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RADIO AND PLASMA WAVE SCIENCE 

The Radio and Plasma Wave Science (RPWS) investigation was designed 

to study radio emissions, plasma waves, thermal plasma, and dust in the 

vicinity of Saturn. The science objectives included improving our 

knowledge of the rotational modulation of Saturn’s intense radio 

emission (SKR) and hence Saturn’s rotation rate, characterizing plasma 

waves associated with Saturn’s icy satellites and characterizing plasma 

density in the inner magnetosphere. RPWS was able to detect the dust 

hitting Cassini throughout the Saturn system and characterize lightning in 

Saturn’s atmosphere. 

 RPWS was composed of an electric field sensor, a magnetic search coil assembly and a 

Langmuir probe. The electric field sensor consisted of three deployable antennas. The Langmuir 

probe, which measured electron density and temperature, was a metallic sphere that measured 

currents and voltages induced in the probe.  
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EXECUTIVE SUMMARY 

The Cassini Radio and Plasma Wave Science (RPWS) investigation was successfully carried out 
over a seven-year cruise and more than thirteen years in orbit at Saturn. As described elsewhere, 
the instrument performed almost flawlessly; even some occasional processor hangs were 
understood to the point that we could anticipate modes that might cause them and sequence 
commands to allow the instrument to recover without ground intervention. While questions were 
certainly left to answer with future missions (see section entitled Open Questions for Saturn System 
Science), all of the RPWS science objectives were addressed and advances were made in areas 
not anticipated at launch, at least partially due to the long mission extensions and agile orbital 
mechanics involved in the mission and extended mission design. 

Top Scientific Findings 

The RPWS team debated the top scientific findings of the investigation at length and it is safe to 
say that while the following is a representative list, it is by no means a consensus in terms of either 
completeness or order of priority. It does, however, convey the breadth of the investigation, 
touching on all of Cassini’s disciplines including the magnetosphere, satellites, Titan, rings, and 
Saturn, itself. 

• Confirmation of a variable radio period and the discovery of hemispherically differing 
radio periods. 

• First in situ measurements of Saturn’s topside ionosphere and evidence of 
significant interactions with the ring system. 

• Comprehensive study of the occurrence of lightning in Saturn’s atmosphere and the 
evolution of a once-per-Saturn-year Great White Spot storm. 

• In situ measurements of the Enceladus plumes and their interaction with Saturn’s 
magnetosphere; in situ studies of a dusty plasma. 

• Plasma wave phenomena associated with icy satellites, notably Enceladus and 
Rhea, revealing their electromagnetic connection to Saturn via its magnetic field. 

• First in situ characterization of a non-terrestrial cyclotron maser instability-driven 
radio source (Saturn kilometric radiation). 

• In situ measurements of Titan’s extensive ionosphere, including the electron density 
and temperature, evidence for negative ions, and solar cycle dependencies. 

• The development of a plasma density model for Saturn’s inner magnetosphere. 

• Interdisciplinary studies of Saturn’s auroras including Saturn kilometric radiation, 
ultraviolet (UV) and infrared (IR) observations, energetic particles, and the influence 
of magnetospheric dynamics and solar wind compression events. 
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• Imaging of SKR source regions and the confirmation that they align with the UV 
auroras. 

• The discovery of Z-mode waves as the source of ∼5 kHz narrowband radio 
emissions first observed by Voyager. 

• Anomalously low plasma densities over the unlit side of the B-ring. 

• A new low-frequency radio emission phenomenon consisting of drifting tones. 

• Finding Titan ahead of Saturn’s bow shock and the realization that a complex shock 
forms ahead of the Titan-Saturn system as opposed to separate shocks. 

• The discovery of a seasonally-dependent source of plasma between the A-ring and 
Enceladus. 

• New insights on high Mach number shocks and upstream phenomena through 
studies of Saturn’s bow shock and foreshock region. 

The above list demonstrates that RPWS met and exceeded all of its objectives and made 
significant progress in areas not anticipated prior to arrival at Saturn. 

Open Questions for Saturn System Science 

Any mission, however extended, always raises questions based on the new knowledge gained. 
Here we give a brief list of open questions for radio and plasma wave science at Saturn, after 
Cassini. 

• What is the rotation period of Saturn? How do the multiple, variable magnetospheric 
periods observed in radio, magnetic fields, energetic particles, plasma, aurora, and 
other phenomena tie to the internally-generated magnetic field at Saturn? 

• Given the extraordinarily axi-symmetric magnetic field, why are there such 
prominent rotational modulations in Saturn’s magnetosphere? 

• What drives the episodic lightning on Saturn; why is there ∼one Great White Spot 
storm per Saturnian year? 

• How does the dust in the Saturnian system interact with Saturn and its atmosphere? 
How are the rings coupled to the planet other than through gravity? 

• What is the predominant form of the electron distribution function at the source of 
SKR? 

• How does the abundant neutral population in Saturn’s magnetosphere make it 
different from fully or mostly ionized magnetospheres? 

• What are the various populations of charged dust and molecules that balance 
charges in dusty media such as in the plumes of Enceladus and in Saturn’s topside 
equatorial ionosphere? 
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The key open questions are listed above and in the 
section entitled Open Questions for Saturn System Science. 
One of the objectives of Cassini was to understand the 
rotational modulation of Saturn kilometric radiation in the 
presence of an axi-symmetric magnetic field. Rather than 
understanding this, the question became more complex. The 
rotational modulation of SKR was confirmed to be variable and 
there are often different periods associated with the northern 
and southern hemispheres. Furthermore, such multiple, 
variable periods are seen in many aspects of the magnetosphere including the magnetic field, 
energetic particles, and even the auroral oval. While models exist that reproduce many of these 
observations, the fundamental origin of this asymmetric behavior in a symmetric system is not 
understood. 

Another aspect of the Saturnian system which is ripe with follow-on questions is the complex 
processes involving the magnetized plasma in Saturn’s magnetosphere in the presence of a large 
neutral population and pervaded with charged dust grains with sizes ranging from microns to 
nanometers.  

The Cassini mission provided the first opportunities to observe a cyclotron maser instability 
(CMI) source (of Saturn kilometric radiation) in situ at a location other than at Earth. While these 
opportunities allowed for the confirmation of a CMI mechanism, only two such source crossings 
occurred when the Cassini Plasma Science (CAPS) instrument was functioning. Hence, the 
multiple additional source crossings in the Ring Grazing and Grand Finale orbits did not have the 
advantage of the CAPS measurements, meaning we do not have more than a couple samples of 
the electron distribution function responsible for driving the CMI at Saturn. The theory for CMI 
allows one to infer the resonant energy of electrons and even something about the form of free 
energy in the source, but having the plasma measurements for additional sources would be 
beneficial. 

