peak latitudes exceeding 50◦. The mod-
ulation power P is plotted versus the assumed rotation rate ω0.
As shown in panels a and b, the blue lines (assuming a rotating
beam source) show much weaker modulation power relative to
the red lines (assuming a clock-like source), suggesting that the
time series reorganized by a beam source cannot be fitted bet-
ter than the series reorganized by a clock-like source. We note
that this test requires a relatively large local time coverage of the
spacecraft orbits in order to distinguish the two types of mod-
ulation from each other, and it does not completely exclude the
other.

During the calculation time interval, the orbits of Cassini do
span the whole local time range. To be more rigorous here, we
concluded that both the 5 kHz and 20 kHz NB are modulated
more like a clock than a rotating beam. The two rotation peri-
ods near 801.3◦ and 814.1◦ per day are consistent with results of
previous works (Ye et al. 2018) and similar to the periods of the
SKR modulation during this time interval, as indicated by the
vertical black dashed lines in both panels of Fig. 1.

4. Dual periodicities of narrowband emissions
in both hemispheres

The two modulation periods (∼10.6 h and ∼10.8 h) correspond-
ing to the two hemispheres were revealed by the analysis of
the northern hemisphere SKR and southern hemisphere SKR
(Gurnett et al. 2009a). The dual modulation periods observed
in one hemisphere of the 5 kHz NB emissions are explained by
the emissions crossing hemispheres before being observed by
Cassini, as reported in the earlier study (Ye et al. 2010a). The
20 kHz NB emissions are mainly observed at high latitudes, and
almost never observed within 10◦ latitude of the equator (Wang
et al. 2010; Wu et al. 2021). Therefore, to test the north-south
asymmetry of the modulation of the 20 kHz NB, we carried out
the LSSA by separating the 20 kHz NB series according to the
observer’s latitudes: Lat >10◦ for northern hemisphere and Lat
<–10◦ for southern hemisphere. For both hemispheres, the LSSA
was made assuming a clock-like modulation, as confirmed in the
previous section. As shown in panel a of Fig. 2, the modulation
rates in the northern hemisphere show dual periods similar to
the earlier results for the 5 kHz NB (Ye et al. 2010a). The dual
modulation rates suggest that the 20 kHz Z-mode NB could also
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Fig. 1. Clock-like modulation of NB emissions. Panel a: clock or rotating beam test for 5 kHz NB. The horizontal axis of ω0 encompasses the
assumed modulation rates of 785 to 830◦ per day, which was chosen to be near the rotation rate of Saturn (10.7 hours = 807◦ per day). The vertical
axis is the fitted peak-to-peak modulation power giving the fitted peak power of the 240-day time series under the assumption of each ω0. The two
solid lines show the modulation rates of 5 kHz NB emissions under the assumption of a clock-like source (red) and a rotating beam source (blue).
Panel b: similar format as panel a but for 20 kHz NB emissions. The black dashed lines mark the modulation rate in the same 240-day window
derived from the SKR intensities. The 5 kHz and 20 kHz NB time series used in this window are not separated into two hemispheres according to
latitude.

Fig. 2. North-south asymmetry test of the 20 kHz NB emissions. Panel a: modulation rate of the 20 kHz NB emissions in the northern hemisphere,
similar to Fig. 1. Panel b: similar format as panel a but for the southern hemisphere. The 20 kHz NB time series used in this window is separated
into two hemispheres according to the latitudes (Lat: >10◦ and < −10◦).
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cross the hemisphere before mode conversion to the L-O mode
because the 20 kHz L-O mode NB cannot cross the hemisphere
due to being blocked by the plasma torus, which is generated
by the cryovolcanic activities of Enceladus at Saturn (Wu et al.
2021; Persoon et al. 2020). The propagation characteristics of the
Z-mode NB emissions are not well studied at present and will be
covered in future studies.

