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[1] Observations at Saturn of whistler mode chorus emissions have been obtained by the
Cassini Radio and Plasma Wave Science instrument. Data from the first 45 orbits are
analyzed, and the characteristics of the chorus emissions are discussed. Wave normal and
Poynting vector measurements from the five-channel waveform receiver are used to
examine the propagation characteristics of the chorus, and high-resolution measurements
from the wideband receiver are used to examine the fine structure. At Saturn, two
different types of chorus are detected. The most common observations are of chorus
propagating away from Saturn’s magnetic equator, suggesting a source near the magnetic
equator. This chorus is usually detected for many hours, is only observed below
half the electron cyclotron frequency, and occurs primarily from L shells of about 5 to 8,
and the occurrence of the emission shows no obvious correlation with Saturn magnetic
latitude, longitude, or local time. The high-resolution measurements show that the fine
structure of this chorus typically consists of larger time scale features (many seconds to
minutes) than detected at the Earth (<1 s). The second region of chorus detected at
Saturn is in association with local plasma injections. For many of the plasma injection
events, chorus emissions are detected both above and below half the electron cyclotron
frequency, with a gap in the emission at half the cyclotron frequency. This chorus also
shows fine structure at smaller time scales (<1 s to a few seconds), and the overall
structure of this chorus appears more similar to chorus detected at the Earth.
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1. Introduction

[2] Chorus is an electromagnetic wave emission that
propagates in the right-hand polarized whistler mode and
has been detected at the Earth, Jupiter, Saturn, Uranus,
Neptune, and the Jovian moon Ganymede. Chorus detected
at the Earth often consists of rising tones in frequency with
fine structure of less than one second [Gurnett and O’Brien,
1964; Burtis and Helliwell, 1969; Dunckel and Helliwell,
1969]. These rising tones occur in the audio frequency
range and when recorded in a receiver, sound like the dawn
chorus of birds, which gives these waves their name.
Chorus is one of the most common and intense whistler
mode emissions observed in the Earth’s magnetosphere and

is believed to be generated by nonlinear interactions of
whistler mode waves with energetic electrons [Storey, 1953;
Allcock, 1957; Helliwell, 1969]. Chorus at the Earth ranges
in frequency from a few hundred Hz to a few kHz, and
usually occurs in two distinct frequency bands separated by
a gap at one-half the electron cyclotron frequency, fce
[Tsurutani and Smith, 1974], with the lower band ranging
from about 0.1 to 0.5 fce, and the upper band from about 0.5
to 0.8 fce [Meredith et al., 2001]. Chorus often contains
complicated fine structure including rising and falling tones,
and short impulsive bursts with time scales of much less
than a second [Burton and Holzer, 1974; Cornilleau-
Wehrlin et al., 1978; Hayakawa et al., 1990; Sazhin and
Hayakawa, 1992; Lauben et al., 1998, 2002; LeDocq et
al., 1998; Santolik et al., 2003, 2004]. The origin of this
fine structure and its relationship to the source region of
chorus is an active area of research [Inan et al., 2004, Chum
et al., 2007, Breneman et al., 2007, Omura et al., 2008, and
references therein]. At the Earth, chorus is often observed
during periods of disturbed magnetospheric conditions
[Tsurutani and Smith, 1974, 1977; Inan et al., 1992; Lauben
et al., 1998] and the occurrence of chorus is associated with
energetic (10 to 100 keV), anisotropic (T?/Tk > 1) electron
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distributions [Burton, 1976; Anderson and Maeda, 1977;
Tsurutani et al., 1979; Isenberg et al., 1982; Sazhin and
Hayakawa, 1992]. This association between the particles
and the chorus is consistent with a cyclotron resonance
interaction generating the waves [Kennel and Petschek,
1966; Curtis, 1978; Sazhin and Hayakawa, 1992].
[3] The chorus is believed to be generated near the

terrestrial magnetic equator [Helliwell, 1969], and various
studies have examined the propagation characteristics of the
chorus emissions [Burton and Holzer, 1974; Goldstein and
Tsurutani, 1984; Hayakawa et al., 1984; Nagano et al.,
1996; LeDocq et al., 1998; Hospodarsky et al., 2001;
Lauben et al., 2002; Santolik et al., 2005]. LeDocq et al.
[1998] studied simultaneous measurements of all six com-
ponents of the electric and magnetic field of chorus at a very
high rate with the Polar spacecraft. From these measure-
ments, it was determined that the chorus observed by Polar
was propagating away from the equator, implying that it is
generated very close to the magnetic equator. More recent
work with both the Polar and the Cluster spacecraft [Parrot
et al., 2003; Santolik and Gurnett, 2003; Santolik et al.,
2004, 2005] have confirmed these results and have shown
that the chorus source region (measured along the magnetic
field lines) is a few thousand km in size, and about 100 km
transverse to the magnetic field [Santolik and Gurnett,
2003; Santolik et al., 2004, 2005]. Although chorus has
been studied for many years, the exact details of the source
region, the generation mechanism, and the wave-particle
interactions are still areas of great interest and recent
advances, both with observations and theoretical models
[see, e.g., Horne et al., 2003, 2005; Omura and Summers,
2006; Bortnik and Thorne, 2007; Katoh and Omura, 2007;
Summers et al., 2007].
[4] Chorus at Saturn was first detected during the Voyager