RPWS INSTRUMENT SUMMARY 

The RPWS instrument is a radio and plasma wave spectrometer with the capability of determining 
the density and temperature of plasmas. The instrument utilizes seven sensors including three 
monopole electric field antennas with the ability to use two of them as a dipole antenna, a triaxial 
search coil magnetometer, and a Langmuir probe. Electric fields in the frequency range of 2 Hz to 
16 MHz and magnetic fields in the range of 2 Hz to 12 kHz can be measured by the RPWS. The 
Langmuir probe can determine plasma densities and temperatures in the range of 10 to 105 cm-3 
and below 8 eV through the analysis of voltage-current sweeps. By using the spacecraft potential 
as a proxy for the electron density, much lower densities, down to 10-5 cm-3 can be inferred. The 
instrument is fully described by Gurnett et al. [2004]. 

… all of the RPWS 
science objectives were 
addressed and advances 
were made in areas not 
anticipated at launch … . 



 C A S S I N I  F I N A L  M I S S I O N REP O R T 2 01 9  9  

 

The RPWS utilizes a number of receivers to analyze signals from the various sensors. These 
include a high frequency receiver (HFR) covering electric fields from 3.5 kHz to 16 MHz with the 
capability of making full polarization and direction-finding measurements in certain modes. The 
HFR also includes a sounder which can actively stimulate characteristic frequencies of the plasma 
that enable an alternate approach to determining the plasma density. The medium frequency 
receiver (MFR) provides electric and magnetic spectral information in the range of 24 Hz to 12 kHz. 
The low frequency receiver (LFR) provides spectral information for both electric and magnetic fields 
in the frequency range of ∼1 Hz to 26 Hz. The five-channel waveform receiver (WFR) 
simultaneously captures waveforms from up to five sensors selected from two electric antennas, 
three magnetic antennas, and the Langmuir probe. Finally, the wideband receiver (WBR) can 
collect waveform measurements from a selected sensor in a bandwidth of 60 Hz to 10.5 kHz or 
0.8 to 75 kHz. The WBR can also provide a 25-kHz band downconverted from selected frequency 
bands in the HFR. 

A typical temporal resolution for survey measurements (covering the full instrument spectrum) 
is one spectrum per 8 to 16 seconds. The spectral resolution for survey data are Δf/f of 7 to 13%. 
The HFR has selectable spectral resolutions of 5 to 20% below 318 kHz and n × 25 kHz at higher 
frequencies. The typical operation of the Langmuir probe provides a full voltage sweep every 
24 seconds and can collect currents at fixed bias at rates as high as 20 Hz. Because of the 
possibility of interference with other instruments, the sounder is only operated briefly every 
10 minutes, or so. The WFR and WBR provide the highest resolution observations because actual 
waveforms are telemetered to the ground for processing optimized to the wave feature under study. 
However, because of the tremendous data rate generated by these receivers, only relatively short 
waveform acquisitions can be afforded. These are typically targeted near satellite flybys or regions 
of interest in the magnetosphere. 

KEY OBJECTIVES FOR RPWS INSTRUMENT 

The key RPWS science objectives listed below are taken from Gurnett et al. [2004] and are 
discussed in the section entitled Science Results. While they were written with the prime mission 
in mind, the same objectives flow easily into the mission extensions. 

Radio emissions 

• Improve our knowledge of the rotational modulation of Saturn’s radio sources, and 
hence of Saturn’s rotation rate. 

• Determine the location of the SKR source as a function of frequency, and 
investigate the mechanisms involved in generating the radiation. 

• Obtain a quantitative evaluation of the anomalies in Saturn’s magnetic field by 
performing direction-finding measurements of the SKR source. 
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• Establish if gaseous ejections from the moons Rhea, Dione, and Tethys are 
responsible for the low frequency narrow-band radio emissions. 

• Determine if SKR is controlled by Dione’s orbital position. 

• Establish the nature of the solar wind-magnetosphere interaction by using SKR as a 
remote indicator of magnetospheric processes. 

• Investigate the relationship between SKR and the occurrence of spokes and other 
time-dependent phenomena in the rings. 

• Study the fine structure in the SKR spectrum, and compare with the fine structure of 
terrestrial and Jovian radio emissions in order to understand the origin of this fine 
structure. 

Plasma waves 

• Establish the spectrum and types of plasma waves associated with gaseous 
emissions from Titan, the rings, and the icy satellites. 

• Determine the role of plasma waves in the interaction of Saturn’s magnetospheric 
plasma (and the solar wind) with the ionosphere of Titan. 

• Establish the spectrum and types of plasma waves that exist in the radiation belt of 
Saturn. 

• Determine the wave-particle interactions responsible for the loss of radiation belt 
particles. 

• Establish the spectrum and types of waves that exist in the magnetotail and polar 
regions of Saturn’s magnetosphere. 

• Determine if waves driven by field-aligned currents along the auroral field lines play 
a significant role in the auroral charged particle acceleration. 

• Determine the electron density in the magnetosphere of Saturn, near the icy moons, 
and in the ionosphere of Titan. 

Lightning 

• Establish the long-term morphology and temporal variability of lightning in the 
atmosphere of Saturn. 

• Determine the spatial and temporal variation of the electron density in Saturn’s 
ionosphere from the low frequency cutoff and absorption of lightning signals. 

• Carry out a definitive search for lightning in Titan’s atmosphere during the numerous 
close flybys of Titan. 

• Perform high-resolution studies of the waveform and spectrum of lightning in the 
atmosphere of Saturn, and compare with terrestrial lightning. 
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Thermal plasma 

• Determine the spatial and temporal distribution of the electron density and 
temperature in Titan’s ionosphere. 

• Characterize the escape of thermal plasma from Titan’s ionosphere in the 
downstream wake region. 

• Constrain and, when possible, measure the electron density and temperature in 
other regions of Saturn’s magnetosphere. 

Dust 

• Determine the spatial distribution of micron-sized dust particles throughout the 
Saturnian system. 

• Measure the mass distribution of the impacting particles from pulse height analyses 
of the impact waveforms. 

• Determine the possible role of charged dust particles as a source of field-aligned 
Currents. 

RPWS SCIENCE ASSESSMENT 

Tables RPWS-1–RPWS-5 contain assessments of RPWS science based on the objectives in the 
original Announcement of Opportunity (AO) and the Cassini Traceability Matrix (TM) developed for 
the Equinox and Solstice missions. Each RPWS science objective is paired with an AO and TM 
science objective. RPWS objectives span all disciplines addressed by the Cassini mission, to some 
extent. These include Titan, Icy Satellites, Rings, Saturn, and the Magnetosphere. 