A total of 372 cases of 20 kHz NB were observed during the
240-day interval from 5 August 2008 to 3 July 2009 (interval of
Fig. 2). This interval was chosen due to the clear dual periodic-
ity including 249 cases in the northern hemisphere and 123 cases
in the southern hemisphere. Therefore, the modulation spectrum
for the southern hemisphere in panel b of Fig. 2 does not show
two clear peaks at the SKR periods due to fewer cases of 20 kHz
NB being observed in the southern hemisphere. It is also possi-
ble that during this time interval, the southern PPO modulation
dominates over the northern PPO (Provan et al. 2016), which
makes it difficult to distinguish the weak northern modulation
features from the data.

5. Seasonal variations of the rotational
modulations of Saturn radio emissions

In Fig. 3, the LSSA derived modulation power P is plotted as
a function of the modulation rate and time. These spectrograms
were produced by reproducing the modulation rates in Fig. 1 but
with different time intervals for the time series, as detailed in the
method section. Figures 3a–c are the reproductions of Fig. 1 of
Ye et al. (2018) and Fig. 4 of Ye et al. (2010a). The previous work
showed the two SKR modulation periods to have seasonal vari-
ations according to the season at Saturn (Lamy 2011; Gurnett
et al. 2010; Ye et al. 2016; Provan et al. 2014, 2016; Andrews
et al. 2019). Near Saturn’s equinox in August of 2009, when the
northern hemisphere of Saturn transitions from winter to spring
(illustrated in panels a and b of Fig. 3), the SKR modulation rates
in the two hemispheres (indicated by the white lines) tend to con-
verge near the equinox. We show the modulation periods of 5
and 20 kHz NB in panels c and d of Fig. 3. The green and orange
lines overplotted in panels c and d mark the SKR modulation
periods in the northern and southern hemispheres from panels a
and b, respectively; these two lines correspond to the results of
Ye et al. (2018). Overall, one can see that the modulation power
of the 5 and 20 kHz NB emissions in panels c and d align with
the SKR periods and converge near the end of 2009. The 20 kHz
NB emissions only occur in regions with latitudes larger than
10◦, and they have a high occurrence probability only above 30◦
in latitude (Wu et al. 2021). Therefore, the modulation signal
only shows up during high inclination orbits, as shown in panel e.
Despite the high inclinations, there are practically no signals for
the year 2014 nor for the last year of the mission in 2016–2017.
For the latter period, this is mainly due to the short duration
Cassini spent at latitudes above 30◦, which was just about one
day for each hemisphere and orbit during the F-ring orbits and
only about half a day for each hemisphere and orbit for the prox-
imal orbits. Cassini also spent just a short time at high southern
latitudes during 2014 but typically around 3 weeks per orbit at
northern latitudes above 30◦ in 2014. In that case, the absence of
the modulation signal could be a combination of Cassini’s large
distance and local time. Cassini was mostly between 3 and 9 h LT
(where NB emissions are less common) and at distances beyond
35 Saturn radii, where the detected power is small and might
have partly fallen below the intensity threshold. (The threshold
used to distinguish the 20 kHz NB is detailed in the Method

Section.) The PPO periods derived from the magnetic field mea-
surements (Andrews et al. 2010; Provan et al. 2013, 2016, 2019)
are also overplotted as blue and pink lines in panels c and d
in order to compare the modulation periods of NB emissions
and the PPO periods. The overall modulation periods of SKR,
PPO, and the NB emissions are consistent with each other, with
the possible exception of the second modulation signal of the
20 kHz NB at the beginning of 2013, as shown in panel d, which
seems to be about 5 deg per day slower than the other southern
periods derived from the 5 kHz NB, the SKR, and the magnetic
field data.

6. Phase lock of Saturn radio emissions

The phase relation between the SKR and the 5 kHz NB was
previously reported to be around 90◦ in both the northern and
southern hemispheres (from early 2008 to late 2009), suggesting
that SKR could lead the 5 kHz NB by 2–3 h (90◦/360◦*10.6 h =
2–3 h, 1 Saturn rotation = 10.6 h; Ye et al. 2018). The phase
relations between different radio emissions can be obtained by
comparing the ϕ parameters fitted by the sinusoidal function in
the LSSA algorithm. To determine the phase relation between
the SKR, 5 kHz NB, and 20 kHz NB, we choose the time inter-
vals when the modulation power for all three emissions was
strong, from November 2008 to September 2009, as can be seen
in Fig. 3. During this time interval, the southern hemisphere
SKR modulation is weak, but the phase difference still gives
stable values.