1 and 2 flybys [Gurnett et al., 1981; Scarf et al., 1982, 1983,
1984]. Because of the flyby geometry, the Voyager space-
craft detected only a few short periods of chorus, and the
amount of high-resolution wideband data that was obtained
during the flybys was greatly limited owing to telemetry
constraints (see Scarf et al. [1983] for a discussion of these
issues). Furthermore, the lack of a search coil magnetometer
and the Voyager plasma wave instrument response to dust
impacts in the equatorial region complicates the identifica-
tion of chorus and other whistler mode waves in the lower-
resolution low-rate data. However, a wideband frame was
obtained when chorus was present during the Voyager 1
flyby [Scarf et al., 1983]. This high-resolution data showed a
band of chorus present below 1/2 fce (from about 0.2 to
0.4 fce). The chorus was primarily hiss-like with some
rising structures, but the temporal variations were ‘‘unusu-
ally slow’’ [Scarf et al., 1983]. No chorus above 1/2 fce was
detected by Voyager.
[5] The presence of chorus at Saturn suggests the possi-

bility of wave-particle interaction and pitch angle scattering
of the electrons in Saturn’s inner magnetosphere. Scarf et al.
[1983, 1984] examined the chorus detected by Voyager, and
found that the amplitudes were too small to play an
important role as pitch angle scatterers. However, during
the period of the Voyager flybys the magnetosphere of
Saturn was not very active, and it is possible that the chorus

emission would play a more significant role during more
active periods [Kurth and Gurnett, 1991].
[6] The Cassini mission to Saturn, owing to its many

orbits and the opportunity to sample many different regions
of the magnetosphere, allows a much more detailed study of
chorus and other plasma waves to be accomplished. This
paper examines the observations of chorus in Saturn’s
magnetosphere obtained by the Cassini spacecraft for the
first 45 orbits. The general characteristics and the fine-scale
structure of the Saturnian chorus is discussed, and the
propagation characteristics of the chorus is presented. The
possible correlation between the occurrence of the chorus
emission with local time and magnetic latitude is examined,
and an initial survey of the amplitudes of the chorus is
presented and compared to chorus detected at the Earth and
Jupiter.

2. Cassini RPWS Instrument Description

[7] The Cassini Radio and Plasma Wave Science (RPWS)
instrument consists of five receivers, a Langmuir Probe,
three electric antennas used here as a combination of a
dipole antenna (Ex) and an orthogonal monopole antenna
(Ew), and a triaxial search coil magnetometer (see Gurnett
et al. [2004] for a detailed description of the instrument).
The receivers cover a range from �1 Hz to 16 MHz for
electric fields, and �1 Hz to 12 kHz for magnetic fields.
This study will primarily use the medium frequency receiver
(MFR), the wideband receiver (WBR), and the five-channel
waveform receiver (WFR). The MFR sweeps from 24 Hz to
12 kHz, with 80 frequency steps in three bands. A complete
spectrum is obtained every 32 s, with the choice of the
antenna usually alternating between the Ex electric antenna
and the Bz magnetic antenna. The WBR obtains waveforms
from one sensor (usually the Ex electric antenna) in one of
two frequency bands, either 60 Hz to 10.5 kHz, or 800 Hz
to 75 kHz. The duty cycle of the WBR ranges from nearly
continuous to a few snapshots per day depending on the
telemetry available. For this study, the 60 Hz to 10.5 kHz
filter mode is primarily used. The WFR obtains simulta-
neous waveforms from up to five sensors in one of two
frequency bands, either 1 to 26 Hz, or 3 Hz to 2.5 kHz.
When two electric and three magnetic antennas are used,
polarization and wave normal vector measurements can be
obtained and, in certain conditions, the Poynting vector can
be determined. The WFR is usually operated with the Ex
dipole, Ew monopole, and the three search coil magneto-
meters (Bx, By, Bz). Usually a 2048-sample waveform,
with a 140 mS sample period, is captured every 48 or 320 s
in the high-frequency filter mode. This produces a wave-
form �0.29 s long, with a gap of 47.71 or 319.71 s until the
start of the next waveform.
[8] The simultaneous measurement of five components of

the electric and magnetic field by the WFR allows the wave
normal and Poynting vector of various low-frequency
plasma waves to be determined in many cases. The wave
normal vector determines the direction of propagation of a
wave, and is important in determining the polarization, the
mode, and the source region of the wave. It can also be used
to calculate the dispersion relation, to determine various
resonances, to estimate the index of refraction, and is helpful
in examining wave-particle interactions. The Poynting flux
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determines the direction of propagation of the wave energy,
and is also helpful in determining the wave mode and the
wave generation region.