Table RPWS-1. RPWS Saturn Science Assessment: AO and TM Objectives are paired with RPWS 
Science objectives. Objectives are accomplished in terms of acquiring relevant data to address. 

Fully/Mostly Accomplished:  Partially Accomplished:  

RPWS Saturn Science Objectives 
AO and TM Science 

Objectives 
RPWS Saturn Science 

Assessment 
Comments, if yellow 

(partially fulfilled) 

Saturn Interior Structure and Rotation    

--- Rotation of the Deep Atmosphere SP3, SN1a  Still unknown 

Saturn Ionosphere-Magnetosphere Interaction    

--- Saturn I-M interaction, Auroras SP4, SC2a   

Saturn Lightning Sources and Morphology    

--- Saturn Lightning SP6, SN2a, SC1b   

--- Great Storm SN1b   

Aurorae, Chemistry, and Upper Atmosphere SC2a  Analysis ongoing 
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Table RPWS-2. RPWS Rings Science Assessment: AO and TM Objectives are paired with RPWS 
Science objectives. Objectives are accomplished in terms of acquiring relevant data to address. 

Fully/Mostly Accomplished:  Partially Accomplished:  

RPWS Rings Science Objectives 
AO and TM Science 

Objectives 
RPWS Rings Science 

Assessment 
Comments, if yellow 

(partially fulfilled) 

Ring Structure and Dynamics    

--- Structure of the dusty rings RP1, RN1c   

--- Dust in vicinity of F-ring RC1b, RC2a   

Ring Particle Composition and Size    

--- Size distribution of dust RP2, RC1a   

Ring-Satellite Interaction    

--- Interaction of Enceladus and E-ring RP3   

Dust and Meteoroid Distribution    

--- Micron-sized dust within and inside D-ring RP4  Analysis ongoing 

Ring Magnetosphere-Ionosphere Interactions RP5  Analysis ongoing 
 
Table RPWS-3. RPWS MAPS Science Assessment: AO and TM Objectives are paired with RPWS 
Science objectives. Objectives are accomplished in terms of acquiring relevant data to address. 

Fully/Mostly Accomplished:  Partially Accomplished:  

RPWS MAPS Science Objectives 
AO and TM Science 

Objectives 
RPWS MAPS Science 

Assessment 
Comments, if yellow 

(partially fulfilled) 

Saturn Magnetic Field Configuration and SKR   

--- Modulation of SKR MP1, MN1c 
 

Still do not understand 
variations 

--- Seasonal and Solar Cycle Variations MC1b   

Magnetosphere Charge Particles MP2   

--- Enceladus as a source of plasma    

--- Rings as a source of plasma    

Magnetosphere Wave-Particle Interactions MP3   

--- Upstream waves and waves at shock and 
magnetopause    

--- Wave-particle interactions in middle 
magnetosphere    

--- Correlations of SKR and tail reconnection    

Magnetosphere and Solar Interactions with Titan MP4  
 

Plasma Interactions with Titan’s Atmosphere and 
Ionosphere MP5 

 
 

Enceladus Plume Variability MC1a  
 

Titan’s Ionosphere MC2a   

Magnetotail MN1a   

Saturn’s Ionosphere and Radiation Belts MN1b   

Ionosphere and Ring Coupling MN2a   
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Table RPWS-4. RPWS Icy Satellite Science Assessment: AO and TM Objectives are paired with 
RPWS Science objectives. Objectives are accomplished in terms of acquiring relevant data to 
address. 

Fully/Mostly Accomplished:  Partially Accomplished:  

RPWS Icy Satellite Science Objectives 
AO and TM Science 

Objectives 
RPWS Icy Satellite 

Science Assessment 
Comments, if yellow 

(partially fulfilled) 

Icy Satellite Magnetosphere and Ring 
Interactions 

   

--- Enceladus plume-magnetosphere interaction IP5, IC1a, IN1a   

--- Evidence for Dione activity IN1c   

--- Rhea ring material IN2a   

--- Tethys contribution to E-ring, magnetosphere IN2b   

--- Appearance of Hyperion IN2e   
 
Table RPWS-5. RPWS Titan Science Assessment: AO and TM Objectives are paired with RPWS 
Science objectives. Objectives are accomplished in terms of acquiring relevant data to address. 

Fully/Mostly Accomplished:  Partially Accomplished:  

RPWS Titan Science Objectives 
AO and TM Science 

Objectives 
RPWS Titan Science 

Assessment 
Comments, if yellow 

(partially fulfilled) 

Titan Meteorology    

--- Search for lightning TP3   

Titan Upper Atmosphere TP5   

--- Seasonal variations of Titan’s ionosphere TC1a, TC1b   

Titan-Magnetosphere Interaction TC2a   

--- Induced magnetic field/magnetosphere 
interaction TN1b   

RPWS SATURN SYSTEM SCIENCE RESULTS 

Titan Science 

The RPWS contributions to Titan science are foremost to map the structure, dynamics and long-
term variability of its ionosphere and its induced magnetosphere, both interacting continuously with 
Saturn’s magnetosphere and the solar extreme ultraviolet (EUV) radiation, and occasionally also 
directly with the enhanced solar wind during more active solar conditions when the magnetopause 
is pushed back toward Saturn past the orbit of Titan. The RPWS contributions, mostly from the 
Langmuir probe sensor, were recently reviewed in the Cambridge University Press book Titan, 
primarily in Chapters 12 and 13 [Galand et al. 2013; Wahlund et al. 2013]. Many more RPWS 
science results have been produced since then. A total of more than 70 publications with RPWS 
participation in peer-reviewed journals have resulted regarding Titan science up to 2018. Here we 
dwell only on the main key results. 
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The first in situ measurements of Titan’s ionosphere and space environment were made by 
Cassini/RPWS during the Titan A flyby in October 26, 2004 [Wahlund et al. 2005a], and the 
Langmuir probe sensor has been successfully monitoring the cold plasma, charged aerosol and 
electron temperature during every Titan flyby since then—a total of 127 flybys. A slight degradation 
of the Langmuir probe sensitivity was induced by the Saturn radiation belt passes in late 2008, but 
had no effect on the subsequent science output. The RPWS/Langmuir probe therefore provided 
good science data from Titan for the full period October 2004 to September 2017 (almost 13 years 
of data). 

 
Figure RPWS-1. Left: Ionospheric peak electron number density versus solar zenith angle [Ågren et 
al. 2009]. Right: The variation of the peak electron number density solar EUV flux [Edberg et al. 
2013b]. 

