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A B S T R A C T

Non-thermal radio emissions from Saturn, known as Saturn Kilometric Radiation (SKR), are analyzed for
the Faraday rotation effect detected in Cassini RPWS High Frequency Receiver (HFR) observations. This
phenomenon, which mainly affects the lower-frequency part of SKR below 200 kHz, is characterized by
a rotation of the semi-major axis of the SKR polarization ellipse as a function of frequency during wave
propagation through a birefringent plasma medium. Faraday rotation is found in 4.1% of all HFR data recorded
by Cassini above 20 degrees northern and southern magnetic latitude, from mid-2004 to late 2017. A statistical
visibility analysis shows that elliptically polarized SKR from the dawn source regions, when beamed toward
high latitudes into the noon and afternoon local time sectors, is most likely to experience Faraday rotation
along the ray path. The necessary conditions for Faraday rotation are discussed in terms of birefringent media
and sharp plasma density gradients, where SKR (mostly R-X mode) gets split into the two circularly polarized
modes R-X and L-O. By means of a case study we also demonstrate how Faraday rotation provides an estimate
for the average plasma density along the ray path.
1. Introduction

Saturn kilometric radiation (SKR) is a strong non-thermal radio
emission that is generated by unstable electron populations inside the
magnetosphere of Saturn (Kaiser et al., 1980; Warwick et al., 1981;
Lamy, 2017). Radio sources are distributed along auroral magnetic field
lines at radial distances of 1.1𝑅S < 𝑟 < 6RS (1𝑅S = 60 268 km). There
is a direct connection between the intensity of SKR and the brightness
of Saturn’s auroral oval in ultraviolet and infrared light (Kurth et al.,
2005; Lamy et al., 2009, 2013). Amplified SKR frequencies are at or
slightly below the local electron cyclotron frequency, 𝑓𝑐 , inside the
source region, spanning over a total frequency range of ∼1 kHz to
∼1.2 MHz. In general, a mechanism known as the ‘‘cyclotron maser
instability’’ (CMI) is responsible for amplification of radio waves at
the expense of electron kinetic energy under conditions of electron
cyclotron resonance (Wu and Lee, 1979). The resonance condition is
fulfilled by mildly relativistic electrons at energies of a few keV that are
part of a ring-type or shell distribution in velocity space (Mutel et al.,
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2010). Positive wave growth rates are achieved inside low density
plasma regions where the ratio of electron plasma frequency, 𝑓𝑝, to
cyclotron frequency corresponds to 𝑓𝑝∕𝑓𝑐 < 0.1 (Lamy et al., 2010;
Kurth et al., 2011; Menietti et al., 2011; Lamy et al., 2018). The same
mechanism also acts at the other radio planets of our solar system,
i.e., at Earth, Jupiter, Uranus and Neptune (Zarka, 1998).

Once generated, SKR is propagating either in the R-X mode or the
L-O mode (Lamy et al., 2008). The initial polarization at the source
is nearly linear (Lamy et al., 2011), but gets gradually shifted from
linear toward circular at greater distances. When beamed toward higher
latitudes, it was found that elliptically polarized parts remain present
among emission that has become already almost 100% circular (Fischer
et al., 2009). This phenomenon is known as ‘‘limiting polarization’’
(Budden, 1952; Hayes, 1971) that occurs when an electromagnetic
wave enters a region of very low plasma density (free space). Coupling
among the possible modes of propagation prevents the wave from
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Fig. 1. (a) Illustration of an elliptically polarized plane wave (X-mode) propagating through a birefringent medium. Gray shades shall indicate plasma density. The sharp transition
from dark to light shades marks a discontinuity in the plasma, where the ray splits into an R-mode and an L-mode. Results for a superposition of R-mode and L-mode in terms
of (b) ellipticity and (c) rotation angle 𝜃𝐹 are plotted as a function of relative wave power (𝑥-axis) and phase shift (𝑦-axis).
adapting its polarization to the local plasma conditions. In case of an
X-mode as a primary wave, part of the wave’s energy converts into an
O-mode, and the coupling between both modes keeps the polarization
constant, i.e., elliptical. Before the zone of limiting polarization is
reached, the linear part of elliptically polarized SKR can be susceptible
to the Faraday rotation effect, which becomes apparent as a rotation
of the axis of linear polarization as a function of frequency. Most
evidence for a natural occurrence of Faraday rotation comes from
ground-based observations on Earth’s surface, where radio waves from
extraterrestrial sources first need to pass through Earth’s ionosphere
and plasmasphere, thereby experiencing strong Faraday rotation along
the ray path (Warwick and Dulk, 1964; Goertz, 1974; Lecacheux et al.,
1991; Ladreiter et al., 1995; Oberoi and Lonsdale, 2012).

In case of an elliptically polarized wave, Faraday rotation manifests
itself as a change of the orientation of the semi-major axis of the
polarization ellipse. This scenario is sketched in Fig. 1a. As elliptically
polarized SKR encounters a discontinuity in the plasma, e.g., a sharp
density gradient, it splits into two circularly polarized modes of oppo-
site sense: a right-hand circularly polarized R-mode, and a left-hand
circularly polarized L-mode. The splitting of one incident mode into
two modes can again be described by the theory of mode coupling,
but is now of a different kind than the one responsible for the limiting
polarization mentioned above (see e.g., Cheng and Fung, 1977, Fung
and Cheng, 1977, or Budden, 1985). After passing through the density
gradient, the two modes continue to propagate through a medium
which is slowly varying with distance, where mode coupling is negligi-
ble, and which is said to be ‘‘birefringent’’, i.e., it provides significantly
different refractive indices for different wave modes. Furthermore, for
Faraday rotation to occur, the ambient magnetic field, 𝐁𝟎, needs to
be oriented parallel or quasi-parallel to the wave vectors so that both
modes remain circularly polarized during propagation. In Fig. 1a, the
R-mode and L-mode are sketched to superpose again at some distance
𝑧 to the entry point. By superposition we mean a sum of electric and
magnetic fields. The location of superposition can either be the point
where the medium loses its birefringent properties, e.g., the rays enter
the zone of limiting polarization and free space afterwards, or it can be
the point of measurement at the antenna system of Cassini. Along the
distance 𝑧, the R-mode and L-mode accumulate a phase shift relative to
each other due to different phase velocities in the birefringent medium.
Upon superposition, the phase shift manifests itself as a rotation of the
2

linear axis of polarization of the resulting wave relative to its initial
orientation. This is illustrated on the right-hand side of Fig. 1a. In case
of elliptically polarized SKR, the rotation is applied to the semi-major
axis of the polarization ellipse. The Faraday rotation angle is indicated
by 𝜃𝐹 .

The classical scenario deals with R-mode and L-mode waves of
equal power. Their product of superposition is linearly polarized (see
also dotted line in Fig. 1b), and the Faraday rotation angle 𝜃𝐹 can be
analytically derived as (Bittencourt, 2004)

𝜃𝐹 =
𝛥𝜙𝑅,𝐿

2
=

𝑧 (𝑘𝐿 − 𝑘𝑅)
2

. (1)

The phase shift 𝛥𝜙𝑅,𝐿 depends on the propagation distance 𝑧 and
on the wave numbers 𝑘𝐿 and 𝑘𝑅 of the L-mode and the R-mode,
respectively. The wave numbers are defined through the dispersion
relation. Inserting wave numbers for a cold plasma and using a quasi-
parallel approximation (𝐤 ∼∥ 𝐁𝟎, 𝑓 ≫ 𝑓𝑐 , 𝑓 ≫ 𝑓𝑝) (Gurnett and
Bhattacharjee, 2017; Thompson et al., 2017), one gets

𝜃𝐹 = 𝑒3

8𝜋2 𝜀0 𝑚2
𝑒 𝑐 𝑓 2 ∫

𝑧

0
𝑛𝑒(𝑧)𝐵0(𝑧) cos 𝜃𝑘 𝑑𝑧 . (2)

As can be seen, 𝜃𝐹 depends on the integrated electron density 𝑛𝑒, the
magnetic field strength 𝐵0 and the cosine of the wave normal angle 𝜃𝑘
along the ray path. Furthermore, 𝜃𝐹 has a dependence on 1∕𝑓 2, where
𝑓 is the wave frequency. All other quantities in Eq. (2) are constants: 𝑒
and 𝑚𝑒 are charge and rest mass of an electron, respectively, and 𝑐 and
𝜀0 are the speed of light and the permittivity in vacuum, respectively.

