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Abstract We present an observation of intense emissions in Saturn’s magnetosheath as detected by
the Cassini spacecraft. The emissions are observed in the dawn sector (magnetic local time ∼06:45) of the
magnetosheath over a time period of 11 h before the spacecraft crossed the bow shock and entered the
unshocked solar wind. They are found to be narrow-banded with a peak frequency of about 0.16 fce, where
fce is the local electron gyrofrequency. Using plane wave propagation analysis, we show that the waves are
right hand circularly polarized in the spacecraft frame and propagate at small wave normal angles (<10∘)
with respect to the ambient magnetic field. Electromagnetic waves with the same properties known as
“lion roars” have been reported by numerous missions in the terrestrial magnetosheath. Here we show the
first evidence such emission outside the terrestrial environment. Our observations suggest that lion roars
are a solar-system-wide phenomenon and capable of existing in a broad range of parameter space.
This also includes 1 order of magnitude difference in frequencies. We anticipate our result to provide new
insight into such emissions in a new parameter regime characterized by a higher plasma beta (owing to
the substantially higher Mach number bow shock) compared to Earth.

1. Introduction

A magnetosheath is an intermediate region ahead of a planetary magnetosphere where the solar wind
slows down from supersonic to subsonic speeds across a bow shock. Here the interplanetary magnetic field
(IMF) carried by the solar wind plasma is compressed and perpendicular electron temperature increases.
The electron temperature anisotropy can lead to a growth of intense electromagnetic waves (e.g., Kennel &
Petschek, 1966).

Electromagnetic emissions at frequencies 0.1–0.5 fce (∼100 Hz), where fce is the local electron gyrofrequency,
known as “lion roars” were first reported in the terrestrial magnetosheath by the OGO-5 satellite (e.g., Smith
et al., 1969). Smith and Tsurutani (1976) subsequently discovered that the lion roars are right-hand circularly
polarized waves propagating at small wave normal angles (<15∘) to the ambient magnetic field, that is, in
the whistler mode. Using the Equator-S measurements, Baumjohann et al. (1999) showed narrow-banded
waves (0.05–0.15fce) with wave normals almost field-aligned (∼0.2∘). More oblique (∼40∘ or 150∘) waves with
a broader frequency band (up to 0.75 fce) were found in measurements done by Cluster (Maksimovic et al.,
2001) and Double Star (Yearby et al., 2005). More recently, Dubinin et al. (2007) showed observations of lion
roar emissions at a frequency range 0.1–0.2 fce in the terrestrial magnetosphere.

The lion roars are often observed simultaneously with magnetic dips (Smith & Tsurutani, 1976). These mag-
netic dips were later identified as mirror-mode waves (Tsurutani et al., 1982) whereby the magnetic field
strength is anticorrelated with the electron density. Trapped electrons within the magnetic cavity in the
high-𝛽 , low magnetic field region can generate waves via the cyclotron resonance instability (Thorne &
Tsurutani, 1981). Smith and Tsurutani (1976) proposed an alternative generation mechanism based on a
cyclotron overstability caused by field-aligned proton beams with energy of about 10 keV. Using Geotail
measurements, Zhang et al. (1998) observed 30% of lion roar bursts with mirror-mode structures and 70%
without. The evidence for a source region disassociated with the mirror mode was already suggested by
Tsurutani et al. (1982). They concluded that a source region may be located in the flank of the magnetosheath
as well. In the flank region, the resonant energy can be as low as the electron thermal energy. Whistler waves
grow as the number of resonant electrons increases. The observations of lion roars outside of the mirror-mode
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structure were presented, for example, by Zhang et al. (1998) (Type B) and Masood et al. (2006). Another source
mechanism was proposed by Dubinin et al. (2007) where they suggested that the observed coherent structure
of lion roars in the magnetosphere can be associated with nonlinear properties of Gendrin’s whistler waves.
A nonlinear system consisting of the electrons and protons can resonate at a frequency where the phase and
group speed of the waves are equal. This interaction can lead to the periodic momentum exchange between
electrons and protons, giving arise to wave packets.