The main structure of Titan’s ionosphere emerged after a few flybys [Ågren et al. 2007, 2009; 
Robertson et al. 2009] and it became clear that solar EUV radiation dominated the ionization of 
Titan’s upper atmosphere, and varied with the long-term EUV output from the Sun [Edberg et al. 
2013b; Shebanits et al. 2017]. Energetic particle precipitation from the magnetosphere is important 
on the nightside of Titan, but only occasionally makes a significant difference on the dayside 
[Edberg et al. 2013a]. A most surprising find was the importance of the ionosphere for the 
production of complex organic chemistry and aerosol particles (dust) below about 1100 km altitude 
[Coates et al. 2007, 2011; Wahlund et al. 2009b; Vuitton et al. 2009; Ågren et al. 2012; Lavvas et 
al. 2013; Shebanits et al. 2013, 2016], where the Langmuir probe provided a measure of the 
detailed amounts of organic ions and charged aerosol particles. The mechanism starts with EUV 
producing an 𝑁  ion that then reacts primarily with methane, with subsequently more complex 
C-H-N chemistry and aerosol formation [Lavvas et al. 2013]. 
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Figure RPWS-2. The ionosphere of Titan. The number densities of electrons (Top panel), positively 
charged ions (Middle panel), and negatively charged ions and aerosol particles (Bottom panel). 
Adapted from Shebanits et al. [2013]. 

 
Figure RPWS-3. Examples from six flybys of Titan of altitude profiles of the positive ion and negative 
ion/aerosol number densities as derived from the RPWS Langmuir probe measurements [Shebanits 
et al. 2017]. Note the dominance of charged aerosol particles below 1100 km. Dayside flybys are 
colored in orange, terminator in blue, and nightside in black; the triangles mark the peaks and the 
squares mark the closest approach (CA) maxima. 
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Titan’s interaction with the magnetosphere of Saturn results in the formation of an induced 
magnetosphere around Titan. The RPWS sensors have mapped the interaction region [Modolo et 
al. 2007a, 2007b], proved the existence of cold ionospheric flows from Titan—for example, Edberg 
et al. [2010, 2011], as well as more energetic ion pickup [Modolo et al. 2007b], and studied how 
these processes change when Titan enters the magnetosheath [Bertucci et al. 2008; Garnier et al. 
2009]. Titan’s ionosphere also acts as a conductive medium where electric currents generated in 
the induced magnetosphere close [Rosenqvist et al. 2009; Ågren et al. 2011]. The escape rate 
through the cold plasma was determined to be a few kg/s (1025 ions/s), which is considered small 
compared to the exosphere escape rates. 

 
Figure RPWS-4. The induced magnetosphere of Titan as measured and modelled during the T9 flyby 
through the tail [Modolo et al. 2007b]. 

Icy Satellite Science 

RPWS at Enceladus 

PLASMA WAVES 

Cassini made 22 close flybys of the icy moon Enceladus which enabled the RPWS to study plasma 
waves in the moon’s near-environment, auroral processes associated with these waves, and the 
interaction between the magnetospheric plasma and the dust originating in Enceladus’ plume. 
Gurnett et al. [2011a] reported observations of whistler mode auroral hiss emissions produced by 
magnetic field-aligned electron beams. A ray path analysis of the funnel emission shows the hiss 
source region within a few moon radii of the Enceladus surface. Figure RPWS-5 is adapted from 
Figure 2 in Gurnett et al. [2011a] and shows the auroral hiss funnel from the E8 flyby in the top 
panel and the nearly field-aligned electron beams from the CAPS electron spectrometer (ELS) 
instrument in the second panel. The magnetometer observations of the field-aligned currents which 
accelerate the electron beams are shown in the bottom panel. The ramp-like signature of the 
southward current is associated with a shear-mode Alfven wave excited by the moon-plasma 
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interaction. Parallel electric fields often associated with the Alfven wave are believed to be 
accelerated by these waves along magnetic field lines that map to the Enceladus footprint in 
Saturn’s aurora [Gurnett and Pryor 2012]. 

Leisner et al. [2013] observed northward and southward auroral hiss funnels on both flanks 
of Enceladus. They found that these funnels are consistently observed on all low-inclination flybys 
through the Enceladus flux tube, suggesting that the electron beams associated with these auroral 
hiss funnels are a steady state feature of the Enceladus interaction with the plasma. Sulaiman et 
al. [2018a] observed an auroral hiss funnel on the ionospheric end of the flux tube connecting the 
planet to Enceladus. 

 
Figure RPWS-5. Evidence of an electrodymanic interaction between Enceladus and Saturn’s 
magnetosphere in the form of auroral hiss generated by electron beams. 

PLASMA-DUST INTERACTIONS 

The measurement of dust grains in the vicinity of Enceladus and the interaction of these grains with 
the ambient plasma became a focus of RPWS research. Farrell et al. [2009] presented high-time 
resolution spectral evidence from the E3 flyby of small water-ice grain impacts on the electric 
antennas in the vicinity of Enceladus and a sudden, large drop in the electron density in the same 
region, a density depletion that they attribute to the absorption of electrons by submillimeter-sized 
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icy particles. Morooka et al. [2011] presented Langmuir probe observations to provide evidence for 
the presence of dusty plasma in the Enceladus plume region. The data show large increases in the 
ion and electron densities just south of the equatorial plane in the plume region for four Enceladus 
flybys in 2008, but there is a two order of magnitude difference in these plasma densities with 
ne/ni < 0.01. This plasma signature is attributed to electron absorption by dust grains in the plume, 
which subsequently become negatively charged. The ion and electron density increases in the 
plume region just south of the equatorial plane are shown in the top panel of Figure RPWS-6, which 
is adapted from Figure 5 in Morooka et al. [2011]. No plasma wake signature is observed in this 
data. The middle panel of Figure RPWS-6 shows the strong drop in the ne/ni density ratio in this 
same region where the presence of dust grains had been previously determined [Farrell et al. 
2009]. The bottom panel in Figure RPWS-6 shows almost Keplerian ion speeds measured by the 
Langmuir probe which are well below the plasma corotation speed, reaching a minimum below 
Keplerian speeds in the plume region. The interaction between the cold plasma and the negatively 
charged small dust grains is believed to cause this slowing of the plasma that moves with 
Enceladus, explaining the lack of a plasma wake behind the moon. 

 
Figure RSWS-6. The variation of electron densities (Top), ratio of electron to ion densities (Middle) 
and the ratio of the ion velocity relative to corotation in the vicitnity of Enceladus. 
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The presence of dust grains inferred by the ion-electron density difference led to a number of 
research results. Ye et al. [2014a] discovered that, after a dust grain impacted the RPWS electric 
antennas, a dust ringing effect was observed by the RPWS Wideband Receiver, characterized as 
periodic plasma oscillations. The frequency of these oscillations was shown to be consistent with 
the local electron plasma frequency, providing a measurement of the electron density. Densities 
derived from this method in the Enceladus plume region were found to be consistent with electron 
densities derived by the Langmuir probe for four consecutive Enceladus flybys in 2008. Shafiq et 
al. [2011] presented Langmuir probe observations of the E3 flyby to derive estimates of the dusty 
plasma parameters and found that the dust density would vary depending on the grain size. The 
submicron-sized dust grains dominate in the plume region with densities of 102 cm-3. The 
micrometer-sized and larger sized grains are estimated to have densities of only 6.3 × 10-5 cm-3. 