In Fig. 4, the pink squares and the black points represent the
phase difference for the northern and southern hemispheres. The
leading angle between SKR and the 5 kHz NB is around 120◦ in
the present work (129.7◦ ± 26.6◦ in the north and 122.4◦ ± 26.6◦
in the south), as shown in panel a of Fig. 4. This difference,
compared to the previous work, could be due to the 5 kHz NB
data (zero-one series, see the method section) we used in this
work, which is different from the integrated intensities used in
the earlier work (Ye et al. 2010a). The phase relation shows that
the SKR leads the 5 kHz NB by around 120◦ (panel a), and it
leads the 20 kHz NB by around 180◦ (panel c), which means
that the SKR, 5 kHz NB, and 20 kHz NB are observed sequen-
tially according to the phase relation. The relative phase angles
between these three radio emissions were relatively stable during
the ten months between November 2008 and September 2009.
The point scatter in Fig. 4 is mostly distributed within a 50-
angle range with few exceptions. The phase differences in the
two hemispheres show a consistent variation, which implies that
the relative phase relations in the two hemispheres might fol-
low the same triggering sequence, even though the modulation
periods are different in the two hemispheres. The phase differ-
ences in panel b between the 5 and 20 kHz NBs are 55.3◦ in the
north and 107.2◦ in the south, and the latter is due to the out-
lier in the phases of the southern 20 kHz NB on 4 January 2009
caused by the weak modulation of the 20 kHz NB, as shown in
panel d of Fig. 3. The time lag between the observations of differ-
ent components could be estimated using the phase differences.
For SKR and 5 kHz NB, this is 120◦/360◦ × 10.6 h �3–4 h,
and for SKR and 20 kHz NB, it is 180◦/360◦ × 10.6 h � 5–6 h
(1 Saturn rotation is roughly 10.6 h).

For the first time, we report that these three radio emissions
show this kind of “phase-lock” relation (the relative phase rela-
tions remain the same) during these 10 months, which suggests
that the underlying magnetospheric physical processes triggering
these three radio emissions might be very similar or interrelated.
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Fig. 3. Least-squares spectral analysis spectrograms of Saturn radio emissions from 2004 to 2018. The color-coded spectrograms show the modula-
tion power as a function of universal time in the horizontal axis and the modulation rate in the vertical axis. Panels a–d respectively show the results
for the northern hemisphere SKR, the southern hemisphere SKR, the 5 kHz NB emissions (in both hemispheres), and the 20 kHz NB emissions (in
both hemispheres). Panel e shows the Cassini latitudes during its Saturn orbital journey. The green and orange lines are the northern and southern
SKR periods as derived by Ye et al. (2018). The blue and pink lines are the northern and southern PPO periods as derived by Provan et al. (2013,
2016, 2019).
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Fig. 4. Clock-phase difference of Saturn radio emissions. Panel a: relative phase between SKR and 5 kHz NB emissions in the northern (black)
and southern (pink) hemispheres. Panel b: relative phase between 5 kHz NB emissions and 20 kHz NB emissions. Panel c: relative phase between
SKR and 20 kHz NB emissions.