The quasi-parallel approximation from Eq. (2) is based on the
assumption of small 𝜃𝑘 and a wave frequency that is significantly larger
than 𝑓𝑝 and 𝑓𝑐 . An 𝑓𝑆𝐾𝑅 ≫ 𝑓𝑝 is definitely fulfilled close to the
SKR source region and throughout the high-latitude magnetosphere
of Saturn. An 𝑓𝑆𝐾𝑅 ≫ 𝑓𝑐 is only justified at a sufficient distance to
the source. However, as will be discussed later, the purpose of this
study is not to derive a precise absolute rotation angle for a single
frequency, but to interpret relative rotation angles across a broader
range of frequencies. For that purpose, the quasi-parallel approximation
from Eq. (2) is sufficient.

A dependence of 𝜃𝐹 on frequency will generate a regular modulation
of intensity as a function of frequency in a linearly polarized antenna
(monopole or dipole, stably mounted), or in the cross-spectral power
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Fig. 2. A summary of Cassini RPWS/HFR observations in 2-antenna mode from February 1, 2007. (a) Auto-power spectral density in the dipole antenna, (b) auto-power spectral
density in the 𝑤-antenna, (c) real part (including Faraday fringes) and (d) imaginary part of the cross-power spectral density between both antennas. Time and spacecraft coordinates
(kronographic) are given at the bottom. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
between two linear antennas. These spectral modulations are often
referred to as ‘‘Faraday fringes’’. An example is presented in Fig. 2. In
principle, a measurement of 𝜃𝐹 , together with the knowledge of the
ray’s exact path between the entry point and the exit point from the
birefringent medium, allows one to infer the original orientation angle,
𝜃𝐹0, of the polarization ellipse at the entry point. Matters simplify
further if we can assume that all frequency components of a broad-
band emission took an identical path through the medium and that
they started with approximately identical orientation angles. Then, an
extrapolation of the measured [𝑓, 𝜃 ]-curve to 𝑓 → ∞ directly yields an
3

𝐹

estimate for 𝜃𝐹0 (Boudjada and Lecacheux, 1991). However, significant
fluctuations in the retrieved 𝜃𝐹 -values due to a violation of the assump-
tions mentioned above often do prevent a reliable determination of 𝜃𝐹0
(Ladreiter et al., 1995).

For a proper description of Faraday rotation in elliptically polarized
SKR, one might assume that the classical scenario cannot be applied
because of its limitation to linearly polarized waves. However, it can
be shown that a superposition of R-mode and L-mode waves will result
in an elliptically polarized wave if both modes are not of equal but of
different power. Figs. 1b,c present results from a numerical simulation
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of a superposition of R-mode and L-mode, which are both modeled
as circularly polarized plane waves. The shape and orientation of the
polarization ellipse as a result of superposition are analyzed in terms of
the relative wave power and the relative phase shift between R-mode
and L-mode. As can be seen from the ellipticity in Fig. 1b, the stronger
mode defines the sense of polarization of the superposition product.
The ellipticity corresponds to the ratio of semi-minor to semi-major axis
of the polarization ellipse, and its sign specifies right-handed (> 0) or
eft-handed (< 0). Equal powers of R-mode and L-mode will result in
linearly polarized wave (ellipticity = 0; white color). In order to get
H-polarized X-mode SKR, the R-mode needs to be stronger than the L-
ode upon superposition. Fig. 1c demonstrates that the rotation angle
𝐹 is only a function of phase shift, but not of relative power. Thus,
qs. (1) and (2) can be directly applied to the elliptically polarized
cenario as well.

First detections of Faraday rotation in SKR have been noted by
ecacheux (2011). The present work constitutes the first comprehensive
nalysis in this context. In Section 2, the Cassini instruments and
elevant data products are briefly discussed. Section 3 presents results
rom a statistical analysis of all Faraday rotation events which have
een detected during Cassini’s orbital phase of the mission. A model
or the necessary source–observer geometry is discussed in Section 4,
hich is then compared to results from a goniopolarimetric study in
ection 5. This section also demonstrates a technique for deriving an
stimate of the plasma density along the SKR ray path. Section 6
inishes with the conclusions.

. Dataset and methodology

The Cassini spacecraft is equipped with three 10 m long electric
onopole antennas named 𝑢, 𝑣 and 𝑤. The tri-axial antenna system,

ogether with a set of different receivers, forms the Radio and Plasma
ave Science (RPWS) investigation (Gurnett et al., 2004) for analyzing

KR across its entire frequency range. We will focus our analysis on
ata obtained by the High Frequency Receiver (HFR) system (Cecconi
t al., 2017a). The RPWS instrument can either be operated in a 2-
ntenna mode (survey mode) or a 3-antenna mode (goniopolarimetric
ode). In the 2-antenna mode, the voltages 𝑉𝑢 and 𝑉𝑣, which are
easured along the 𝑢 and the 𝑣 antenna, respectively, are combined

o a virtual dipole 𝑉𝐷 = 𝑉𝑢 − 𝑉𝑣 which provides better sensitivity and
mproved noise characteristics. The signal 𝑉𝑤 from the 𝑤-antenna is
lways available.

Assuming SKR to propagate as a plane wave that is measured at a
ufficient distance from the source region, the wave’s polarization state
an be expressed in terms of the two-dimensional Stokes parameters
, 𝑄, 𝑈 and 𝑉 (Cecconi and Zarka, 2005; Taubenschuss and Santolík,
019). Note that Stokes-𝑉 should not be confused with voltage from
n antenna. These four Stokes parameters can be defined in the wave-
rame, which has a 𝑧-axis that points along the direction of the wave
ector 𝐤. The polarization ellipse lies inside the [𝑥, 𝑦]-plane of the wave-
rame, with the semi-major axis rotated with respect to the 𝑥-axis about
he angle 𝜏. This angle also includes a possible Faraday rotation angle
𝐹 . 𝜏 is computed from the two Stokes parameters 𝑈 and 𝑄 as

= 0.5 arctan(𝑈∕𝑄) . (3)

is measured as a difference of electric auto-power spectral density
long the 𝑥-axis and the 𝑦-axis, i.e.,

= ⟨𝐸𝑥 𝐸
∗
𝑥⟩ − ⟨𝐸𝑦 𝐸

∗
𝑦 ⟩ . (4)

he complex electric amplitudes 𝐸𝑥 and 𝐸𝑦 are connected to the
easured voltages via the antenna effective length vectors (Vogl et al.,
004). The parentheses ⟨…⟩ in Eq. (4) indicate spectral averaging, and
∗-symbol denotes the complex conjugate. The Stokes parameter 𝑈 is
roportional to the real part of the cross-spectral power between 𝐸𝑥
nd 𝐸𝑦:

= 2ℜ⟨𝐸 𝐸∗
⟩ . (5)
4

𝑥 𝑦 d
For getting a first evidence for the presence of Faraday rotation in
SKR, it is actually sufficient to just investigate the quantity ℜ⟨𝐸𝑥 𝐸∗

𝑦 ⟩.
Furthermore, it is sufficient to use directly measured voltages and
their cross-spectral products, without a transformation into electric
amplitudes inside the wave-frame. 𝐸𝑦 is replaced with the Fourier-
transformed 𝑉𝑤 from the 𝑤-antenna. 𝐸𝑥 can either be the voltage from
he 𝑢-antenna, the 𝑣-antenna, or the dipole antenna. Systematic varia-
ions in ℜ⟨𝑉𝑢 𝑉 ∗

𝑤⟩, ℜ⟨𝑉𝑣 𝑉 ∗
𝑤⟩ and ℜ⟨𝑉𝐷 𝑉 ∗

𝑤⟩ as a function of frequency
should clearly indicate the presence of the Faraday rotation effect.

An example for Faraday rotation in SKR is presented in Fig. 2. It
shows, from top to bottom, auto-power spectral density in (a) the dipole
antenna ⟨𝑉𝐷 𝑉 ∗

𝐷⟩ and (b) the 𝑤-antenna ⟨𝑉𝑤 𝑉 ∗
𝑤⟩, as well as (c) the

eal part ℜ⟨𝑉𝐷 𝑉 ∗
𝑤⟩ and (d) the imaginary part ℑ⟨𝑉𝐷 𝑉 ∗

𝑤⟩ of the cross-
pectral power between both antennas. SKR is visible as intense emis-
ion above ∼7 kHz and up to ∼900 kHz. A closer inspection of Fig. 2c
eveals that ℜ⟨𝑉𝐷 𝑉 ∗

𝑤⟩ undergoes systematic oscillations as a function of
requency between 7 and 30 kHz. Changes from positive (red) to neg-
tive (blue) values and vice versa indicate changes in the orientation
ngle 𝜏 of the polarization ellipse. It should be noted that ℜ⟨𝑉𝐷 𝑉 ∗

𝑤⟩ is
ultiplied with the normalization factor 1∕

√

⟨𝑉𝐷 𝑉 ∗
𝐷⟩ ⟨𝑉𝑤 𝑉 ∗

𝑤⟩ in order
to transform values into the range −1 to +1.