3. Method of Analysis for the WFR

[9] In this study, the Means method [Means, 1972], using
code developed by LeDocq [1998] for the Polar PWI
instrument, and modified for the Cassini RPWS instrument
WFR data, is used to determine the wave normal vector, k.
This method involves computing a spectral matrix that
consists of the auto- and cross-power spectra from the three
magnetic components. Although this method has an inher-
ent 180� ambiguity in the wave normal direction, this
ambiguity can be removed if the Poynting vector, S, can
be determined. Since the wave normal vector must have a
component in the direction of the energy flow, S � k must be
greater than 0. Because the Cassini WFR only measures five
components of electromagnetic waves (two electric and
three magnetic), the Poynting vector cannot be determined
directly. However, Shawhan [1970] showed that for elec-
tromagnetic waves below the electron cyclotron frequency,
fce, the missing component can usually be estimated from
the five measured components, and the Poynting vector can
be determined with good accuracy using S = (1/2) Re{E(f)
x H*(f)}, where * indicates the complex conjugate, Re is
the real part, and E(f) and H(f) are the Fourier transforms of
the electric and magnetic field waveforms. See Hospodarsky

et al. [2001] for a more detailed discussion of this analysis
method.

4. Chorus Observations at Saturn with Cassini

[10] Figure 1 shows a 20-h magnetic field spectrogram
obtained from the Bz search coil magnetometer attached to
the medium frequency receiver (MFR) for the period around
periapsis of orbit 8. The white lines on Figure 1 show the
electron cyclotron frequency, fce (upper line) and 1/2 fce
(lower line) that was determined from the magnitude of the
magnetic field provided by the Cassini Magnetometer Team
(MAG) [Dougherty et al., 2004]. During this orbit, chorus is
observed both during the inbound trajectory from about
2005, day of year (DOY) 140 2100 to DOY 141 0130
Spacecraft Event Time (SCET), and during the outbound
trajectory from about DOY 141 1030 to 1400 SCET. The
magnetic field spectrum is shown instead of the electric
field spectrum since it most easily shows the electromag-
netic chorus emissions and avoids any confusion with the
many electrostatic emissions detected in this region. As can
be seen, the center frequency of the chorus band increases
as fce increases, and no emission is detected above 1/2 fce
during this period. The majority of the chorus detected at
Saturn is similar to this example.
[11] The results of the wave normal and Poynting vector

determination of the chorus from Figure 1 is shown in
Figure 2. The top two panels show the sum of the electric
and magnetic field spectral densities (V2/m2Hz and nT2/Hz)
from each of the sensors, with intensity indicated by the

Figure 1. An overview of the magnetic field spectrum observed by the Cassini RPWS medium
frequency receiver (MFR) during periapsis of orbit 8. The ‘‘magnetospheric’’ chorus emissions are
observed during the inbound trajectory from about day of year (DOY) 140 2100 to DOY 141 0130
Spacecraft Event Time (SCET) and during the outbound trajectory from about DOY 141 1030 to 1400
SCET. The white lines show the electron cyclotron frequency, fce (top line) and 1/2 fce (bottom line), that
was determined from the magnitude of the magnetic field provided by the Cassini Magnetometer Team.
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color bar to the right. The third panel shows the angle, qk,
between the wave normal vector and the local magnetic
field (60-s averaged magnetic field data), with the color bar
denoting angular values ranging from 0� to 180�. The fourth
panel shows the angle, qS, between the Poynting vector and
the ambient magnetic field, with the color bar denoting
angular values ranging from 0� to 180�. The fifth panel
shows the sign of the z component of the Poynting vector,
Sz = S � Bo where Bo is a unit vector parallel to the magnetic
field. When Sz is positive, the Poynting vector has a
component in the +Bo direction, and the emission is plotted
in red. When Sz is negative, the Poynting vector has a
component in the �Bo direction, and the emission is plotted
in green.
[12] Figure 2 shows that the wave normal and Poynting

vector are nearly aligned with the local magnetic field for

most of this event. Although it is not shown in Figure 2, the
analysis also showed that the chorus is right-hand polarized.
The bottom panel of Figure 2 shows that during the inbound
period, the chorus is propagating parallel to the local
magnetic field (southward and away from the magnetic
equator), and during the outbound period, the chorus is
propagating anti-parallel to the local magnetic field (north-
ward and away from the magnetic equator), in agreement
with LeDocq et al. [1998] and Hospodarsky et al. [2001]
results for chorus at the Earth.
[13] High-resolution WBR observations of chorus from

Cassini show that the chorus emissions contain a range of
fine structure. For example, Figure 3a shows an approxi-
mately 90 s WBR snapshot obtained during the outbound
period of Orbit 8 (see Figure 1). The chorus emission in this
example is the hiss-like signal from about 250 Hz to 700 Hz.