The phase lock can also be roughly identified in the electric field
spectrogram, as given in Fig. 5. The wave electric field spectro-
gram in panel a shows a roughly three-day observation of Cassini
RPWS. This observation was selected during the time interval
of Fig. 4 to give an intuitive illustration of the phase lock. The
phase lock can be approximately identified from the occurrence
order as indicated by the arrows in different colors in panel a.
We plotted the intensities at the frequencies of 71.2 kHz, 15 kHz,
and 5.1 kHz to give a more straightforward picture in panels b–d.
The three horizontal white lines in panel a mark these three fre-
quencies representing the intensity variations of SKR, 20 kHz

NB, and 5 kHz NB. We ordered the sequence of the phase rela-
tion in panels b–d. As indicated by the oblique red dashed lines,
a phase-lock relation can be observed. We note here that these
lines are different from the LSSA input time series that were
integrated over a large frequency range or the zero-one time
series (detailed in method section), and they were only adopted
to show the rough occurrence order. The detailed time lags for
these cases are not easy to identify directly from the time series
in panels b–d of Fig. 5, as the peak locations are not the averaged
ones but for the specific frequencies. The phase angle varies over
a small range, as indicated by the slight wobbling of the oblique
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Fig. 5. Relative phase of the Saturn radio emissions. Panel a: Cassini RPWS wave electric field spectrogram. The horizontal white dashed lines
mark the frequencies of 71.2 kHz (corresponding to SKR), 15 kHz (corresponding to 20 kHz NB), and 5.1 kHz (corresponding to 5 kHz NB),
which are used in the following panels to plot the frequency intensity versus time variation. The blue, pink, and black arrows in panel a indicate
the three radio emissions. Panels b–d: spectral density in units of dB above the background. The oblique red dashed lines depict the rough phase
relation between the three radio emissions. The peaks marked by the oblique red dashed lines correspond to the blue, pink, and black arrows in
panel a, which correspond to the main emissions of SKR, 5 kHz NB, and 20 kHz NB. The black shaded regions in panels b–d indicate the regions
that are polluted by the low-frequency extensions of SKR. The relatively constant relations shown suggest a phase-lock situation.

red lines. The overall phase relation is stable in the three-day
observation interval and consistent with Fig. 4 and supports a
phase-lock relation.

Due to a lack of stable observations of the SKR, 5 kHz
NB, and 20 kHz NB emissions, the phase relationship at other
time intervals cannot be determined from the LSSA method.
However, the SKR modulation power is much stronger than the
NB emissions, and there exists the longitude systems derived

from the SKR intensity modulation, such as the SLS5 (Ye et al.
2018). The zero degree of the sub-solar longitude in the SLS5
corresponds to the maxima of SKR intensity (Ye et al. 2018).
Therefore, the phase relation of these three radio components
from the LSSA results should be the same if we organized the
time series (occurrence longitude) of the NB emissions in the
SLS5 systems. The results are given in Fig. A.1, and they sug-
gest that the phase relation between the SKR and the 5 kHz NB
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is consistent with the LSSA results in Fig. 4, and it is likely to be
stable during the whole Cassini mission, whereas the features of
the 20 kHz NB emissions are not very obvious due to the lack of
observations.

We note here that this phase relation can sometimes change
temporarily, as indicated in Fig. A.2, and that the occurrence
sequence of the “phase-locked” radio components changed.
We refer to this phenomenon as the “disturbed phase lock”, or
“loss of phase lock”. These disturbed phase locks are usually
observed near the sudden enhancements of the SKR, which
could be related to strong magnetospheric dynamics, such
as the solar wind compression-induced hot plasma injection
(Jackman et al. 2009, 2010; Reed et al. 2018; Bunce et al. 2005).
A disturbed phase lock observed during the compression of the
solar wind in a previous study suggests this could be attributed
to the external influence on the magnetosphere (as indicated in
Fig. 2 of Jackman et al. 2009). In fact, a statistical study of the
“low-frequency extension” of SKR in a previous work (Reed
et al. 2018) has shown that the timing of the solar wind-related
SKR is poorly organized by the Saturnian longitude system that
is derived from the rotational modulation of the SKR, which
implies the occurrence sequence of the radio emissions can be
influenced by the external driver.