OTHER RESEARCH 

Omidi et al. [2012] used an electromagnetic hybrid simulation to explore the impact of charge 
exchange between the plasma and the neutral gas and the electron absorption by dust particles 
on the deceleration of the corotating plasma near Enceladus. They found that the charge exchange 
between the corotating ions and the neutral gas in the plume played a dominant role in the 
deceleration of the plasma. 

Farrell et al. [2012] found that, in Enceladus’ northern hemisphere within ∼5 RE, there is a 
quasi-time stationary plasma feature, a clear electron density dropout in the RPWS data coincident 
with a sharp deceleration in the plasma flow. They infer the presence of dust in the northern 
hemisphere by this plasma feature. They further suggest that the submicron dust population in the 
northern hemisphere is secondary ejecta, small fast dust grains resulting from surface impacts by 
larger micron-sized dust grains which originated in, among other possible sources, the moon’s 
plume. 

Engelhardt et al. [2015] presented evidence for the existence of a dust trail downstream of 
Enceladus and extending north of the moon up to 4 RE. The trail region is characterized by a strong 
electron density depletion coincident with a nearly constant ion density profile, suggesting that 
some fraction of the electrons have been absorbed by the dust grains that have been observed in 
this region. 

Farrell et al. [2017a] used a particle-in-cell electrostatic simulation to examine the cold, low-
energy ions produced in the Enceladus plume and the development of plasma sheaths about the 
negatively-charged, submicron dust grains that can act to trap these newly created ions which 
subsequently exit the plume region at the subcorotational speed of the dust grains. The authors 
further suggest that only about 3% of the ion population, with energies exceeding the sheath 
trapping potential, contribute to the ion pickup current and the associated magnetic field 
perturbations. The Langmuir probe measures both of these ion populations. 
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Rhea interaction 

The moon Rhea orbits at a distance of 8.74 RS (1 RS = 60,268 km) from Saturn and is its largest 
icy satellite, with a radius of 764 km. Since Rhea has essentially no internal geological activity 
[Pitman et al. 2008] and only a very tenuous exosphere consisting of oxygen and carbon dioxide 
[Teolis et al. 2010] the moon was expected to be essentially a passive absorber, with little 
interaction with Saturn’s corotating magnetosphere which streams by at a nominal corotational 
velocity of 85.4 km/s. Nonetheless, Cassini plasma measurements [Wilson et al. 2010] show that 
the plasma ions in the vicinity of the moon are slowed down by about 30% relative to rigid corotation 
due to their interaction with the moon. Measurements of the fluxes of energetic (several hundred 
keV) electrons [Roussos et al. 2012] shows that these electron fluxes have a broad depletion 
extending out to as much as 5 to 7 times the radius of Rhea. This extended depletion region has 
been interpreted by Roussos et al. [2012] as possibly being caused by dust or ring particles orbiting 
Rhea within the Hill sphere which is estimated to have a radius of about 7.7 times the radius of the 
moon. At lower energies, below about 100 keV, the electron fluxes show sharper depletion 
boundaries consistent with the geometric wake generated by absorption at the surface of the moon. 
Curiously, electron density measurements of the cold plasma by the Langmuir probe and by RPWS 
measurements of the upper hybrid resonance frequency show only a small decrease in the plasma 
density in the wake region, suggesting that the moon might be a significant source of cold plasma. 
Measurements of the electric and magnetic fields of plasma waves by the RPWS [Santolik et al. 
2011] show that intense plasma waves are generated in the magnetic flux tube connected to the 
surface of the moon. Three types of plasma waves were observed: (i) bursty electrostatic waves 
near the electron plasma frequency, (ii) intense whistler-mode waves below one half the electron 
cyclotron frequency, and (iii) broadband electrostatic waves at frequencies well below the ion 
plasma frequency. The waves near the electron plasma frequency are believed to be driven by low 
energy (35 eV) electron beams accelerated in the vicinity of Rhea, and the whistler mode emissions 
are thought to be generated by the loss-cone anisotropy introduced in the low energy (230 eV) 
electron distribution by absorption at the surface of the moon. Pitch angle scattering by these waves 
may be able to explain some of the structure in the flux of energetic electrons reported in the vicinity 
of the moon. 

Dust and Dusty Ring Science 

One of RPWS’s scientific goals is to detect the micron-sized dust particles that concentrate near 
the ring plane of Saturn [Gurnett et al. 2004]. In addition to gravity, these particles are also subject 
to solar radiation pressure and electromagnetic forces, making their orbit dynamics drastically 
different from the meter-sized main ring particles [Horányi 1996]. The dynamic orbit evolution and 
plasma sputtering make the lifetime of these particles less than a few thousand years [Burns et al. 
2001], which requires these diffuse rings to be replenished continuously. During the Cassini 
mission, cryovolcanic activity near the south pole of Enceladus was discovered to be the source of 
E-ring material [Spahn et al. 2006b; Porco et al. 2006]. Other diffuse rings are formed mainly 
through collisions (meteoroid-moonlet impacts or collisions among the small bodies) and diffusion 
of collisional debris by non-gravitational forces [Hedman et al. 2007; Williams and Murray 2011]. 
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The longevity of the Cassini mission and good coverage of space by the orbits allowed ample 
opportunities to explore the dusty rings of Saturn and the plume of Enceladus, providing important 
in situ measurements of dust density profiles and size distributions in these regions. 

During Cassini’s Saturn orbit insertion (SOI), RPWS WBR detected micron-sized dust 
particles at ∼500 to 2000 impacts per second around the ring plane crossings [Gurnett et al. 2005]. 
Due to the high gain antenna (HGA) to ram pointing (protecting the spacecraft from dust hazards), 
the designated dust instrument Cosmic Dust Analyzer (CDA) [Srama et al. 2004] was not operating 
during SOI, so RPWS provided the only in situ measurement of dust particles then in this crucial 
region [Wang et al. 2006]. Based on the power spectrum measured by the monopole antenna, 

Wang et al. [2006] estimated the root mean square size of the 
particles detected to be around 2.6 micron. The particles 
detected near the ring plane were shown to have a power law 
distribution with power index −2. 