Figure 2. A summary of the waveform receiver (WFR) observations of the wave normal and Poynting
vector direction of chorus emissions shown in Figure 1. The top two panels show the sum of the electric
and magnetic field spectral density in units of V2/m2Hz and nT2/Hz. The third panel shows the angle, qk,
between the wave normal vector and the local magnetic field (60-s averaged magnetic field data). The
fourth panel shows the angle, qS, between the Poynting vector and the ambient magnetic field. The fifth
panel shows the sign of the z component of the Poynting vector, Sz = S � Bo, where Bo is a unit vector
parallel to the magnetic field.
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The narrowband lines below about 300 Hz are interference
from the Reaction Wheel Assembly (RWA) altitude control
system, and are not related to the chorus emission.
Figures 3b and 3c show examples of chorus from Orbit A
which contain rising-tone fine structure on top of the hiss-
like component. Figure 3b shows 3 min of WBR data
during a chorus burst that has rising tone-like structures
from about 200 Hz to 500 Hz, with rising times ranging
from seconds to tens of seconds, on top of a bursty, hiss-like
band from about 350 to 450 Hz. Figure 3c shows 4 min of
WBR data obtained a few minutes before the example
shown in Figure 3b. This burst of chorus shows a series
of periodic, broader rising tones from about 200 Hz to
400 Hz, with a period of about 15 s, and a series of much
narrower tones from about 400 Hz to 650 Hz. These higher-
frequency tones appear to be related to the high-frequency
parts of the periodic signature, and both rise and fall in
frequency with time. Figure 3d shows 2 h of WBR data
obtained during Orbit 17. During the beginning of this
period, the chorus consists of a hiss-like component at
lower frequencies and a component made up of broadband
rising tones with periods of about 6 min rising out of this
lower-frequency component. As Cassini moves outbound
from Saturn during this period, the chorus drops in frequency

and the rising tones appear to merge with the lower-
frequency hiss-like component. The white line in Figure 3d
shows 1/2 fce as determined by the MAG. As can be seen,
the chorus emissions for this period are always below 1/2 fce.
It should be noted that for Figures 3a, 3b, and 3c, 1/2 fce is
not plotted because it was above the upper frequency limit
of the spectrogram.
[14] The majority of the chorus detected at Saturn is

similar to the examples discussed above, and has the
following characteristics. First, it is always detected below
1/2 fce and often below 1/4 fce (the lack of a frequency
component above 1/2 fce also results in the lack of a gap in
the emissions at 1/2 fce). Second, it is usually observed for
many minutes to hours, and is observed over a range of
magnetic latitude and L shells. Third, the chorus at Saturn
contains less fine structure than is often observed with
chorus at the Earth, and the fine structure that is observed
tends to have longer time scales (seconds to minutes) than
chorus detected at the Earth (often fractions of seconds to
seconds). Fourth, the chorus propagates away from the
magnetic equator, implying that the source region is near
the magnetic equator. This type of chorus emission will be
called ‘‘magnetospheric’’ chorus for the rest of this paper.

Figure 3. High-rate wideband receiver (WBR) time-frequency spectrograms of the ‘‘magnetospheric’’
chorus emission. The emission is often hiss-like but also shows a variety of fine structure, including
narrowband rising tones with time scales on the order of seconds to minutes.
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[15] A second type of chorus detected by Cassini at
Saturn is associated with local electron injections. These
inwardly injected flux tubes of low-density, warmer (100s to
1000s eV) electrons are often detected in Saturn’s inner
magnetosphere [Burch et al., 2005; Hill et al., 2005; Mauk
et al., 2005; Paranicas et al., 2007; Rymer et al., 2007,
2008] and are important in balancing the outward flow of
the higher-density, cool (<100 eV) electrons in a rotationally
dominated magnetosphere. Figure 4 is a time-frequency
spectrogram from Orbit 17 of the electric field survey data
which shows the wide range of emissions that are detected
by RPWS in Saturn’s magnetosphere. Saturn kilometric
radio emission (SKR) is detected almost continuously in
this period above about 100 kHz. The upper hybrid reso-
nance (UHR) emission is seen throughout most of this
period, starting at about 50 kHz at the 0500 SCET and
dropping to about 30 kHz at 0800 SCET. From the
frequency of this emission, and the magnetic field value
provided by the Magnetometer instrument, the local elec-
tron plasma density can be determined (see Persoon et al.
[2005, 2006a, 2006b] for density measurement results in
Saturn’s inner magnetosphere using this technique). Elec-
trostatic electron cyclotron harmonic (ECH) waves, also
called n+1/2 harmonic waves, are detected just above fce
during most of this interval. ‘‘Magnetospheric’’ chorus is
observed below 1/2 fce from 0500 SCET to about 0600 SCET
(this is a continuation of the chorus shown in Figure 3d).
[16] From about 0735 to 0740 SCET, the characteristics