Lion roars are the most intense whistler-mode emission observed in Earth’s magnetosheath, with typical
amplitudes of several hundred of pT (e.g., Zhang et al., 1998), peak amplitudes of 0.5 nT inside the magnetic
cavities of mirror-mode waves (Baumjohann et al., 2000), and amplitudes as high as 1 nT detected by the
Double Star spacecraft (Yearby et al., 2005).

The solar wind conditions at Saturn result in a magnetosheath that has different properties compared to Earth.
The typical Parker spiral angle at Saturn’s distance (10 AU) is ∼90∘ (see Figure 2 in Píša et al., 2016). The IMF
configuration together with the solar wind plasma properties forms a high Alfvénic Mach number (10–100)
quasi-perpendicular shock (Sulaiman et al., 2015, 2016). Plasma conditions in Saturn’s magnetosheath are
variable and reflect fluctuations in the solar wind parameters. The first systematic study of magnetosheath
plasma properties at Saturn was presented by Sergis et al. (2013). Based on Cassini’s observations, they found
that the plasma pressure varies between 6 and 30 pPa, the plasma density between 0.05 and 0.25 cm−3, the
plasma temperature between 210 and 370 eV, and plasma flow speed between 170 and 240 km ⋅ s−1. In the
dawn region of Saturn’s magnetosphere the average direction of plasma flow projected onto the ecliptic
plane and measured counterclockwise from the sunward direction has an angle in the range of 175∘–205∘.
Sergis et al. (2013) also reported the presence of water group ions (W+) with magnetospheric origin in magne-
tosheath which can locally increase the total plasma pressure. The magnitude of the magnetic field is typically
0.6–1.6 nT and results in a magnetic pressure of 0.2–1.1 pPa. The plasma 𝛽 is in the range of 10–100. Sergis
et al. (2013) concluded that the magnetosheath width does not appear to be very sensitive to the upstream
solar wind conditions.

In this paper, we present observations of a lion roar emission event at Saturn obtained by the Cassini spacecraft
on 3 July 2005. Further, a part of the time interval with the most intense emission was used for a more detailed
wave propagation analysis.

2. Data

The waveform receiver (WFR), a part of the Radio and Plasma Wave Science (RPWS) instrument (Gurnett et al.,
2004), collects simultaneous waveforms from up to five sensors in a frequency range of either 1–26 Hz (lower
band) or 3 Hz–2.5 kHz (upper band). For the purpose of this study, only the lower band is required. The wave-
forms are sampled at a frequency of 100 Hz with 12 bit resolution. The WFR snapshot with a length of 20.48 s
is available every ∼24 s. During the analyzed time period the WFR receiver was operating in a mode in which
Channel 1 gathers the electric dipole antenna (Ex) signal, Channel 2 the electric monopole antenna (Ew) sig-
nal, and Channels 3–5 collect the Bx , By , and Bz search coil signals, respectively. An ambient magnetic field
was obtained from the triaxial fluxgate magnetometer which is a part of the magnetometer (MAG) instrument
(Dougherty et al., 2004). MAG data with 1 min averages are used to remove high-frequency perturbations and
improve the magnetic field direction.

The WFR waveforms measured in the spacecraft coordinate system were transformed into the local
field-aligned coordinates (LFAC). The LFAC system is defined as follows: ẑ = B⃗0, where B⃗0 is the direction of
the ambient magnetic field as measured by the fluxgate magnetometer, ŷ= ẑ × X⃗KSO, where X⃗KSO points from
Saturn to the Sun, and x̂ completes the orthogonal right-handed system. Consequently, the 5 × 5 Hermitian
cross-spectral matrices (three magnetic and two electric signals) with 64 frequency bins distributed over the
frequency range of 1–50 Hz and a time step of 24 s were calculated.