7. Discussion and conclusions

Many models have been proposed in order to explain the rota-
tional modulation phenomena observed at Saturn since their
discovery. The drivers of the modulation have been proposed to
be either in the thermosphere (e.g., the vortical flow of the zonal
wind; Smith 2011; Jia et al. 2012); ionosphere (e.g., the vari-
ation in Pederson conductivity; Gurnett et al. 2009a, 2010); or
magnetosphere ( e.g., the mass ejection of Enceladus, the inter-
action with Titan, and the oscillations of the plasma; Southwood
& Cowley 2014; Goldreich & Farmer 2007; Khurana et al. 2009;
Burch et al. 2008; Winglee et al. 2013). All these models require
the formation of large-scale FAC systems to account for the
modulation features observed in several studies (Hunt et al.
2014, 2015). The PPO current systems can be an ideal candi-
date to describe these phenomena (Andrews et al. 2010, 2019;
Southwood & Cowley 2014; Cowley & Provan 2017; Provan
et al. 2018). The simulation work of Jia et al. (2012) success-
fully reproduced many modulation features observed at Saturn
by introducing the twin-cell vortices within the atmosphere of
Saturn’s northern and southern polar regions, which drive the
FACs. The phase lock has the potential to serve as a valu-
able observation feature for remote monitoring of the large-scale
magnetospheric convection pattern.

The phase lock could be explained in the context of the gen-
eration mechanisms of the radio components and in combination
with the PPO current systems. The SKR has been shown to be
related to the upward FAC in the PPO current system, which is
connected to the partial ring current (Provan et al. 2009). The
FAC intensities observed in the northern hemisphere are well
modulated by the modulation period of the magnetic field and
are possibly related to the generation of SKR (Hunt et al. 2015).
The rotation of the FAC system directly gives rise to the modula-
tion of SKR, especially in conjunction with its passage through
the morning sector (Andrews et al. 2010; Provan et al. 2014;
Southwood & Cowley 2014; Southwood & Kivelson 2009). The
temporal and spatial variations of the SKR-FAC may be fur-
ther coupled to the reconnection-driven electron precipitation
processes.

The 5 kHz NB emissions are possibly generated at the inner
edge of the plasma torus and the high-latitude region close
to the SKR source region. Wing et al. (2020) found that the
5 kHz NB is well correlated with the so-called type-2 injection
(Mitchell et al. 2015), which is related to flux-tube interchange
in the inner magnetosphere (Hill 1976; Wing et al. 2022). The
interchange injections also build up the FACs and further trans-
port the particles, as shown by the study of Radioti et al. (2019).
The injections may lead to the intensifications of the PPO FACs,
and the injection-produced FACs may be further coupled to
the PPO current systems that drive by the twin-cell vortices in
the atmosphere (Andrews et al. 2012, 2019; Hunt et al. 2015;
Cowley & Provan 2017). The source plasma for the 20 kHz
NB could be transported in a similar way as for the 5 kHz
NB, but to different source locations due to the differences in
wave frequencies.

The explanation of the phase-lock or the occurrence
sequence can then be simplified into two scenarios: (1) the spa-
tial effect, where all the emissions are produced by rotating
upward FACs, and the phase lock is generated due to the visi-
bility effect from the radio source regions rotating together with
the FACs into the field of view of the spacecraft one-by-one, and
the (2) temporal effect, where the emissions prefer to be gener-
ated at different locations and are excited sequentially following
the phase-lock sequence as the FACs rotate through different LTs
(local times) and transport the source plasma to the radio source
regions.

For spatial effect scenario, the FACs’ systems at the polar
region usually consist of the upward and downward currents, as
shown in the magnetic field measurements (Provan et al. 2018;
Bradley et al. 2018; Andrews et al. 2010) and the simulations (Jia
et al. 2012). The two upward FACs, which transport the electrons
to the planet side are located on the two sides of the planet and
show asymmetries in location and intensity, for instance, Fig. 1
of Provan et al. (2018) and Fig. 2 of Jia et al. (2012). It is pos-
sible that SKR is produced via the upward FACs on one side of
the planet, and NB emissions are produced via the upward FACs
on the other side. We note that the upward FACs causing the
NB emissions would be located at lower L shells (compared to
the upward FACs of SKR). Hence, they could produce NB emis-
sions within 5 Rs (Saturn Radii), where the 5 and 20 kHz NB
emissions were found to be most intense (Wu et al. 2021). Strong
FACs were not only found at 15–20 Rs (where they might cause
SKR) but also closer to the planet. This is evidenced in Fig. 12
of Andrews et al. (2019), in which the north-south current den-
sity is plotted in Saturn’s equatorial plane. Then the phase lock
could be generated simply by the rotation of the current systems
as the favorable side of the upward FACs rotates into the field of
view of Cassini. This also implies no isotropic propagation, but
an angularly limited beaming of the NB emissions.