The systematic variations seen here in ℜ⟨𝑉𝐷 𝑉 ∗
𝑤⟩ are the Faraday

fringes. They should also manifest themselves as variations in intensity
in Fig. 2a and Fig. 2b, causing variations in the Stokes parameter 𝑄
from Eq. (4). However, this is barely visible in Fig. 2a,b because natural
intensity fluctuations of SKR seen in one antenna stretch over a much
larger dynamic range.

Above 30 kHz, ℜ⟨𝑉𝐷 𝑉 ∗
𝑤⟩ is mostly close to zero (white color),

except a few banded SKR structures seen after 16:00 SCET above
100 kHz. Some of these bands, as well as the low-frequency part of
SKR at 𝑓 < 30 kHz including the Faraday fringes, are elliptically
polarized. The rest belongs to circularly polarized SKR. In fact, the
degree of circular polarization can be estimated from Fig. 2d since it is
proportional to ℑ⟨𝑉𝐷 𝑉 ∗

𝑤⟩. Due to the momentary orientation of Cassini
(magnetometer boom pointing away from Saturn) and its position at
southern kronographic (KG) latitudes of −57◦ to −53◦, X-mode SKR
emitted from the southern auroral region is seen with an ℑ⟨𝑉𝐷 𝑉 ∗

𝑤⟩ < 0
blue shades). The banded emissions below 10 kHz with ℑ⟨𝑉𝐷 𝑉 ∗

𝑤⟩ > 0
red shades) are ‘‘narrowband’’ emissions, which are propagating in the
-mode at frequencies above the local electron cyclotron and plasma

requency (Ye et al., 2009).

. Statistical visibility analysis

The Faraday rotation effect in SKR is sporadically visible during 159
ut of 293 orbits of Cassini around Saturn during the years 2004–2017.
total number of 611 individual events are identified, which fulfill

he property of continuous visibility of Faraday fringes in SKR dynamic
pectra. Fringe patterns are especially clearly visible in the normalized
eal part of the cross-spectral power between two antennas because
his quantity is directly proportional to the Stokes parameter 𝑈 and
urthermore to 𝜏 (see also Eqs. (3) and (5)). Hereafter, these ‘‘Faraday
otation events’’ will be abbreviated as FREs. They have been identified
anually by browsing through all available Cassini RPWS/HFR data.
he final number of 611 events is the result of already excluding
nclear or questionable cases from a larger pool of 1050 events. We
emand a clear visibility of fringe patterns for more than 10 min and
minimum of two full fringe modulation periods along the frequency

xis.

.1. Time and frequency

Statistical results on the time and frequency behavior of FREs are
resented in Fig. 3. The entire spectral region covered by SKR emission
s indicated by a gray shaded area in Fig. 3a, and parts affected by Fara-

ay rotation are highlighted by colored horizontal lines (the fringes).
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Fig. 3. (a) Sketch of an FRE (Faraday Rotation Event) observed in an SKR dynamic spectrum, (b) occurrence distribution of time duration 𝛥𝑇 for all events, and (c) occurrence
distribution of instantaneous frequency bandwidth 𝛥𝐹 (red) and instantaneous middle frequency 𝐹𝑚 (blue) for all events. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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For each event, its duration 𝛥𝑇 , its instantaneous frequency bandwidth
𝛥𝐹 and its instantaneous middle frequency 𝐹𝑚 are recorded. These
hree parameters characterize the spectral area covered by Faraday
ringes. One event yields one value for 𝛥𝑇 but many values for 𝛥𝐹 and
𝑚 at each instant in time. In order to account for different temporal
esolutions used for HFR recordings throughout the Cassini mission,
canned values across all events are interpolated to a common time
xis with 6 s resolution, which is lower than the best possible resolution
f 8 s found in our dataset. This ensures that derived count rates are
ndependent of the instrumental mode of observation.

Fig. 3b shows the occurrence distribution of 𝛥𝑇 . FREs typically last
ne hour, with their number exponentially decreasing toward longer
bservation intervals. Rare events have been found with a continuous
isibility of Faraday fringes for up to 13 h, i.e., for more than one full
lanetary rotation (∼10.7 h). Summing over 𝛥𝑇 from all 611 events
ields a total time of ∼1500 h. A normalization to the total time Cassini
pent in orbit around Saturn results in an average occurrence rate of
erely 1.3%. This number can be increased up to 4.1% when consider-

ng only high latitude passes, i.e., when Cassini is above ∼20◦ northern
nd southern latitude. The latitudinal dependence of occurrence will be
iscussed in more detail in Section 3.2. For now, we can conclude that
REs are a truly rare phenomenon.

Fig. 3c is a histogram of occurrences for the frequency-related
arameters 𝐹𝑚 and 𝛥𝐹 . Note that the numbers shown along the 𝑦-axis
n Fig. 3c do not correspond to the number of events anymore, as is
he case in Fig. 3b, but they correspond to the number of 6 s-instances
n time. As can be seen, Faraday fringes are most commonly found in
he lower frequency range of SKR, with 𝐹𝑚-occurrences peaking around
0 kHz (see blue line in Fig. 3c). Maximum SKR frequencies that can
et modulated by Faraday fringes are found up to 1 MHz, i.e., close
o the upper frequency cutoff of SKR. The red line, which depicts the
ccurrence distribution of 𝛥𝐹 , has a very similar profile to that of
𝑚. It indicates that 𝛥𝐹 tends to be proportional to 𝐹𝑚, with Faraday

fringes covering a larger range at higher frequencies, and becoming
more narrow at lower frequencies. Of course, 𝐹𝑚 +𝛥𝐹∕2 never exceeds
he upper frequency cutoff of SKR at about 1.2 MHz.

.2. Orbital position of Cassini

The occurrence rate of FREs from the perspective of Cassini is
nvestigated in terms of the following trajectory parameters: radial
istance, latitude, local time and SLS5 longitude of Cassini. We choose
oordinates from the non-spinning kronographic (KG) system ([𝑥, 𝑧]-
lane contains the direction toward the sun) because this system has a
5

-axis that is closely aligned with Saturn’s magnetic dipole axis. Results
re summarized in Fig. 4.

The central panel of Fig. 4a is a 2-dimensional histogram showing
he occurrence of FREs in dependence of Cassini’s local time (𝑥-axis)
nd latitude (𝑦-axis). The color in each bin represents an occurrence
hich is computed from the amount of time Cassini observes FREs,
nd normalized by the total amount of time Cassini spent in the bin.
t is fairly obvious from Fig. 4a that FREs are visible only for an
bserver located above ∼20◦ latitude. A 1D-histogram for occurrence
ith latitude is plotted on the right-hand side of Fig. 4a (aligned
ertically). Absolute count rates of FREs in the northern hemisphere are
igher than in the southern hemisphere, but since Cassini spent more
ime in the northern hemisphere during its mission, a normalization
ields a higher occurrence in the southern hemisphere (see red vertical
istogram). Absolute count rates with regard to latitude are illustrated
n Fig. 4c. Counts are converted to the amount of time for which
REs are visible in each bin. Fig. 4c is an accumulation of meridional
lanes across all local times. As can be seen, FREs are most frequent
n SKR that is beamed toward ∼45◦ latitude in both hemispheres.
urthermore, most FREs are observed inside 20RS radial distance, with

detections as close as 𝑟 ∼ 1.6RS, but also as far out as 𝑟 ∼ 70RS. With
regard to latitude, an upper limit of ∼72◦ is explained by the fact that
Cassini’s orbits did not reach beyond that point. A lower limit of LAT ∼
20◦ is most probably due to SKR becoming almost 100% circularly
polarized below that latitudinal threshold. Faraday rotation becomes
invisible inside radiation that has no degree of linear polarization. The
latitudinal threshold from this study is roughly in line with Fischer
et al. (2009) who found elliptical SKR polarization mainly above 30◦
in latitude from a more limited data set of Cassini’s first episode of
high-latitude excursions.