3. Observations

Cassini crossed the magnetopause at ∼03:30 UTC on 1 July 2005 and entered the dawn sector (magnetic
local time, MLT,∼06:45) of the magnetosheath. The spacecraft experienced multiple bow shock crossings and
returned to the Saturnian magnetosphere at ∼21:30 UTC on 12 July 2005. A part of Cassini’s orbit between
1 and 6 July 2005 projected onto the ecliptic plane is shown in Figure 1a. The gray solid lines represent the
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Figure 1. (a) Cassini’s orbit between 1 and 6 July 2005 projected onto the ecliptic plane. The solid gray lines show
the magnetopause (inner curve), and the bow shock (outer curve), based on models of Arridge et al. (2006) and Went
et al. (2011), respectively. The location of both boundaries is calculated for a solar wind dynamic pressure of 26 pPa.
The dashed gray rectangle depicts an area shown in Figure 1b. (b) Cassini’s positions within the magnetosheath are
shown by the green color. The time interval with an intense whistler-mode emission observed on 3 July is plotted
in red. The gray arrows represent the magnetic field line projected onto the ecliptic plane measured by the fluxgate
magnetometer at 30 min time steps. The black arrow shows the direction of satellite’s trajectory.

magnetopause and bow shock positions based on models of Arridge et al. (2006) and Went et al. (2011),
respectively, for the solar wind dynamic pressure of 26 pPa. Figure 1b demonstrates the trajectory in more
details and illustrates strong variation of plasma conditions inside a flank of the magnetosheath during the
analyzed time period. Cassini’s positions within the magnetosheath are shown by the green color. The red
color represents a time interval (∼04:00–14:30 UTC) with intense whistler-mode emissions observed on 3 July
2005. The gray arrows depict the magnetic field direction and intensity projected onto the ecliptic plane mea-
sured by the fluxgate magnetometer at 30 min time steps. The black arrow indicates the direction of Cassini’s
trajectory.

For a detailed wave propagation analysis, the time interval between 03:00 and 09:00 was selected. This time
interval covers the most intense emissions and the lower level of instrumental noise, especially in the mag-
netic components. A similar propagation analysis as was previously done by Santolík et al. (2011) is presented
in Figure 2. Figures 2a and 2b show time-frequency spectrograms for the sum of two electric and three
magnetic components, respectively. The white solid line represents one half of the electron gyrofrequency
calculated from the fluxgate magnetometer measurements. Intense horizontal lines at frequencies 8, 16, and
24 Hz in Figure 2b are instrumental interference with the bus interface unit. Wave propagation properties
are only calculated for electric wave intensities higher than 10−4mV2m−2Hz−1 and magnetic wave intensities
higher than 10−5nT2Hz−1. Coherence in the polarization plane using the singular value decomposition (SVD)
of the magnetic spectral matrices (Santolík & Gurnett, 2002) is presented in Figure 2c. The ellipticity of the wave
polarization with its sense (Santolík et al., 2002) is shown in Figure 2d, +1 is a right-hand circularly polarized
wave and −1 is left-hand circularly polarized. The wave normal angle with respect to the ambient magnetic
field obtained from the SVD method of the magnetic spectral matrices (Santolík et al., 2003) is plotted in
Figure 2e, 0∘ for waves propagating parallel with the field and 90∘ for transverse wave propagation. Figure 2f
presents the component of the Poynting flux in the direction of the ambient magnetic field with a level of
confidence (Santolík et al., 2001); positive values indicate the parallel propagation and negative values the
antiparallel propagation.