of many of the plasma waves change. First, the UHR either
disappears, or more likely drops in frequency (corresponding

to a drop in density of the background plasma). Second,
there occurs an intensification of the ECH waves and the
appearance of additional harmonics. Third, there is an
appearance of strong chorus emission at about 1/2 fce. The
local magnetic field also increased at this time, represented
by the increase in fce and 1/2 fce. The characteristics of the
ECH and chorus emissions of this event can be more easily
seen in the high-resolution WBR time-frequency spectro-
grams shown in Figure 5. The top panel shows the ECH
waves, and the appearance of the more complicated ECH
harmonic structure during the injection event. The bottom
panel focuses on the chorus emission that appears near 1/2 fce
during the event. These changes in the plasma wave
emissions are evidence for the occurrence of a local injec-
tion event, and this hypothesis has been confirmed by
Rymer et al. [2008] from the Cassini Plasma Spectrometer
(CAPS) electron data for this event. Their initial analysis of
the CAPS data for this event finds that inside the injection,
the low-energy (<100 eV) electrons flux is reduced, while
the high-energy component (>1 keV) is enhanced. The
higher-energy component forms pancake-like distributions
while the lower-energy electrons are more field aligned
[Rymer et al., 2008, Figure 5]. Menietti et al. [2008a] has
examined this specific event and modeled the measured
electron plasma distributions to conduct linear dispersion
analysis of the plasma wave modes, especially for the ECH
waves. They find that a narrow loss cone for the lower-
energy electrons distribution can drive growth of oblique
ECH waves similar to those that are observed. They also
found that the higher-energy pancake-like distribution with

Figure 4. A time-frequency spectrogram from Orbit 17 of the electric field survey data which shows the
wide range of emissions that are detected by RPWS in Saturn’s magnetosphere. ‘‘Magnetospheric’’
chorus is observed below 1/2 fce from 0500 SCET to about 0600 SCET (this is a continuation of the
chorus shown in Figure 3d). From about 0735 to 0740 SCET, the characteristics of the plasma waves
indicate the presence of a local injection event.
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a temperature anisotropy can drive whistler mode waves,
although at a lower frequency than the chorus observed for
this event.
[17] An examination of the chorus shown in the bottom

panel of Figure 5 shows that this chorus has different
characteristics from the ‘‘magnetospheric’’ chorus examples
shown in Figure 3. The most noticeable difference is that
the chorus occurs in two bands, separated by a gap at about
1/2 fce. This appearance is very similar to chorus detected at
the Earth, and the only detection of chorus at Saturn with
frequencies greater than 1/2 fce is during local injection
events. The chorus emissions also appear to be more bursty
than the examples shown on Figure 3, are only detected for
a few minutes, and are not observed immediately outside of
the injection event. Figure 6 shows two other examples of
high-resolution WBR time-frequency spectrograms
obtained during two injection events from orbit 4. Both

show the gap at 1/2 fce and both show a series of rising tones
in the lower band of chorus, very similar in appearance to
chorus at the Earth. These examples are very typical of the
‘‘injection event’’ chorus when it is detected at Saturn.
[18] A survey of all the RPWS WFR data has been

completed for the first 45 orbits (including Saturn Orbit
Insertion) of Saturn, and the periods for which chorus (both
‘‘typical’’ and ‘‘injection event’’ chorus) is present have
been determined. The wave normal analysis has been
performed on each chorus event, and the propagation
characteristics of the chorus at Saturn with respect to the
Saturn magnetic field are shown in Figure 7. Green on
Figure 7 refers to wave propagation anti-parallel to the
magnetic field (northward propagation away from the
magnetic equator), red refers to parallel propagation (south-
ward propagation), and blue shows mixed propagation
directions. As can be seen, the chorus at Saturn always

Figure 5. High-rate WBR time-frequency spectrograms from Orbit 17: (top) the structure of ECH
emissions and (bottom) the chorus emission detected during the injection event. As can be seen, the
‘‘injection event’’ chorus has a gap at 1/2 fce and fine structure with a smaller time scale than most of the
‘‘magnetospheric’’ chorus events shown in Figure 3.