Besides a strong dependence on latitude, FRE occurrence also ex-
hibits a structuring with local time. From the bottom and top panels in
Fig. 4a we see that occurrences are clearly higher in the noon/afternoon
sector in both hemispheres. This is also evident in Fig. 4d and Fig. 4e
when looking at the absolute count rates (visibility times). It should
be noted that the gap in FRE occurrence seen around 13:00–14:00
LT in the southern hemisphere is indeed an artifact of Cassini’s orbit
geometry, meaning that Cassini spent almost no time at high southern
latitudes within this limited LT-sector. For all other LT-sectors we have
plenty of observation time available, and any remaining asymmetry
in the data, especially after normalization of absolute count rates,
should reflect the intrinsic occurrence of FREs. FREs are indeed more
frequently observed on the dayside, with a strong preference toward
the noon/afternoon sector. This peculiarity will be further discussed in
Section 4 in connection with the special SKR beaming geometry and
the ability of SKR to illuminate Saturn’s high-latitude magnetosphere.
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Fig. 4. Distribution of FREs in the non-spinning kronographic (KG) coordinate system, as a function of (a) local time and latitude, (b) SLS5 longitude, and (c) 𝜌 (=
√

𝑋2 + 𝑌 2) and
𝑍 inside the meridional plane. (d, e) A projection of distributions onto the equatorial plane for observations in the northern and southern hemisphere, respectively. Absolute count
rates are given in hours (visibility time) and relative counts are given in percent (visibility times normalized to the total time Cassini spent in a bin). In (d,e), the magnetopause
and the bow shock for average solar wind conditions are indicated by dashed and dotted lines, respectively (Kanani et al., 2010; Went et al., 2011).
Finally, we comment on a possible dependence with longitude. The
newest rotating longitude system available is the SLS5 system from Ye
et al. (2018). This system takes into account two different periods in
the northern and southern hemispheres with which SKR power from the
main source on the morning side is modulated in a clock-like fashion.
Both periods are interpreted as independent rotation periods for the two
hemispheres of Saturn. Since Faraday rotation is observed only when
Cassini is at medium to high latitudes, it is easy to attribute observa-
tions to either the northern or southern SLS5 system by assuming that
the hemisphere of the SKR source region is identical to the hemisphere
of SKR observation from that very same source region. This task would
be difficult from a vantage point close to the equatorial plane where
SKR from both hemispheres is simultaneously visible. Fig. 4b shows
that there is a shallow modulation of visibility time with SLS5 longitude
at the position of the spacecraft. The phase of modulation is almost the
same in both hemispheres. FRE occurrence peaks when an SLS5 ∼ 320◦

is pointing toward Cassini. This peak must be interpreted in terms of
the zero-level of the SLS5 system. For each full rotation, SLS5 = 0◦ is
calibrated to the longitude at the subsolar point while SKR is reaching
its peak power. So, an SLS5 ∼ 320◦ at Cassini probably means that FREs
are preferentially observed while SKR passes through its phase of peak
power. During that time, Cassini is not always exactly positioned at the
subsolar point, otherwise a peak in FRE occurrence would be evident
6

at SLS5 ∼ 0◦. The fact that FRE occurrence peaks at SLS5 ∼ 320◦

means that Cassini is usually positioned a little bit beyond noon, i.e., in
the afternoon sector, where SLS5 < 0◦. This correlates well with the
occurrence in local time presented in Fig. 4a,d,e. So, a modulation of
FRE occurrence with SLS5 longitude seems to result from a rotational
modulation of SKR intensity, with FREs being more frequently observed
in more powerful SKR emission.

Along with SKR intensity, rotational modulations have also been
found in magnetic field and plasma observations. These are commonly
referred to as ‘‘planetary period oscillations’’ (for a review see Carbary
and Mitchell, 2013). The variation of FRE occurrence seen in Fig. 4b
suggests that the essential conditions for Faraday rotation, i.e., the
presence of a sharp density gradient and a birefringent medium, might
be prone to rotational modulations as well. We will discuss this issue
further in Section 6 in connection with theories for the origin of strong
density gradients found at high latitudes (Gurnett et al., 2010; Thomsen
et al., 2015a).

3.3. Long-term variations

Fig. 5a is a summary of 11 years of FRE observations in SKR, from
the first detections by Cassini in September 2006 until the end of the
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Fig. 5. (a) Histograms for FREs as a function of time for the northern (blue) and southern (red) hemisphere observations. The bin size is 100 days. Cassini’s KG-latitude is plotted
in gray in the background (see axis on the right-hand side). (b) KG-latitude of Cassini versus local time for two selected time periods: November 2007 until September 2009 (blue)
and July 2012 until February 2015 (yellow/orange/red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
mission in September 2017. Histograms for FRE occurrence are sepa-
rated with regard to the hemisphere of observation, i.e., with regard to
the hemisphere of the corresponding SKR source region. The histogram
for northern hemisphere data is shown in blue color, and southern
hemisphere data are in red. As already pointed out earlier, there is
a clear correspondence between the visibility of FREs and Cassini’s
magnetic latitude. The latter is included in Fig. 5a in gray color. There
are four major episodes of high-latitude excursions visible, and Faraday
rotation has been observed during all of them. The histogram for the
northern hemisphere indicates more FREs before equinox (August 11,
2009; dashed vertical line), i.e., during northern winter. After equinox,
the situation seems to reverse, with FREs detected more frequently in
the southern hemisphere. This may imply that FREs are following a
seasonal trend and that the momentary winter hemisphere is producing
more FREs than the spring/summer hemisphere. However, such a result
is surprising because ionospheric conductivities and associated auroral
currents and SKR intensities are expected to be stronger during summer
conditions (Kimura et al., 2013; Bradley et al., 2018; Hunt et al.,
2018; Nakamura et al., 2019). This issue will be discussed in more
detail in Section 6. In the following, we want to provide evidence
that a putative seasonal variation can as well be attributed to an
orbital selection effect. It has been shown in Fig. 4a and d that there
is a strong accumulation of FREs in the noon/afternoon local time
sectors. The KG-latitude of Cassini as a function of local time is plotted
in Fig. 5b. Data from two intervals of increased FRE occurrence are
picked: the interval from the end of 2007 until the middle of 2009,
which is before/at equinox (blue shades), and the interval from the
middle of 2012 until the beginning of 2015, which is after equinox
(yellow/orange/red shades). As can be seen, a higher occurrence rate
of FREs in the northern hemisphere before equinox is linked to a
7

dominant coverage of the noon/afternoon LT-sector with high northern
latitudinal positions of Cassini. On the other hand, southern hemisphere
observations are performed inside the dawn LT-sector, where FREs are
rare. After equinox, the geometry of Cassini’s orbits has been gradually
changing, so that after 2012, the afternoon sector was predominantly
observed from high southern latitudes. Consequently, the occurrence
rate of FREs for southern hemisphere observations is increasing. The
reasons for a strong orbital bias with latitude and local time will be
discussed in Section 4 in terms of the special beaming geometry of SKR.

3.4. Frequency and position

We also investigate if there is a possible connection between the
position of Cassini and the instantaneous range of frequencies which
are affected by Faraday rotation. Fig. 6a is similar to Fig. 4c, except
that meridional planes from both hemispheres are merged, and colors
indicate the arithmetic mean value of the middle frequency 𝐹𝑚 in each
bin. Dipole field lines at L-shells of 5, 15 and 30 are overplotted in
purple color. Fig. 6b is a restructuring of bins with radial distance and
northern and southern latitudes. The 𝑥-axis is chosen to be logarithmic
for showing finer details at smaller radial distances.

Since FREs at low frequencies are clearly outweighing those at
higher frequencies (see also Fig. 3c), most of the bins in Fig. 6 contain a
mean 𝐹𝑚 below ∼200 kHz (blue shades). A closer look at Fig. 6b suggests
some systematic structuring with dipole L-shell, i.e., 𝐹𝑚 seems to be
gradually decreasing across the indicated field lines while moving away
from Saturn. We will discuss this feature in more detail in Section 4 in
terms of the special beaming geometry of auroral X-mode SKR. Inside
a radial distance of ∼10 RS, the lower latitude boundary of the region
where FREs become visible is gradually shifting from LAT = 20◦ to
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Fig. 6. Binning of the middle frequency 𝐹𝑚 of FREs (a) as a function of 𝜌 and |𝑍| (meridional plane) and (b) as a function of radial distance and latitude (KG coordinates). The
mean value of 𝐹𝑚 per bin is shown in rainbow colors. Bin sizes are (a) 2∕3RS × 2∕3RS and (b) ln(10) 0.05 𝑟 [RS] × 5◦, respectively. Purple lines indicate dipole field lines at L-shells
of 5, 15 and 30. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
higher values while approaching the planet. This restricts the region
of probable density structures, that allow the propagation medium to
become birefringent, to a volume of L > 5.