The propagation properties shown in Figure 2 are summarized in Figure 3. At each time step, a frequency,
Fmax, with the maximum wave intensity in the sum of electric components for the frequency range of 5–35 Hz
was identified. The electric component and frequency range were restricted for times with lower instrumental
noise levels and typical frequency band for the intense emissions. All analyzed parameters were averaged for
Fmax±1.5 Hz. Distribution of normalized peak frequencies is plotted in Figure 3a. Figure 3b shows a distribu-
tion of an ellipticity of wave polarization with the polarization sense. A distribution of normal wave angles
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Figure 2. Cassini RPWS/WFR lower band data measured on 3 July 2005. (a and b) Sum of the power spectral densities of two components of electric field and
three components of magnetic field, respectively, according to the color bars on the right-hand side, in the frequency range up to 50 Hz. The white line shows
one half of the electron gyrofrequency, fce, calculated from 1 min fluxgate measurements. (c) Coherence in the polarization plane using the SVD method of
the magnetic spectral matrices. (d) Ellipticity of the wave polarization combined with the sense of polarization, +1 for right-hand and −1 for the left-hand
circularly polarized waves. (e) Polar angle of a wave vector, 0∘ for waves propagating parallel to the ambient magnetic field and 90∘ for transverse wave
propagation. (f ) Component of the Poynting flux along the ambient magnetic field with the level of confidence, positive values indicate parallel propagation
and negative values antiparallel propagation.

is presented in Figure 3c. The normalized Poynting flux along the magnetic field line is plotted in Figure 3d.
Figure 3e shows a part of the RPWS/WFR waveform snapshot with the whistler-mode wave packets.

4. Discussion and Summary

Cassini measured intense emissions in the dawn sector (MLT∼06:45) of the magnetosheath for more than 11 h
before the bow shock crossing and entering the solar wind (∼15:00 UTC). As can be seen in Figures 2a and 2b
the emissions are narrow-banded with a relative frequency of ∼0.16 fce (Figure 3a). The typical magnetic field
strength in magnetosheath is around 0.9 nT (Sergis et al., 2013), which yields an electron cyclotron frequency
of∼25 Hz. Under these conditions the lion roar emissions are expected to be observed at a frequency of about
4 Hz (0.16fce). However, this peak frequency of 4 Hz is very close to receiver lower-frequency cutoff. Therefore,
lion roars can be clearly observed from the RPWS/WFR measurements only during time periods with stronger
magnetic fields. During the analyzed time period the median magnetic field strength was ∼3 nT resulting to
a wave frequency of about 13 Hz (0.16fce).
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Figure 3. (a) Distribution of normalized frequencies for the most intense spectral peak of the sum of two electric
components in Figure 2a. (b) Distribution of the ellipticity of wave polarization with the polarization sense.
(c) Distribution of normal wave angles obtained from Figure 2d. (d) Distribution of the normalized Poynting flux
component along the magnetic field. (e) An example of the Bx̂ component of the RPWS/WFR waveform snapshot
showing whistler-mode wave packets.

Using the plane wave analysis, it is shown that waves are right hand circularly polarized in the spacecraft
frame (Figure 3b) and propagate nearly parallel to the ambient magnetic field (𝜃kb<10∘) as can be seen in
Figure 3c. We do not have information about the solar wind speed and direction with respect to the magnetic
field; however, we can estimate the maximum Doppler shift. If we assume that the plasma flow is parallel to
the ambient magnetic field with a speed of 240 km ⋅ s−1 (Sergis et al., 2013), the wave frequency of 15 Hz,
and a typical refractive index of 100 (estimated from measured data and the method shown in Santolík et al.,
2003) the Doppler shift is ∼1.2 Hz. Thus, the Doppler shift does not significantly change the wave properties
measured in the spacecraft frame.

Although mirror-mode structures were already observed in Saturn’s magnetosheath (Cattaneo et al., 1998;
Tsurutani et al., 1982), we observed no correlation of wave intensity with the ambient magnetic field fluc-
tuations in contrast with Tsurutani et al. (1982) and Baumjohann et al. (1999), who showed a significant
correlation between the occurrence of lion roars and the magnetosheath mirror-mode waves. Zhang et al.
(1998) presented significant difference in wave normal directions for events with/without the simultaneous
mirror-mode structure. Their events associated with the mirror modes (Type A) propagate almost parallel to
the ambient magnetic field (𝜃kb<10∘). Whereas, the events not associated with mirror modes (Type B) have
highly oblique wave normal angles (𝜃kb up to 87∘). The higher wave normal angles might be explained by a
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remote source region and scattering of the wave vector during a wave propagation to the satellite position
(e.g., Masood et al., 2006).