For the temporal effect scenario, the phase lock suggests that
the source regions of different radio components are activated
one after another as the FACs rotate and transport the hot plasma
to the source regions where the plasma environment favors the
excitation of the radio emissions, such as the well-known morn-
ingside peak of SKR (Lamy et al. 2009) is followed by the 5 kHz
NB and the 20 kHz NB. The NB emissions tend to be more fre-
quently observed on the duskside (Wang et al. 2010; Wu et al.
2021), corresponding to the FACs rotating from the morningside
to the duskside.

Numerous studies have indicated that the rotating beam mod-
ulation of SKR comes from the rotation of the PPO current
systems, while the strong morningside clock-like modulation of
SKR comes from the PPO current systems’ interaction with the
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localized upward currents (Provan et al. 2014, 2019; Andrews
et al. 2019; Southwood & Kivelson 2009), hence a combination
of scenario 1 and scenario 2. This could also be true for the NB
emissions because the visibilities of NB generally cover all LTs,
and the 5 kHz NB tends to be more frequently observed from a
spacecraft on the duskside (Wang et al. 2010; Wu et al. 2021).
Therefore, the phase lock of the radio emissions is possibly pro-
duced by the rotating FAC system and an LT preference for the
generation of the emissions when the FACs rotate to a certain
LT range. In principle, there are two different rotating PPO FAC
systems: one in the northern hemisphere and one in the southern
hemisphere, as reported by numerous studies (Provan et al. 2021;
Andrews et al. 2010; Hunt et al. 2014, 2015). Hence, for both sce-
narios, it is possible to have two different rotation periods at the
same time.

The phase differences or time lags can be used to estimate
either the angular distance of the FACs for the different radio
components (scenario 1) or the LT distribution of the radio
sources (scenario 2). For example, the ∼120◦ phase difference
between the SKR and 5 kHz NB would correspond to ∼120◦
angle distances between the SKR FACs and the NB FACs, or a
∼3–4 h time lag between the SKR source LT and the NB source
LT. The calculation of NB modulation suggests the clock-like
sources are dominant (scenario 2), and the co-rotation sources
are weaker (scenario 1) if compared to the clock-like sources.

The discussions above are based on the view from the FACs,
which could be driven by the vortices in the ionosphere or be
formed due to magnetospheric phenomena, such as reconnection
and interchange instabilities, or in a more complicated picture,
these phenomena could all be coupled together. That is, the
injections and/or interchange instabilities could have a local time
preference (Azari et al. 2019), the convection of the hot plasma
to the source region of radio emissions could take time, and the
process of which is controlled by the PPO current system in each
hemisphere is further influenced or controlled by the twin-cell
vortices in the atmosphere. The detailed plasma transportation
processes, for example, how these FACs are formed, how they
transport the hot plasma, and how these processes generate the
phase lock, are still unknown and are left to be explored in future
studies.

The relatively stable phase relation implies that this possible
plasma circulation process is similar to an intrinsic mode of the
whole magnetosphere. Hence, it suggests a regular large-scale
magnetospheric convection pattern. The occasionally observed
“disturbed phase lock” near the enhanced SKR suggests the
occurrence sequence could be temporarily changed due to an
external driver, such as the solar wind compression. Based on
these characteristics, we suggest that the occurrence sequence of
the radio emissions could be a good monitor to probe the plasma
circulation within the Saturnian magnetosphere.