In the first few years of the mission, Cassini made a number 
of inclined and equatorial crossings of the E-ring, particularly 
near the orbit of Enceladus. The ice particles detected by RPWS 
in this region were estimated to be a few microns [Kurth et al. 
2006b]. The peak impact rates measured around the orbit of 
Enceladus were around 50 per second, corresponding to 
densities of order of 5 × 10-4 m-3. The vertical dust flux profiles 
could be described by Gaussian function with a scale height of 

about 2800 km. It was also noted that density peaks could have a vertical offset of a few 
hundred km. Radial density profiles derived from the equatorial orbit measurements showed a peak 
near the Enceladus orbit and power law decreases inside and outside the Enceladus orbit, 
consistent with the previous optical measurements of the ring profile. 

Ye et al. [2016a] analyzed the ring plane crossing data (within 6 RS) collected by RPWS 
between SOI and equinox (85 crossings). Since the WBR can record the voltage waveform of each 
individual impact, they were able to derive the dust size distribution based on the sizes of the 
voltage jumps. It was found that the E-ring particle size distribution can be characterized by a power 
law function with a power law index around −4. Figure RPWS-7 shows the trajectories of Cassini 
during 53 high inclination ring plane crossings before equinox. The color code indicates dust density 
estimated for particles with radius larger than 1 micron. The density profiles derived based on the 
impact rates showed that dusty ring near the G-ring has a narrow profile (∼240 km FWHM). In 
contrast, E-ring is much thicker. The thickness of E-ring has a minimum ∼4000 km FWHM at 
Enceladus’ orbit, and increases with the distance away from Enceladus’ orbit. Ye et al. [2016a] 
constructed an E-ring density model based on fitting the vertical density profiles with Lorentzian 
functions and radial profiles with power law functions. Near Enceladus’ orbit, the vertical dust 
density profiles showed slight dips around the ring plane, likely due to the gravitational scattering 
of the particles by the moon. The E-ring peak location was shown to be shifted to the north outside 
Enceladus’ orbit and to the south inside Enceladus’ orbit, consistent with optical measurements 
[Hedman et al. 2012]. The E-ring warp is due to the locking of the pericenters and apocenters of 

In the first few years of 
the mission, Cassini 
made a number of 
inclined and equatorial 
crossings of the E-ring, 
particularly near the 
orbit of Enceladus. 
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the dust orbits out of the ring plane by the vertical component of the solar radiation pressure 
[Hamilton 1993]. So, it was predicted that the E-ring warp would change with time due to the 
seasonal change of solar radiation pressure normal direction relative to the ring plane. 

 
Figure RPWS-7. Trajectories of Cassini during 53 high inclination crossings between SOI and 
equinox in polar coordinates. The color code shows base ten logarithm of estimated dust density 
(>1 micron), so that yellow represents 0.1/m3 and blue represents 0.001/m3. 

Cassini shifted to high inclination orbits and crossed the E-ring multiple times in 2016, 
providing opportunities to compare the vertical dust density profiles to those measured before 
equinox. The density profiles showed that the E-ring warp indeed reversed after equinox, with the 
dust density peak shifting to the south of the ring plane outside Enceladus’ orbit and to the north 
inside Enceladus’ orbit. These results confirm the seasonal control of the E-ring warp and role of 
solar radiation pressure in the dynamics of micron-sized dust particles in the E-ring. 

Another asymmetry in the E-ring is the day-night asymmetry, as revealed by both remote 
sensing [Hedman et al. 2012] and in situ measurements (CDA and RPWS). The E-ring appears to 
be more compressed and bright on the noon side and more stretched out and faint on the night 
side. This local time asymmetry is likely related to two factors. One is the dependence of the orbital 
precession rate on the particles properties like size and charge-to-mass ratio and the other one is 
the recently discovered noon-to-midnight electric field which is of particular importance in driving 
the E-ring dynamic evolution. 

The plume of water vapor and icy particles ejected from the south pole of Enceladus is 
perhaps the most exciting discovery of the Cassini mission [Dougherty et al. 2006; Porco et al. 
2006]. The ejected material constitutes the major contents of the E-ring and Enceladus torus and 
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after ionization they become a major source of plasma in the magnetosphere of Saturn. Several 
instruments onboard Cassini are sensitive to the ice particles in the plume. On the small end of the 
size spectrum, nanoparticles are directly detected by the CAPS, where nanograins appear as 
energetic charged particles in the ELS and ion mass spectrometer (IMS) [Jones et al. 2009; Hill et 
al. 2012; Dong et al. 2015]. In a dusty plasma, electrons are attached to these nanograins, leading 
to a large difference between the electron and ion densities measured by the RPWS Langmuir 
probe in and around the plume [Wahlund et al. 2009a; Yaroshenko et al. 2009; Shafiq et al. 2011; 
Morooka et al. 2011; Engelhardt et al. 2015]. On the large end of the size spectrum, both CDA and 
RPWS are sensitive to micron-sized dusts [Srama et al. 2006; Kempf et al. 2008; Farrell et al. 2009, 
2010; Omidi et al. 2012]. During the plume crossing when both CDA and RPWS were operating, 
the dust density profiles measured by the two instruments are consistent within the estimated 
uncertainty range for RPWS [Ye et al. 2014b]. Recently, it has been found that the Magnetospheric 
Imaging Instrument (MIMI) / Low-Energy Magnetospheric Measurement System (LEMMS) 
instrument is also sensitive to dust impacts in the plume of Enceladus, and the dust peak matches 
well with the dust density profile measured by RPWS [Krupp et al. 2017]. 

The plasma charge balance in the vicinity of Enceladus has been shown by the Langmuir 
probe measurements to be modified by the presence of dust particles. During the crossings of the 
Enceladus plume, Cassini RPWS observed sharp frequency decreases of the upper hybrid 
resonance in the vicinity of the moon, indicating electron density dropouts most likely due to 
absorption by the dust particles [Farrell et al. 2009]. Inside the plume, however, the dust impact 
signals are so intense that the upper hybrid resonance is hard to identify. Ye et al. [2014a] 
presented an independent method of determining the electron density inside the dusty plume of 
Enceladus, using the plasma oscillations induced by dust impacts and detected by the WBR. The 
frequencies of these oscillations were shown to be consistent with the local plasma frequency, thus 
providing a measurement of the electron density. It was proposed that the electrons from the impact 
plasma constitute a fast beam relative to the background plasma, which will excite Langmuir waves 
through the bump-on-tail instability. 