A12206 HOSPODARSKY ET AL.: OBSERVATIONS OF CHORUS AT SATURN

7 of 13

A12206



propagates away from the magnetic equator except for
regions very near the equator, which is very similar to the
results of LeDocq et al. [1998] for the Earth. It should be
noted that the magnetic equator (y axis = 0) shown in
Figure 7 is determined from a model magnetic field of
Saturn. A closer examination of the results very near the
model magnetic equator shows a few cases of purely
southward propagating chorus (not mixed) observed up to
0.8� north of the predicted magnetic equator, but no purely
northward propagating chorus has been detected south of
the predicted magnetic equator. This discrepancy could be
explained by a slight shift northward of the expected
magnetic equator location, which has been suggested by
MAG measurements of the plasma sheet [Arridge et al.,
2008; K. K. Khurana et al., Sources of rotational signals in

Saturn’s magnetosphere, submitted to Journal of Geophysical
Research, 2008].
[19] The relationships between the detection of chorus

and the various orbital parameters of the Cassini spacecraft
have also been examined for the first 45 orbits. Figure 8 shows
the occurrence of the chorus (solid dots) with respect to
L shell versus local time (bottom panel) and latitude (top
panels) for the ‘‘magnetospheric’’ chorus (two left panels)
and the ‘‘injection event’’ chorus (two right panels). The
dashed lines in the two left panels are the trajectory of
Cassini during the first 45 orbits to show the orbital
coverage for this period. As can be seen from the two
left panels, there is no obvious correlation between the
occurrence of the ‘‘magnetospheric’’ chorus and local
time or latitude. From the bottom right panel, no local
time dependence for the occurrence of ‘‘injection event’’

Figure 6. Two high-resolution WBR time-frequency spectrograms obtained during two injection events
from orbit 4. Both examples show the gap at 1/2 fce, and both show a series of rising tones in the lower
band of chorus, very similar in appearance to chorus at the Earth. These two examples are very typical of
the ‘‘injection event’’ chorus when it is detected at Saturn.
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chorus can be seen. However, it appears that ‘‘injection
event’’ chorus is more likely to be observed near the
magnetic equator. Both the ‘‘magnetospheric’’ and ‘‘injec-
tion event’’ chorus primarily occurs between L shells of
about 4.7 to 8. ‘‘Magnetospheric’’ chorus also appears at
greater L shells (8 to about 10.5), but only around local
noon and near the magnetic equator. An examination of
these chorus events at larger L shells shows that the
occurrence of the chorus is often correlated with enhance-
ments in the UHR intensity and broadening of the band-
width of the UHR emission. An example of this correlation
from orbit 22 is shown in Figure 9. The broadening and
especially the intensification of the UHR band suggests an
instability as opposed to a thermal emission is responsible
for the UHR enhancements. The possibility of similar
electron distributions driving both the UHR band and the
chorus will be investigated in more detail in future work.
The possible correlation between the occurrence of the
chorus and the new SLS2 longitude [Kurth et al., 2007]
system was also examined for the first 23 orbits and no
correlation was found.
[20] The amplitude of the chorus emissions is important

in understanding the possible wave-particle interactions. For
example, at the Earth typical chorus amplitudes are usually
around 0.01 to 0.1 nT, and may reach 300 nT (or 30 mV/m)
during disturbed periods [Santolik et al., 2006]. Cattell et al.
[2008] using recent results from the Stereo spacecraft
have reported even larger amplitude electric field signals
(240 mV/m) associated with high time resolution measure-
ments in the VanAllen radiation belts, and suggest that strong
nonlinear wave-particle processes may be more important
than earlier thought. At Jupiter, Coroniti et al. [1980, 1984]
using Voyager observations reported chorus amplitudes of

about 0.26 mV/m (10 pT assuming parallel propagation).
Similar amplitudes of about 0.1 mV/m and 3 pT have
recently been reported using the Galileo observations
[Horne et al., 2008; Menietti et al., 2008b]. At Saturn,
Scarf et al. [1983] reported average chorus electric field
amplitudes at 1 kHz of about 1.8 � 10�3 mV/m(Hz)1/2, and
estimated (Voyager did not have a search coil magnetom-
eter) a magnetic field wave amplitude of 0.15 pT/(Hz)1/2

from the calculated index of refraction assuming parallel
propagation. Using the bandwidth of 133 Hz for the 1 kHz
Voyager channel, this gives an electric field amplitude of
about 0.02 mV/m and magnetic field amplitude of 2 pT.
Using these values and the plasma conditions measured by
Voyager during the period chorus was detected, Scarf et al.
[1983, 1984] found the waves too weak to play a significant
role in pitch angle scattering of the electrons.
[21] The Cassini spacecraft, with the simultaneous mea-