4. Beaming and viewing geometry

In the following we attempt to reconstruct the necessary view-
ing geometry between the SKR source region and Cassini in order
to better understand the observed occurrence distributions of FREs
from Section 3. One possible method of analysis for such a task is
direction finding (goniopolarimetry), by following a straight ray from
the position of Cassini back to the SKR source region. This technique
will be utilized in the frame of a case study later on in Section 5. Here,
we are going to test a more simple approach first, by assuming a fixed
location of the radio source and investigating those rays along which
Faraday rotation has been observed. A selection of SKR-rays that belong
to FREs is achieved via the meridional distribution of frequencies as
presented in Fig. 6a. First, the setup of the model and the choice of
relevant parameters will be explained.

As a starting point we assume an auroral magnetic field line from
a dipole model at an L-shell of 15. Along this field line, active radio
sources (point sources for simplicity) shall emit X-mode SKR at a
frequency which closely matches the local electron cyclotron frequency
as a consequence of the cyclotron maser mechanism. The beaming
pattern of SKR corresponds to that of a hollow cone, with the source
being located at the cone’s apex, and the cone’s wall forming an angle of
50◦–75◦ with respect to the local magnetic field direction (Lamy et al.,
2011; Lamy, 2017). These beaming angles relative to the direction of
𝐁𝟎 depend on frequency, and they are relevant for observations made
just outside of the immediate source region. Inside the source, the CMI
generates wave vectors at perpendicular (∼90◦) angles to 𝐁𝟎, but these
get quickly reduced by refraction and reflection during escape of the
radio waves from the source region. Once SKR had left the source
region, we assume straight-line propagation for simplicity.

An illustration of this scenario is presented in Fig. 7. The L=15
field line is drawn in purple color, and it is chosen to be in the [−𝑦,
𝑧]-plane. Three active SKR sources together with their emitting hollow-
cone structures are illustrated for frequencies of 20 kHz (blue), 100 kHz
(green) and 600 kHz (red), respectively. A projection onto the back wall
of the viewing area shows again the three radio sources and their 2D
cone structures on the left-hand side. The cones’ half-opening angles
are chosen to be 75◦ for 20 kHz, 70◦ for 100 kHz, and 60◦ for 600 kHz,
respectively (Lamy et al., 2011; Lamy, 2017). For the 100 kHz source,
part of the cone’s grid is extended to larger radial distances (shown
in gray color) for illustrating its orientation in 3D. In order to prevent
Fig. 7 from becoming too cluttered, we refrain from plotting extended
cone grids for more than one frequency. Also for the sake of clarity, the
grid is only plotted at positive 𝑥-coordinates. Of course, it is mirroring
symmetrically to the negative 𝑥-hemisphere as well.

In addition to the cone grid, there are segments of rays overplotted
in green color for the 100 kHz source. These segments are shown only
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at positions that, when mapped into the meridional [𝜌, 𝑧]-plane, belong
to bins where Faraday rotation was actually observed by Cassini for
that specific frequency. Such an approach aims to link the model to
the actual observations and enables a selection of only those modeled
SKR-rays that are known to have Faraday rotation included. In order
to limit the amount of modeled rays to a reasonable number, we set
the azimuthal resolution of the cone grid to 6◦, so that each source is
emitting a total of 60 rays along the circumference of its cone.

The same procedure has been performed for the rays from the
20 kHz source and from the 600 kHz source as well, although corre-
sponding FRE-ray segments are only shown as a projection into the
[𝑥, 𝑦]-plane and into the [𝜌, 𝑧]-plane. For a binning in the meridional
plane, we choose a resolution of 0.5×0.5RS. An accumulation of all ray
segments in the [𝜌, 𝑧]-plane from all three source regions is plotted on
the right-hand side of the back wall of the viewing area in Fig. 7. The
distribution of frequencies inside this plane must yield a similar picture
to Fig. 6, except that only three selected frequencies are included
here, and there is no mean-per-bin performed. Another difference is
that Fig. 6 is established from all active SKR sources across the entire
longitudinal range, whereas the distribution on the back wall of Fig. 7 is
modeled with one active field line at a fixed longitude. We will discuss
implications of this simplified approach below.

As a next step, the azimuthal distribution of ray segments is going
to be analyzed in more detail. It results from a combination of the setup
of the model (fixed azimuth of source field line; given geometry of
emitting hollow cone) and observational constraints, i.e., the selection
of ray segments with regard to the observed distribution of FREs in
the meridional [𝜌, 𝑧]-plane. A projection of corresponding ray segments
into the [𝑥, 𝑦]-plane leads to the following conclusions:

• As can be seen in the [𝑥, 𝑦]-plane of Fig. 7, most FRE-ray segments
from the three selected frequencies have azimuthal separation
angles of ∼80◦–120◦ to the meridional plane containing the source
field line. This is also illustrated by a histogram of occurrences
which is overplotted in the [𝑥, 𝑦]-plane in gray color. It shows
the number of ray segments belonging to FREs as a function of az-
imuth (bin size = 10◦). If the assumptions for our beaming model
are correct, this suggests that most FREs are observed when the
source field line and Cassini are approximately in quadrature to
each other. Some rays, especially those from the 100 kHz source
(green), can experience Faraday rotation while propagating across
the auroral oval of Saturn into the opposite 𝑦-hemisphere. On
the other hand, Faraday rotation is almost absent in SKR that is
beamed along the same meridional plane which also contains the
source field line (along -𝑦-direction in this example).

• In principle, a symmetric pattern of emission also exists in the
negative 𝑥-hemisphere, although not shown here for the sake
of clarity. Furthermore, the static model presented here does
not include aspects of rotation. A source field line rotating with
the planet would simply move the entire emission pattern in
azimuthal direction. However, the emission pattern itself remains
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Fig. 7. Illustration of the beaming characteristics of SKR-rays that include Faraday rotation. Emission cones are drawn on a common dipole field line (purple) for three SKR
frequencies: 20 kHz (blue), 100 kHz (green) and 600 kHz (red). Part of the emission cone from the 100 kHz source is extended with a 3D-grid (gray). Segments of rays that fall into
bins in the meridional [𝜌, 𝑧]-plane (see back wall of viewing area) where Faraday rotation is actually observed by Cassini, are highlighted with respective colors. On the left-hand
side, rays including Faraday rotation are intersected with spheres of three given sizes (𝑟 = 5, 15 and 30 RS) around Saturn, and the intersecting points are shown with diamond
symbols. (for more details see text). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
unchanged. The same is true for an inclusion of many source
field lines that are distributed across a certain longitudinal range.
One would simply see a superposition of identical patterns, each
corresponding to the one shown in the [𝑥, 𝑦]-plane of Fig. 7.

• So far, the azimuthal direction in this model is treated exclusively
in terms of separation angle between the source field line and the
observer. However, a comparison of Fig. 7 with Fig. 4 motivates
an interpretation of azimuth as Local-Time coordinate, for which
the axes shall coincide with the main axes of the non-spinning
KG-system. Then, the source field line from Fig. 7 is pointing
toward LT 6:00 (−𝑦-axis in the KG system). SKR emitted from this
field line will have Faraday fringes included if observed from high
latitudes (> 20◦) in the noon/afternoon sector. This is exactly the
pattern of occurrence distribution from Fig. 4d,e. Such similarities
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suggest that SKR source regions from the dawn side of Saturn are
predominantly those which are responsible for Faraday rotation
events. The fact that FREs are primarily observed on the dayside
is justification for not drawing a symmetric fan of rays in the
negative 𝑥-hemisphere of Fig. 7, which would be the nightside in
the KG-system. There seems to be a strong tendency for plasma
especially on the morning side, and at high latitudes, to introduce
Faraday rotation into SKR. Moreover, this tendency is enhanced
for rays that are beamed toward the dayside, but is less frequently
observed for rays that are beamed toward the nightside.