During the Ring Grazing orbits between December 2016 and April 2017, Cassini crossed 
through the Janus/Epimetheus ring 20 times. The WBR was scheduled to collect waveform data 
during the ring plane crossings, from which dust density profiles and size distributions have been 
derived [Ye et al. 2018a]. Figure RPWS-8 shows the statistics of dust impacts observed during the 
ring plane crossing on day of year (DOY) 361, 2016. Panel a shows the impact counts as a function 
of voltage and time. Panel b shows the gain of the receiver, which is set based on waveform 
amplitudes to maximize the use of the analog-to-digital converter (A/D) dynamic range while 
minimizing clipping (exceeding the range of the A/D converter) [Gurnett et al. 2004]. Panel c shows 
the dust density (1 micron size threshold) calculated from the impact rates, assuming an effective 
impact area of 1 m2. The red line in panel c represents a horizontal cut of Panel a situated at 
0.034 Volts, the voltage that corresponds to 1 micron dust size. The count rate profile for 1 micron 
particles has a width (∼600 km) similar to the CDA high-rate detector (HRD) density profile. Panel 
d shows the size distribution slope estimated within a 10-second moving window (blue diamonds). 
The scatter of the blue diamonds indicates the uncertainty of the estimated size distribution slope, 
increased when the number of impacts detected within the moving window decreases. 
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For example, when the antenna mode was switched to dipole, fewer impacts were detected, 
causing higher uncertainty level of the size slope. The red line indicates smoothed values of the 
individual size slopes (blue diamonds) using a 120-second moving window. This smoothed size 
slope is also used to scale the density values to the fixed size threshold shown in Panel c. 

The RPWS dust density profiles were fitted with Lorentzian functions and compared to that 
measured by the CDA HRD (Figure RPWS-9). There is one order of magnitude difference between 
the two results, which is within the uncertainty limit estimated for the RPWS measurement. 

 
Figure RPWS-8. Dust analysis for the ring plane crossing on DOY 361, 2016. Panel a: Impact counts 
as a function of voltage and time. Black vertical lines mark the times of mode changes, between 
which the monopole antenna was used. Panel b: Gain of the receiver. Panel c: Dust density 
(1 micron size threshold) calculated from the impact rates. The red line shows the horizontal cut of 
Panel a situated at 0.046 Volts (marked with white horizontal line in Panel a). Panel d: Differential 
size (radius) distribution slope estimated within a 10-second moving window (blue diamonds, red 
line shows smoothed value with a 120-second moving window). 
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The HRD profile also has a slightly narrower peak width. The dust densities inferred from the 
Langmuir probe sweep data (assuming a differential size distribution slope −4.5) agree with the 
WBR results [Morooka et al. 2018]. The peak locations of the RPWS dust density profiles shift north 
and south but are within 100 km of the ring plane (CDA HRD density profiles show a systematic 
southward shift of 130 km). These peak offsets are within the maximum offsets of the moons Janus 
and Epimetheus due to their slight orbit inclinations. 

On April 26, 2017, Cassini dived into the gap between Saturn’s main ring system and its 
atmosphere starting the 22 Grand Finale orbits. RPWS observed few micron dust impacts during 
the first five and last ten proximal orbits, not enough for characterizing the size distribution [Ye et 
al. 2018b]. The lack of micron dust in this region is probably due to the plasma drag in the 
ionosphere, where the cold density plasma corotate with the planet at a speed lower than the 
Keplerian speed of the dust particles. So, the micron dusts would lose speed and fall into the planet. 
During the higher altitude D-ring crossings (rev 276–282), RPWS detected more dust impacts with 
the density estimated to be about two orders of magnitude lower than F-ring orbits. The monopole 
antenna measurements near the D-ring indicated that spacecraft was charged positively (the 
impact signals were mostly positive, whereas at larger radial distances the impacts detected by 
monopole were mostly negative). The Langmuir probe also measured positive spacecraft potentials 
and electron bite-outs around the ring plane. The positive potential might be due to kinetic ion 
impacts, similar to what Langmuir probe (LP) observed in the deep ionosphere. Close inspection 
of the waveforms indicates a possible dependence of the impact signal decay time on ionosphere 
plasma density, which showed large variations from orbit to orbit. 

 
Figure RPWS-9. Comparison of vertical dust density profiles measured by RPWS and CDA HRD 
during the ring plane crossing on DOY 361, 2016. 
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RPWS was also able to detect nanoparticles originated from the inner solar system (0.2 AU) 
[Schippers et al. 2014, 2015] and Jupiter’s moons [Meyer-Vernet et al. 2009], based on the bursty 
noise spectrum measured on the monopole antenna of RPWS. During the cruise phase of Cassini, 
the RPWS instrument was turned on with setup suitable for dust detection at three different 
heliocentric distances: 1, 1.6, and 2.9 AU. Signature of nanoparticle impacts were detected during 
all three operating periods, suggesting ubiquitous presence of these particles in the solar wind. The 
observed flux distribution is consistent with nanodust produced in the inner heliosphere, picked up 
by the solar wind, and carried to the outer heliosphere [Mann et al. 2007; Mann and Czechowski 
2012]. Meyer-Vernet et al. [2009] analyzed RPWS observations during the Jovian flyby and 
estimated the flux of streaming nanoparticles ejected by the Jovian moon Io based on the bursty 
wave spectrum, which is consistent with the flux measured by the onboard dust analyzer CDA and 
Galileo dust instrument. 

Magnetosphere-Ring Interaction Science 

The Cassini mission brought about a profound new view the interaction of the amazing Saturnian 
main ring system with the magnetospheric space environment. During the Voyager era, it was 
presumed that meteors continually bombarded the rings. The spokes were thought to represent a 
stunning visual manifestation of these intense impacts. The associated impact-ionized vapor plume 
then delivered ring water and oxygen ions along connecting magnetic field lines to the ionosphere. 
These water ions were thought to chemically disrupt the ionosphere hydrogen cycle and deplete 
the ionosphere locally of electrons. It was also thought that these ring-generated ions possibly 
modify the color of the cloud tops. In this view, the rings were considered a source of quasi-
energetic plasma delivering heavy ions to the exobase above the cloud-tops. Figure RPWS-10 

 
Figure RPWS-10. Impact-driven Ring Plasma Model [Wilson and Waite 1989]. 
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shows the predicted impact-generated plasma flux from the rings, with peak densities over the 
dense portion of the central B-ring [Wilson and Waite 1989]. Voyager, unfortunately, did not actually 
fly over the rings and thus confirmation of this impact-driven ring plasma source could only be 
inferred. 

At both the very beginning (SOI) and very end of the Cassini mission, the spacecraft flew 
directly across magnetic field lines that connect back down to the main rings, and thus obtained 
unique direct measurements of the plasma environment across the main A-ring, B-ring, and C-ring. 