surements of electric and magnetic field components of the
waves with the WFR, and high time and frequency resolu-
tion measurements with the WBR, allows a more detailed
examination of the chorus wave amplitude at Saturn than
was possible with Voyager. The top part of Table 1 shows
the measured electric and magnetic field wave amplitudes of
the ‘‘magnetospheric’’ chorus examples from each panel of
Figure 3, and the bottom part of Table 1 shows electric and
magnetic field wave amplitudes for the ‘‘injection event’’
chorus examples shown in Figures 5 and 6. The first column
shows the time of the measurement in spacecraft event time
(SCET) and the second column shows the receiver that
supplied the measurement. The time shown for the WFR
data is the start of the waveform capture, and the amplitudes
are obtained from FFTs of each 2048 sample waveform
(about 0.29 s long). All of the WFR data that were obtained
in the periods shown in Figures 3 (except for Figure 3d), 5
and 6 are included in Table 1. The times chosen for the
WBR measurements were periods where the chorus emis-
sion exhibited the narrowband-tone fine structure or the
period of the largest wave amplitudes that occurred during
the spectrograms shown in Figures 3, 5, and 6. The columns
3, 4, and 5 show the frequency corresponding to the peak
amplitude of the chorus, the electric field wave amplitude,
and the magnetic field wave amplitude. The last column
shows the corresponding figure that contains this time
period. For the ‘‘injection event’’ chorus, this column also
shows if the measurement was for the chorus observed
above or below 1/2 fce.
[22] As can be seen, the amplitudes of the chorus emis-

sions at Saturn vary by more than an order of magnitude.
The WFR electric field results ranged from about 2 �
10�6 V m�1 Hz�1/2 to 2 � 10�5 V m�1 Hz�1/2 and the
magnetic field results ranged from about 1� 10�4 nT Hz�1/2

to 5 � 10�3 nT Hz�1/2. The peak electric fields amplitudes
measured by the WBR ranged from about 2 � 10�6 V m�1

Hz�1/2 to 1 � 10�4 V m�1 Hz�1/2. Assuming a bandwidth
of the chorus of 50 Hz (the fine structure ranges from a few
tens of Hz to hundreds of Hz), the electric field amplitudes
range from about 0.01 mV/m to about 1 mV/m and the
magnetic field amplitudes range from about 0.5 pT to about
35 pT. The lower range of amplitudes measured by Cassini
are similar to the Voyager results of 1.76 � 10�6 V m�1

Hz�1/2 (0.02 mV/m) and 1.54 � 10�4 nT Hz�1/2 (2 pT)
reported by Scarf et al. [1983, 1984]. However, the upper

Figure 7. The propagation direction of the chorus
emission detected at Saturn with respect to the magnetic
field shown on a magnetic meridian plot. The chorus
emission at Saturn usually propagates away from the
magnetic equator. Very near the equator, a mixture of both
upward and downward propagation is observed.
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range of the Cassini results are at least an order of
magnitude higher than the Voyager results, suggesting that
the waves-particle interaction may be more important dur-
ing these periods.
[23] Whistler mode waves propagating parallel to the

magnetic field, assuming the cold plasma approximation,
will resonate with electrons of energy

E resð Þ 	 1=2mc
2 fce � fð Þ2= nfð Þ2; ð1Þ

where m is the mass of the electron, c is the speed of light, f
is the frequency of the whistler wave, and n is the index of
refraction given by

n2 ¼ 1þ f 2pe= ffce � f 2
� �

; ð2Þ

where fpe is the electron plasma frequency [Scarf et al.,
1984]. Table 2 shows the electron plasma frequency,
electron cyclotron frequency, frequency of the chorus, the

calculated index of refraction from equation (2), and the
estimated resonant energy calculated from equation (1) for
the chorus detected on October 30, 2005 (Figures 3d, 4 and
5). This period was chosen because both ‘‘magnetospheric’’
and ‘‘injection event’’ chorus were detected during this
orbit, and the chorus was observed near the magnetic
equator. The resonance energies for this example ranged
from a few hundred eV to slightly less than 1 keV, with
similar values calculated both for the ‘‘magnetospheric’’
chorus and for the ‘‘injection event’’ chorus. An initial
examination of the CAPS electron data during this event
show some electrons with similar energies, but a more
detailed comparison will be presented in a future work to
determine the importance at Saturn of chorus and other
whistler mode emissions in wave-particle interactions.