Hollow cone grids for SKR rays belonging to different frequencies,
as drawn in Fig. 7, have different orientations in space due to the
following reasons: (1) inclination of the field line at the corresponding
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Fig. 8. (a) Sum of auto-power spectral densities in the 𝑢 and 𝑣 antennas, real part of normalized cross-spectral power between (b) the 𝑢 and 𝑤 antennas and (c) the 𝑣 and 𝑤
antennas, and (d) the tilt angle 𝜏 between the 𝑥-axis of the wave-frame and the semi-major axis of the polarization ellipse from Cassini/RPWS measurements on October 2, 2008.
The local 𝑓𝑐 is indicated by a white (a) or black (b–d) curve.
source region and (2) opening angle for the corresponding emission
cone. Depending on the relative position of the observer with respect to
the source field line, one should see a different selection of frequencies
able to reach the observer. This situation is illustrated by three spheres
on the left-hand side of Fig. 7. These spheres show intersecting points
of rays of six selected frequencies with a spherical surface around
Saturn at certain radial distances: 5, 15 and 30 RS. The six color-coded
frequencies are 20 kHz (blue color; 75◦ beaming angle), 50 kHz (dark
green; 75◦), 100 kHz (light green; 70◦), 200 kHz (yellow; 70◦), 400 kHz
(orange; 65◦), and 600 kHz (red; 60◦). Colored diamond symbols mark
10
the points of intersection, and they are only shown if FREs at the
corresponding frequency are observed at least up to the radial distance
of the sphere’s surface. One can see that close to Saturn, at 𝑟 =
5RS, FREs below 100 kHz are well separated in space, especially with
regard to longitude. This makes it very unlikely for Cassini to observe
Faraday fringes across a broader frequency range below 100 kHz when
the spacecraft is so close to the planet. At a larger radial distance
(𝑟 = 15RS), the colored spots tend to merge, i.e., FREs over a wider
range of frequencies are observable at similar latitudes and azimuthal
separations from the source field line. High frequency FREs are still
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visible at 𝑟 = 15RS, but they are starting to become outweighed by
medium and low frequency FREs. This reflects the decrease seen in
average 𝐹𝑚 with distance in Fig. 6 which seems to be a consequence of
the beaming geometry and the requirement of ray propagation through
a plasma that is conditioned for Faraday rotation. Eventually, at even
greater radial distances of 𝑟 = 30RS, FREs at medium frequencies of
∼ 50 < 𝑓 < 200 kHz do prevail.

5. Goniopolarimetric analysis — a case study

Faraday rotation is not only found in RPWS 2-antenna mode data,
as already demonstrated in Fig. 2, but also when signals from all three
antennas are processed simultaneously. From the 611 identified FREs,
383 were recorded in 2-antenna mode, 113 in 3-antenna mode, and
115 are a mixture of both modes. The 3-antenna mode sometimes
provides less spectral resolution, but it allows for a determination of the
direction of incidence of the radiation as well as a determination of all
four 2D Stokes parameters by using an analytical inversion technique
(Cecconi and Zarka, 2005). It should be noted that the inversion used
here is operating in a slightly different coordinate system than proposed
in Cecconi and Zarka (2005), but we verified that our results agree with
the N3b data set which is directly accessible from the Meudon data
server (Cecconi et al., 2017b).

Fig. 8 is an example of Faraday rotation found in 3-antenna mode
observations on October 2, 2008. Fringe patterns are visible in the real
parts ℜ⟨𝑉𝑢 𝑉 ∗

𝑤⟩ (Fig. 8b) and ℜ⟨𝑉𝑣 𝑉 ∗
𝑤⟩ (Fig. 8c) from cross-correlations

between antennas 𝑢-𝑤 and 𝑣-𝑤, respectively. Fig. 8d is a spectrum
of the rotation angle 𝜏 which is computed after Eq. (3). Values for
noise below a threshold of 2 × 10−15 V2 Hz−1 are colored in white. 𝜏
specifies the angle between the semi-major axis of the polarization
ellipse and the 𝑥-axis of the wave-frame. The latter is defined here as
the projection of the rotation axis of Saturn into the [𝑥, 𝑦]-plane of the
wave-frame (+𝑥 pointing North). In general, the choice of the 𝑥-axis
direction is arbitrary, but it should be stable over time, e.g., it should
not be fixed to the spacecraft reference frame while Cassini is doing
attitude maneuvers. A closer inspection of the Faraday fringe pattern
in Fig. 8d between 4:00 and 7:00 SCET and 50–300 kHz reveals that 𝜏
is repetitively decreasing through all angles between 180◦ and 0◦ as one
scans through the spectrum from low frequencies to high frequencies.
This is expected according to Eq. (2) for an observation in the northern
hemisphere of Saturn, where SKR rays propagate ∼along the direction
of magnetic field lines toward the Cassini spacecraft, i.e., 𝜃𝑘 < 90◦

(cos 𝜃𝑘 > 0). In the southern hemisphere, 90◦ < 𝜃𝑘 < 180◦ (cos 𝜃𝑘 < 0),
which yields an increasing 𝜃𝐹 with increasing frequency.

The direction of incidence of SKR-rays at the antenna system of
Cassini can be used to trace the rays back toward their supposed source
regions (Cecconi et al., 2009; Lamy et al., 2009, 2010). As a first ap-
proximation, straight ray propagation is assumed. The source region is
located where the wave frequency matches the local electron cyclotron
frequency along the straight ray path. Fig. 9 illustrates ray tracing
results from a 20-minute window in time around 06:00 SCET (05:50–
06:10 SCET) and from a limited frequency bandwidth of 80–280 kHz,
i.e., from a spectral area in Fig. 8 that contains Faraday rotation in
SKR. From the 1131 available spectral points, ray tracing is performed
with only 74 points that fulfill the following quality criteria: degree
of polarization 𝐷𝑝 > 0.8 (for definition of 𝐷𝑝 see e.g. Taubenschuss
and Santolík, 2019), 𝑆 > 15 dB above background noise level, 𝛽 > 30◦

nd 𝛾 < 0.05. 𝛽 specifies the minimum angle of incidence between the
ay and all three antenna planes. This angle should be above 30◦ to
nsure the necessary accuracy of derived Stokes parameters (Cecconi
nd Zarka, 2005). 𝛾 specifies the relative difference between two
uccessive auto-correlation signals at the 𝑤-antenna, once measured in
ombination with ⟨𝑉𝑢 𝑉 ∗

𝑢 ⟩, and immediately afterwards in combination
ith ⟨𝑉𝑣 𝑉 ∗

𝑣 ⟩. Thus, 𝛾 = |⟨𝑉𝑤 𝑉 ∗
𝑤⟩𝑢𝑤 − ⟨𝑉𝑤 𝑉 ∗

𝑤⟩𝑣𝑤|∕⟨𝑉𝑤 𝑉 ∗
𝑤⟩𝑢𝑤. A relative

difference of less than 5% ensures a temporally stable radio source
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at a given time and frequency, at least during the time it takes the b
receiver to switch between different antennas (45–2000 ms (Gurnett
et al., 2004)).

All 74 confirmed source regions are plotted from the viewpoint
of Cassini with colored plus symbols in Fig. 9a. Colors represent fre-
quency, and sources exhibit a distinct distribution with frequency along
auroral magnetic field lines. Cassini is positioned at high northern
latitudes of ∼52◦ and is looking down toward Saturn and its rings. A
projection of SKR sources along the magnetic field lines onto the surface
of Saturn (1-bar level) is plotted in Fig. 9b. As can be seen, footprints
of source field lines are grouped around LT ∼ 16:00, and they are
positioned approximately in quadrature with respect to the direction
toward Cassini, which is indicated by a pink dashed line (Cassini at
LT ∼21:00). This confirms the picture which has been modeled in
Section 4, where SKR rays that are beamed from Saturn’s limb toward
the observer are those which are likely to be affected by Faraday
rotation. However, the ray tracing example presented here belongs to a
statistically rare case of FREs being observed by Cassini on the nightside
of Saturn (LT ∼ 21:00).

The angle between the straight ray path and the local magnetic field
direction is displayed in Fig. 9c. Technically, this angle describes the
deviation of the group velocity vector 𝐯𝐆 from the local magnetic field
vector 𝐁𝟎. However, if we assume a cold plasma, this angle should be
very close to 𝜃𝑘, i.e., the angle between the wave vector 𝐤 and 𝐁𝟎. SKR
rays start at oblique angles of 40◦–80◦ to 𝐁𝟎 at the source region, but
hey are becoming gradually more parallel while propagating toward
assini. Conditions of quasi-parallel propagation are those that favor
araday rotation to occur along the way.

We do not include an analysis of the SKR dispersion relation because
his would require a detailed knowledge of the configuration of plasma
long the ray path. Unfortunately, there are no large-scale plasma
ensity models available for the high latitude magnetosphere of Saturn.
istinct features in the density distribution would have to be included

n order to accurately model the process of mode splitting and to
eproduce observed fringe patterns from modeled phase differences
etween the R-mode and the L-mode. This is beyond the scope of this
tudy.