The lack of plasma measurements during this event limits us to determine the local plasma distribution
function related to a possible wave source. At Earth Thorne and Tsurutani (1981) showed that waves can
be generated by the electron cyclotron instability resulting from the presence of an electron temperature
anisotropy (T⟂∕T∥ > 1). Evidence of lion roars generated via the electron cyclotron instability can often be
observed during mirror modes, when conditions for the wave growth are satisfied (Dubinin et al., 2007;
Treumann et al., 2000). However, we do not see any connection with the mirror-mode structures during the
analyzed event. Small wave normal angles (Figure 3c) and Poynting flux directions (Figure 3d) indicate that
waves propagate parallel to the ambient magnetic field lines. Assuming the typical azimuthal angle of the
bulk plasma flow in the dawn magnetosheath (175∘–205∘, Sergis et al., 2013) and orientation of the magnetic
field line (∼60∘) shown in Figure 1b (the red part of satellite’s orbit), one can see that waves propagate from
the flank region of magnetosheath nearly opposite to the plasma flow. Variations of the wave peak frequency
(Figures 2a and 2b) follow changes of the local cyclotron frequency. Thus, we deduce that our observations
are very close to the probable source region. The existence of the source region at the flank region of mag-
netosheath is in agreement with Tsurutani et al. (1982) who discussed conditions for wave growth occurring
independently of the mirror-mode structures. Typical conditions in Saturn’s magnetosheath as observed by
Sergis et al. (2013) result in the high plasma-𝛽 regime (10–100). Under these plasma conditions the charac-
teristic resonant particle energy can be as low as ∼20 eV. During the analyzed event the median magnetic
field strength was almost 3 nT. For such strong magnetic field and electron density of ∼0.12 cm−3 (obtained
from the RPWS Ne proxy data) the characteristic scaling energy is about 180 eV. Then, the resonant energy for
electrons is about 670 eV (for f /fce ∼0.16). An alternative source mechanism involving proton beams (Smith &
Tsurutani, 1976) could be satisfied with a streaming energy of about 44 keV (for the critical energy Ec ≃180 eV
and f∕fce =0.16). However, this energy exceeds the magnetosheath streaming energy of ∼0.5 keV and the
proton thermal energy of 370 eV (Sergis et al., 2013).

The lion roar emissions observed in Saturn’s magnetosheath form coherent whistler-mode wave packet
(see in Figure 2c) with amplitudes of a few hundred pT (Figure 3e). Although one can find even stronger
amplitudes (>1 nT) inside the terrestrial magnetosheath (Baumjohann et al., 1999; Yearby et al., 2005), these
amplitudes are comparable to those of lion roars at Earth (Smith et al., 1969; Zhang et al., 1998).

Intense electromagnetic lion roars have been observed by many missions in the terrestrial magnetosheath
(e.g., Smith et al., 1969; Zhang et al., 1998). Here we present the first conclusive evidence of intense lion roar
emissions in Saturn’s magnetosheath. Emissions are narrow-banded with a peak frequency of about 16% of
the local electron gyrofrequency. Waves propagate at small wave normal angles (<10∘) with respect to the
ambient magnetic field and they are right hand circularly polarized. Our observations of lion roars outside the
terrestrial environment suggest that they are a solar-system-wide phenomenon and capable of existing in a
board range of parameters including 1 order of magnitude difference in frequencies at Saturn. Future work
on identifying the location of dominant sources of the lion roars and plasma conditions favorable for their
detection will improve our understanding of the processes at work in unique parameter plasma regimes of
outer planets.
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