5. Conclusions

[24] Whistler mode chorus emissions are observed by the
RPWS instrument during most orbits of Saturn, and are

Figure 8. The position of Cassini during the periods that the ‘‘magnetospheric’’ (left panels) and
‘‘injection event’’ (right panels) chorus is detected. The top panels show latitude versus L shell, and the
bottom panels show local time (LT) versus L shell.
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detected in two different regions. The most common obser-
vations (‘‘magnetospheric’’ chorus) are of emissions that are
usually detected for many hours and are propagating away
from Saturn’s magnetic equator. This ‘‘magnetospheric’’
chorus is only observed below half the electron cyclotron
frequency and occurs primarily from L shells of about 5 to
8, and shows no correlation with Saturn magnetic latitude,
longitude, or local time. ‘‘Magnetospheric’’ chorus detected
at larger L shells (between L of 8 to 10) is usually confined
to lower latitudes and occurs at local times near noon. High-
resolution measurements show that the fine structure that is
observed usually consists of rising tones, but with larger
time scales (many seconds to minutes) than typically
observed at the Earth (<1 s). The second region of chorus

detected at Saturn is in association with local plasma
injections (‘‘injection event’’ chorus). For many plasma
injection events, chorus emissions are detected both above
and below half the electron cyclotron frequency, with a gap
in the emission at half the cyclotron frequency. This chorus
is usually only detected for a few minutes, is not observed
outside of the injection event, contains fine structure (usu-
ally a series of rising tones) at a much smaller time scale
(less than a second to a few seconds) than the ‘‘magneto-
spheric’’ chorus, and appears similar to chorus detected at
the Earth. These differences and similarities of the fine
structure of chorus detected in different regions at Saturn
compared to the chorus detected at the Earth may help in
understanding the source of this fine structure. An initial

Figure 9. A time-frequency spectrogram from Orbit 22 showing the correlation between the enhanced
UHR and the occurrence of chorus emission at higher L shells.

Table 1. Measured Electric and Magnetic Field Wave Amplitudes

Time (SCET) Receiver Freq. (Hz) Electric (V/m(Hz)1/2) Magnetic (nT/(Hz)1/2) Notes

‘‘Magnetospheric’’ Chorus
2005-05-21T10:29:59.000 WFR 580 2.2 � 10�6 2.2 � 10�4 Figure 3a
2004-10-28T09:46:33.524 WFR 400 8.4 � 10�6 1.4 � 10�3 Figure 3b
2004-10-28T09:47:25.400 WBR 400 1.4 � 10�5 - Figure 3b tones
2004-10-28T09:47:13.600 WBR 300 1.4 � 10�5 - Figure 3b tones
2004-10-28T09:38:45.600 WBR 500 6.3 � 10�6 - Figure 3c tones
2005-10-30T02:12:29.799 WFR 1600 2.4 � 10�6 3.2 � 10�4 Figure 3d
2005-10-30T03:43:09.764 WFR 800 2.6 � 10�6 4.5 � 10�4 Figure 3d

‘‘Injection Event’’ Chorus
2005-10-30T07:37:49.675 WFR 550 5.5 � 10�5 7.1 � 10�4 Figure 5b
2005-10-30T07:37:49.675 WFR 725 1.5 � 10�5 1.7 � 10�4 Figure 5b
2005-10-30T07:37:42.840 WBR 550 1.0 � 10�4 - Figure 5b below 1/2 fce
2005-10-30T07:37:26.760 WBR 725 2.5 � 10�5 - Figure 5b above 1/2 fce
2005-03-09T21:21:19.164 WFR 450 4.5 � 10�6 7.8 � 10�4 Figure 6a
2005-03-09T21:22:11.672 WBR 540 2.0 � 10�5 - Figure 6a below 1/2 fce
2005-03-09T21:22:11.800 WBR 680 1.7 � 10�5 - Figure 6a above 1/2 fce
2005-03-09T20:47:34.560 WBR 650 1.0 � 10�5 - Figure 6b below 1/2 fce
2005-03-09T20:49:36.800 WBR 750 1.7 � 10�5 - Figure 6b above 1/2 fce
2005-03-09T20:49:19.177 WFR 650 2.5 � 10�5 4.5 � 10�3 after Figure 6b
2005-03-09T20:49:19.177 WFR 750 3.2 � 10�5 5.0 � 10�3 after Figure 6b
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examination of the peak wave amplitudes of the chorus
emissions at Saturn finds amplitudes much smaller than the
peak amplitudes that have been reported at the Earth, but
larger by at least an order of magnitude than the amplitudes
detected by Voyager. The detection of these larger ampli-
tudes suggests that chorus may be responsible for some
pitch angle diffusion at Saturn. The importance of these
waves in wave-particle interaction at Saturn will be pre-
sented in a future work.
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