A comparison of the measured tilt 𝜏 of the polarization ellipse to
q. (2) provides an estimate of the plasma density along the ray path.
he data are taken from the same 20-minute interval as before, but
he number of rays is increased to 228 by loosening the constraints on
, 𝐷𝑝 and 𝛾, allowing for 𝑆 > 5dB above background, 𝐷𝑝 > 0.5 and

𝛾 < 0.10.
At first, the integral expression in Eq. (2) is substituted with param-

eter 𝜒 , yielding

𝜃𝐹 = 23648
𝑓 2

𝜒 . (6)

All constants in front of the integral are summarized in the number
23648, which has the unit [m2 T−1 s−2]. Parameter 𝜒 has to be adjusted
for matching 𝜃𝐹 from Eq. (6) with the observed 𝜏. Observed 𝜏-values
from the 20-minute window around 06:00 SCET are plotted in Fig. 10a
with diamond symbols. For the sake of clarity, only a limited subset
consisting of five selected time-steps, i.e., spectrum columns, is shown
(from a total of 35 time-steps, with 𝛥𝑡 = 32 s). Time is indicated by
rainbow colors. In order to increase the number of 𝜏-values per time-
step, we also add data from the directly preceding and succeeding
time-steps to the central time-step (3-point data selection window
sliding across spectrum columns).

The dashed lines in Fig. 10a are from a least-squares fit of the form
𝜏 = 𝑐0 + 𝑐1∕𝑓 2. Coefficient 𝑐0 serves for adjusting the zero-level. It
represents 𝜃𝐹0 at 𝑓 → ∞, i.e., it can be interpreted as the original
orientation angle of the polarization ellipse before the wave enters the
Faraday rotation medium. The critical assumptions involved with this
interpretation were discussed in Section 1. Note that all 𝜏-values shown
in Fig. 10a have 𝑐0 already subtracted. Furthermore, jumps in 𝜏 from 0◦

◦ 2
ack to 180 have been removed. Thus, the 𝑐0-normalized fits 𝜏 = 𝑐1∕𝑓
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Fig. 9. (a) View from the Cassini spacecraft of Saturn, its rings, the equatorial magnetopause (dashed line) for average solar wind conditions (Kanani et al., 2010), identified SKR
sources from ray tracing (plus symbols) and a cluster of dipole field lines running through the center of the group of SKR sources. Rainbow colors indicate SKR frequency. (b)
Projection of SKR sources onto Saturn’s surface (𝑟 = 60268 km) along dipole field lines, and (c) the angle between SKR rays (direction of group velocity 𝐯𝐆) and the local 𝐁𝟎 during
straight-line propagation from the source point toward Cassini. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
can be directly compared to Eq. (6) for estimating the value of the
integral from 𝑐1 = 23648𝜒 . The integral 𝜒 from each fit, i.e., from each
time-step, is then used to obtain an estimate for the plasma density 𝑛𝑒
as a function of time. The latter can only be separated from the term
𝐵0 cos 𝜃𝑘 inside the integral if 𝑛𝑒 is replaced by a constant average value
⟨𝑛𝑒⟩ along the ray path, yielding

⟨𝑛𝑒⟩ =
𝜒

∫ 𝑧2
𝑧1

𝐵0(𝑧) cos 𝜃𝑘 𝑑𝑧
. (7)

The bounds of integration [𝑧1, 𝑧2] specify the segment of the ray
path along which Faraday rotation is active. Unfortunately, this is
unknown without further information on the exact location where
mode-splitting is happening and on the dimensions of the birefringent
medium between the source and Cassini. For now, we assume that
Faraday rotation is initiated just after the ray had left the source
region, and that a phase shift between the R-mode and the L-mode is
accumulating along the entire ray path until the position of Cassini.

The magnetic field 𝐁𝟎 is modeled with Saturn’s dipole, which is
a reasonable assumption at radial distances inside 𝑟 = 5.1RS. The
wave normal angle used in the term cos 𝜃𝑘 is calculated from the
assumption of straight ray propagation through a cold plasma and a
dipole magnetic field (see also Fig. 9c). Retrieved values for ⟨𝑛𝑒⟩ from
Eq. (7) at each time-step inside the 20-minute window are plotted in
Fig. 10c. Densities at the five selected time-steps used for Fig. 10a
are indicated with slightly larger diamond symbols. Corresponding
standard deviations are indicated by colored vertical lines. These are
computed for each ⟨𝑛𝑒⟩-value which is not only an average along the
entire ray path but also an average from all included rays, i.e., from
all frequency components that contribute to the 𝜏-fit at a specific time-
step. The number of 𝜏-values available at each time-step is plotted in
Fig. 10b in gray color. Due to our strategy of using a 3-point wide
sliding window, there are always more than 10 𝜏-values available per
fit. The root-mean-square (RMS) error for each fit is overplotted with
rainbow colors in Fig. 10b. RMS-errors are typically below ∼25◦, which
demonstrates the reliability of computed fits. For the most part, the
Faraday fringe pattern seems to be stable enough during the selected
time window to yield a congruent estimate for the average plasma
12
density of ⟨𝑛𝑒⟩ ∼ 0.01 cm−3 along all analyzed rays. This value agrees
quite well with densities derived from the Cassini Langmuir probe in
the magnetodisc at higher latitudes (Morooka et al., 2009). However,
densities from the immediate vicinity of the SKR source region and
further poleward can also be another order of magnitude lower (down
to ∼0.001 cm−3) (Lamy et al., 2010, 2018; Gurnett et al., 2010).

Besides the errors discussed above, which result from uncertainties
in fitting the observed 𝜏-values and averaging over different rays, a
reliable density estimate is also affected by other limitations. On the
one hand, the accuracy with which 𝜏 can be measured depends on
constraints inherent to the goniopolarimetric analysis technique. On
the other hand, errors do result from wrong assumptions regarding the
integration distance 𝑧 in Eq. (7), unless one can rely on a detailed model
for the distribution of plasma along the ray path. For comparison, we
also compute ⟨𝑛𝑒⟩ based on a scenario in which the denominator in
Eq. (7) is not integrated along the entire ray path but 𝑧1 is shifted to
a point where the rays penetrate a hypothetical plasma boundary at a
radial distance of 3RS, i.e., Faraday rotation starts at approximately
halfway between the individual sources and Cassini. This excludes
the immediate vicinity of the source regions where the rays are far
from being quasi-parallel to 𝐁𝟎, and it allows for similar propagation
distances through the birefringent medium for individual rays so that a
regular fringe pattern can develop across a broad range of frequencies.
As a consequence, retrieved densities are a bit higher, i.e., the profile
from Fig. 10c gets shifted upward to values of ⟨𝑛𝑒⟩ ∼ 0.03 cm−3. This
increase is due to a shorter path segment over which an average of 𝑛𝑒
is performed, and due to smaller values of 𝐵0 at larger radial distances.
Both effects excel a minor decrease of ⟨𝑛𝑒⟩ due to larger values for
cos 𝜃𝑘. For comparison, if we reset 𝑧1 to the source region and assume
a constant cos 𝜃𝑘 = 1 for all rays, then ⟨𝑛𝑒⟩ is decreasing slightly from
∼0.01 cm−3 to ∼0.007 cm−3.

A stable density profile as shown in Fig. 10c indicates that the
majority of SKR rays take approximately the same path through the
birefringent medium between the SKR source region and the position
of Cassini (at 𝑟 ∼ 5.1RS). If this would not be the case, we would
see larger RMS-errors from the fits and stronger fluctuations in derived
densities. When looking at time periods of several tens of minutes or
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ours, the contours of 𝜏 in Fig. 8d are modulated considerably as the
eometry between the SKR source regions and the observer is changing.
his is either due to the movement of the spacecraft, or a corotation of
ource field lines with Saturn, or a drift motion of energetic electrons
hat are injected into the auroral region, causing the rays to take
lightly different paths to Cassini, thereby crossing media with different
irefringent properties.

. Discussion and conclusions

All Cassini RPWS/HFR recordings from the entire orbital phase of
he mission (2004–2017) have been examined for the Faraday rota-
ion effect in Saturn kilometric radiation. The final number of 611
onfirmed Faraday rotation events (FREs) is the basis for an extensive
tatistical analysis. The latter, together with results from direction
inding of one particular event, leads to the following picture. Faraday
otation is observed mainly in low-frequency SKR (below ∼200 kHz)
rom source regions on auroral magnetic field lines that are prefer-
ntially located in the dawn sector. Rays which become affected by
araday rotation are those which are beamed toward higher magnetic
atitudes (> 20◦) at an angle of approximately 90◦ or larger relative
o the meridian of the source field line. Furthermore, rays escaping
13

s

oward the dayside are more likely to include Faraday rotation than
hose which escape toward the nightside. Along these special beam-
ng directions, the plasma medium allows SKR to remain elliptically
olarized and provides four essential ingredients which are necessary
or Faraday rotation: (1) a distinct plasma inhomogeneity, e.g., a sharp
ensity gradient, which causes a splitting of the original X-mode (or O-
ode) SKR into a RH-circularly polarized R-mode and a LH-circularly
olarized L-mode; (2) sufficiently different refractive indices for both
odes so that a relative phase shift can accumulate during propagation;

3) parallel or at least quasi-parallel propagation with respect to the
mbient magnetic field so that both modes can remain circularly polar-
zed; (4) similar conditions during propagation for many rays belonging
o a broader range of frequencies so that a regular fringe pattern can
evelop across frequency.