To summarize, we analyzed the modulation of Saturn radio
emissions and compared the phase relationship between different
components. This work for the first time derived the rotational
modulation characteristics of the 20 kHz NB emissions at Sat-
urn, and it showed similar modulation features as those of the
5 kHz NB. In particular, the dual modulation rates observed
in one hemisphere could be explained by the Z-mode waves
crossing the hemisphere. The excitations of the radio emissions
are possibly related to the FACs, which could be driven by the
twin-vortex in the upper atmosphere or be formed via reconnec-
tion and interchange processes co-rotating with the planet. The
phase-lock relation between different radio components, which
probably reflect an LT preference in the plasma processes that
generate these emissions, could provide crucial constraints that

would aid in the understanding of the global magnetospheric
picture and the current circuit system.
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Appendix A:Narrowband emissions in Saturn
longitude system 5 and the disturbed phase lock

The LSSA calculation results suggest a stable phase relation dur-
ing the period from November 2008 to September 2009, which
implies a stable occurrence phase of these three radio com-
ponents. To further explore this point over the whole Cassini
mission, the time series of the 5 kHz NB and 20 kHz NB were
further organized as being a function of universal time and the
SKR derived longitude (SLS5) in Fig. A.1. The SLS5 longitude
system used in this work is derived from the long-term track-
ing of average SKR peak intensities ((Ye et al. 2018); the same
procedure is used in this work). The zero degree of sub-solar
longitude in SLS5 corresponds to the maxima of SKR intensity,
which usually peaks on the morning side (Ye et al. 2018). There-
fore, the phase relation of these three radio components from the
LSSA results should be the same if we organized the time series
of the NB emissions in the SLS5 systems.

As can be seen from Panels (a)-(b) in Fig. A.1, the hori-
zontal black lines (129.7◦±26.6◦ in the north, Panel (a), and
122.4◦±26.6◦ in the south, Panel (b), and the 360-degree shifts
of these values) are well aligned with the background color peak
regions, especially during 2008 to 2009 (when the modulation
power of NB emissions were stronger, as discussed in Fig. 3 and
Fig. 4), which means the 5 kHz NB emissions do occur in a
certain SKR phase range. It is possible that this phase relation
is stable during the whole Cassini mission, as suggested by the
weaker color peak from 2013 to the end of 2017 in Fig. A.1 Pan-
els (a), (b). Similar patterns were observed in Panel (d) for the 20
kHz NB emissions in the southern hemisphere. However, due to
a lack of observed cases for the 20 kHz NB emissions, no further
conclusions can be made here.

Figure A.2 gives an example of the occasionally observed
disturbed phase lock before the sudden enhancement of SKR.
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Fig. A.1. Occurrence phase of the NB emissions in SKR longitude systems. Panels (a)-(b) give the northern and southern hemisphere 5 kHz NB
emission occurrences in the SKR derived longitude systems (SLS5-N and SLS5-S). The color code represents the averaged occurrence of the NB
emissions in the corresponding time and longitude. The solid and dashed black lines represent the mean and one sigma deviation values derived in
Fig. 4. Two rotation periods of the results are shown in each panel in order to give clearer illustrations. The northern and southern events of both
the 5 kHz NB and 20 kHz NB are simply separated by choosing Lat > 0◦ or Lat <0◦. Panels (c)-(d) present the northern and southern hemisphere
20 kHz NB emission occurrences in the SKR derived longitude systems (SLS5-N and SLS5-S). Panel (e) shows the Cassini latitude from 2004 to
2017.
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Fig. A.2. Phase-lock observation in the same format as Fig. 5 in the manuscript. The observation is from 29 August 2012 to 2 September 2012. The
blue dashed line shows the “disturbed phase lock” or “loss of phase lock” feature. The occurrence sequence of the radio component changes from
the “typical” phase-lock sequence. The “disturbed” feature could be due to the external influence of the magnetosphere, as indicated by the later
enhancement of the SKR.
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