From the observations it is not directly apparent where the regions
f Faraday rotation exactly are. The immediate SKR source region can
e ruled out because of a violation of 𝑓𝑆𝐾𝑅 ≫ 𝑓𝑐 and amplification
f SKR with highly oblique wave normal angles. However, the special
eaming of SKR toward higher latitudes enables quasi-parallel propa-
ation at relatively close distances to the source (2–3𝑅𝑆 ; see Fig. 9c).
he plasma layers which provide strong density gradients for mode-

plitting need to be located at closer distances to the source. The outer
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Fig. 11. (a) Ellipticity and (b) rotation angle 𝜃𝐹 of a polarization ellipse that is generated from a superposition of an elliptically polarized X-mode (RH) and an elliptically polarized
O-mode (LH) as a function of relative wave power (𝑥-axis) and phase shift (𝑦-axis).
boundary of the Faraday rotation region is defined by the zone of
limiting polarization, where the plasma density drops below a critical
value, and where mode coupling fixes the elliptical polarization and
prevents further Faraday rotation.

In the following, we will discuss two possible scenarios for the oc-
currence of sharp density gradients which may initiate mode-splitting.
The first scenario involves a plasmapause-like boundary layer at high
latitudes which has been reported by Gurnett et al. (2010). Field-
aligned currents at the transition from open to closed magnetospheric
field lines between 8 < 𝐿 < 15 (Jasinski et al., 2019) can support a
separation of high-density plasma at lower latitudes from low-density
plasma at higher latitudes, with abrupt steps in density at the boundary
of over three orders of magnitude. The location of this boundary agrees
with the fact that Faraday rotation is only observed above 20◦ latitude
and only outside 𝐿 > 5. Stronger density gradients should be located in
the dawn sector where associated auroral currents intensify (Hunt et al.,
2020). Together with the special SKR beaming geometry discussed in
Section 4 this might explain why SKR from the dawn sources preferen-
tially experiences Faraday rotation, resulting in an observational peak
of FREs in the noon/afternoon LT-sector.

A shallow modulation of the occurrence rate of FREs with SLS5
longitude, as presented in Fig. 4b, is another indication for a possible
link between FREs and the plasmapause-like boundary, which has been
found to oscillate in size and position with the rotation period of SKR
(Gurnett et al., 2011).

Another hypothesis explaining the formation of strong density gra-
dients at high latitudes has been suggested by Thomsen et al. (2015a).
Stretched magnetic flux tubes that reconnect in the nightside tail,
either in the frame of the Vasyliunas-cycle (Vasyliunas, 1983) or during
plasmoid formation (Jackman et al., 2014), eject their cold and dense
plasma into the tail, leaving behind a flux tube that is filled with
hot tenuous plasma. These events are also known to be modulated by
planetary period oscillations. Strong density gradients at the boundary
between reconnected and non-reconnected flux tubes might induce
Faraday rotation while SKR is passing through. These structures are
found around L-shells of ∼10, and they are more similar to a plasma-
pause as we know it from Earth because they are located entirely
inside the region of closed magnetic field lines. However, these flux
tubes are unstable to centrifugally driven interchange motion, which
makes an appearance of sharp density gradients at a certain location a
rather irregular phenomenon (finger-like bulges) (Thomsen and Coates,
2019). The low occurrence rate of FREs reported here (∼4% at LAT
> 20◦) might be attributed to the rarity of situations when SKR is
exactly passing through a boundary layer between a mass-loaded and
a depleted interchanging flux tube.

Besides Vasyliunas-type reconnection, there is also Dungey-type
magnetotail reconnection at Saturn (Dungey, 1961), which can lead
to a formation of plasma boundaries between closed magnetospheric
flux tubes and reconnected flux tubes that are filled with solar wind
plasma from the magnetosheath (Mitchell et al., 2015; Thomsen et al.,
2015b). In such a scenario, there should be a clear correlation between
the occurrence of FREs and periods of enhanced solar wind activity,
14
e.g., during the impact of a corotating interaction region on Saturn’s
magnetosphere (see e.g. Bradley et al., 2020 and references therein). A
compression of the dayside magnetosphere by the solar wind may lead
to significant changes of the configuration of plasma at high latitudes.
Although not pursued further in the present study, we keep this in view
for a future examination. More statistics including proxies for solar ac-
tivity, like energetic particle detections from the Cassini MIMI/LEMMS
instrument (Roussos et al., 2018), or low-frequency extensions of SKR
(Jackman et al., 2009; Reed et al., 2018), as well as correlation studies
with time series for normalized SKR intensity can yield further valuable
insight.

After mode-splitting, the plasma medium needs to be birefringent
for a sufficient distance along the ray path. From the observations
alone, it remains unclear along which segment of the ray path a phase
shift between R-mode and L-mode is actually accumulated. However,
since the Faraday rotation angle 𝜃𝐹 also depends on the strength
of the planetary magnetic field 𝐵0, we do expect more significant
contributions to 𝜃𝐹 at smaller radial distances, and minor contributions
at larger radial distances where 𝐵0 is decreasing rapidly with 1∕𝑟3. In
Sections 4 and 5 , wave propagation was modeled along a straight ray
in a dipole magnetic field. These assumptions are very basic ones, and
a more complete analysis should involve full 3D ray tracing together
with a more realistic model for the background plasma that allows SKR
to adapt a limiting polarization (elliptical) at larger radial distances
beyond several Saturn radii. A more detailed analysis of single events
should definitely be addressed in a future study as well.

Another open question is if a splitting into R-mode and L-mode at
a sharp plasma gradient is actually necessary, considering that SKR
can be generated in the X-mode and in the O-mode along the same
auroral field line. This would provide a scenario of instant superposi-
tion, starting already at or very close to the source region. The only
requirements that need to be fulfilled are: (a) X-mode and O-mode
of identical frequency must propagate along the same ray path and
(b) both modes should be of comparable intensity. However, the two
modes are not circularly polarized like R and L from Fig. 1. In Fig. 11
the ellipticity and rotation angle 𝜃𝐹 from a superposition of a 50%
elliptically polarized X-mode and 50% elliptically polarized O-mode are
analyzed. These results are again based on numerical simulations for
a superposition of two plane waves. As one can see from Fig. 11b, a
smooth rotation through all orientation angles between 0◦ and 180◦

is only provided for power ratios that deviate from 1 by less than a
factor of ∼3. If one mode is much stronger than the other, then Faraday
rotation will not be observed. This is most likely the case according to
various studies (Cecconi et al., 2009; Lamy et al., 2011, 2018) which
found that X-mode radio fluxes are on average 102–104 times brighter
than O-mode fluxes. Furthermore, both modes tend to experience dif-
ferent refraction near the source region which causes their ray paths to
diverge, thereby preventing any appearance of Faraday rotation.

A peculiar feature of Fig. 11a are two isolated peaks of enhanced
ellipticity near 𝛥𝜙𝑋,𝑂 = 180◦. We did not investigate this further, but
if a scenario of direct superposition of X-mode and O-mode were to be
true, one would also have to provide observational evidence for such
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a feature in ellipticity. It should be noted that the simulated patterns
obtained in Fig. 11 depend strongly on the individual ellipticities of
both involved modes and need to be adjusted for each analyzed event.

Finally, we want to emphasize that a derivation of plasma density
from Faraday rotation has some limitations. First, only an average
density along the ray path can be inferred. The exact distribution of
density with distance remains unknown. Second, it is unclear which
segment of the ray path actually introduces Faraday rotation into SKR
unless there is a clearly defined segment that allows for quasi-parallel
propagation in contrast to the rest of the ray path. This becomes
important for Faraday rotation events that are observed at large radial
distances to Saturn, for which it is unreasonable to assume that the
plasma has birefringent properties along the entire ray path, out to a
distance of several tens of 𝑅𝑆 . These events should be excluded from

density analysis anyway because of angular uncertainties inherent to
he method of goniopolarimetry. However, at close vicinity to Saturn,
.e., inside 𝑟 ∼ 20RS, Faraday rotation in SKR can be a useful source of
dditional information for improving models of plasma density at high
agnetic latitudes.
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