Saturn orbit insertion 

Gurnett et al. [2005] presented a new view of the plasma environment over the main rings from the 
SOI overflight of the shadowed face of the rings. Figure RPWS-11 shows the corresponding plasma 
density as derived from the narrow-banded upper hybrid waves, electron plasma oscillations, and 
high frequency edge of the auroral hiss. All of these plasma wave features allow a high resolution 
direct derivation of the local electron density (see Gurnett et al. [2005] for a more detailed 
description of that derivation). In the profile, the various plasma wave sources are identified. 

 
Figure RPWS-11. The electron density over the main rings as derived by the plasma waves detected 
by RPWS (see Gurnett et al. [2005] for more details). 



2 8  V OL U M E 1 :  M I S S I O N OV E RVI EW  &  S CI E N CE  OBJ E C TI V ES  A N D RE S ULT S  

 

There are two stunning features to this profile: 

1. That immediately adjacent to the dense A-ring, there is an electron density maximum 
at over 100 electrons/cm3, with the high density region (>10/cm3) extending out to 
beyond L = 5. It would later be found [Persoon et al. 2009, 2015] that this high 
density region is a plasma torus created by ionization and pickup of new ions born in 
the Enceladus plume and a seasonal contribution from photo-ionized neutrals 
originating from the rings themselves. Thus, at equinox, the maximum in plasma 
density in this torus shifts radially outward to 4 RS, but at solstice, the Sun-facing 
rings become a neutral and plasma source shifting the torus plasma maximum closer 
to the A-ring (see Figure 6 and 7 of Persoon et al. [2015]). The peak density in the 
torus is about 10% of the Io torus at Jupiter and represents a dominant controlling 
element in the inner magnetosphere of Saturn [Gurnett et al. 2007]. 

2. That the region over the main rings is devoid of plasma, with an electron density drop 
of near 10000 from the outer edge of the A-ring to values of 0.04 electrons/cm3 at 
1.76 RS over the central portion of the B-ring [Xin et al. 2006; Farrell et al. 2017b]. 
This void region has been identified as a ring plasma cavity (RPC) with its lowest 
density near the synchronous location. The profile of electron density over the main 
rings varied inversely with ring optical depth, with the lowest plasma densities 
observed over the central dense B-ring and a local maxima sense when passing over 
field lines connected to the Cassini Division. (In Figure RPWS-11, this Cassini 
Division plasma maxima is seen near 03:45 spacecraft event time (SCET) with the 
local peak near 10/cm3.) 

This electron density profile was unexpected and almost diametrically opposite to what would 
have been predicted from an impact-driven ring plasma system, where the maximum in plasma 
density is expected in the central B-ring (like in Figure RPWS-10). 

Evidence for photolytic-driven rings 

RPWS SOI observations confirm the model of Tseng et al. [2013] that the ring-ionosphere-
magnetosphere interaction is driven by photolytic processes, not impact processes [Farrell et al. 
2017b]. Specifically, the sun-facing side of the main rings are a source of photo-dissociated neutrals 
that then get ionized to form a relatively low energy exo-ionosphere. This exo-ionosphere cannot 
directly access the shadowed/unlit side of the rings: the ring particles represent obstacles to their 
transport. Thus, the plasma density on the unlit side is modulated by ring density, being lowest 
where the ring obstruction is the highest—in the central B-ring. Local maxima are expected where 
the local ring particle density is low, like across the Cassini Division. There is little evidence of 
impact-generated plasma like that predicted during the Voyager era. 
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New main ring-magnetosphere current system 

Xin et al. [2006] reported a strong auroral hiss signal detected at the deepest depletion of the 
electrons within the RPC near 1.76 RS. The whistler-mode auroral hiss emission is a classic 
signature of the presence of energetic-field-aligned electron beams, in this case flowing outward 
from the rings along field lines connecting to the ionosphere. They reported that the RPC 
environment had a stunning similarity to plasma cavities found in polar auroral regions, usually 
associated with field-aligned currents that drive the aurora. The observation suggested that there 
is a current system driven by the rings-magnetosphere interaction, with the electron beams and 
currents near the synchronous point at 1.76 RS possibly being part of the current closure system. 

Figure RPWS-12 illustrates the concept of this new ring current system presented in Xin et 
al. [2006]. While the plasma on field lines over the rings would be corotating, the particles and 
associated photo-dissociated gas of the rings would be moving in Keplerian motion, creating drag 
on the plasma. This drag creates an associated change in plasma speed, ΔV. Beyond the 
synchronous point, the plasma is slowed by the Keplerian-moving particles and gas, creating an 
outward radially-directed E-field in order to maintain the new subcorotation speed E′ = ΔV × B. This 
new E-field drives an outward current, J, which acts to then form a magnetohydrodynamic J × B 
force to balance the plasma-ring drag force. Inward of the synchronous point, the corotating plasma 
is accelerated by the ring drag force, creating an inward radial E-field and current that forms a J × B 
force to offset the acceleration. At the edges of the rings, these cross-ring currents become field-
aligned parallel current that close down to the ionosphere along connecting magnetic field lines at 
the outer edge of the A-ring near L = 2.25 and inner edge of the D-ring near L ∼ 1.11. The rings 
thus behave as an electrical generator in the plasma, driving currents from the ring surfaces along 
magnetic field lines down to the ionosphere. 

 
Figure RPWS-12. The proposed large-scale current system that would be induced in Saturn’s 
magnetosphere by the interaction of the rings (including any associated gas) with the corotating 
magnetospheric plasma. Figure from Xin et al. [2006]. 
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Subsequent RPWS observations confirm the presence of the various elements of this current 
system: 

1. After SOI, Gurnett reported that bursts of auroral hiss emission were observed during 
SOI at the outer edge of the A-ring by RPWS. These events were initially reported to 
possibly be from impacts on the rings. However, the burst localization limited to only 
the very outer edge of the A-ring suggests the non-unique possibility that these 
auroral hiss emissions are associated with bursty field-aligned electron beams that 
make up the outer edge of the Xin et al. current system at L ∼ 2.2. 

2. Farrell et al. [2005b, 2008] reported on z-mode radiation emitted from active plasma 
hot spots along the outer edge of the A-ring where the rings and corotating 
magnetospheric plasma disk interact. Newly-born corotating ions created by photo-
ionization of neutrals from the Enceladus torus or sunlit side of the rings would be the 
source of this ring-plasma interaction. Farrell et al. [2005b] and Menietti et al. [2016b] 
proposed wave generation mechanisms to explain the z-mode emitted from active 
regions. 

3. Kopf et al. [2011] reported on the fine structure of Saturnian Kilometric Radiation from 
active auroral regions. They found there was a population of events having fine 
structure emission frequency vs time emission drifts consistent with emission at low 
latitudes from the L = 2.2 field line. The observation suggests the L = 2.2 field line at 
the outer edge of the A-ring is active, with parallel currents creating SKR at the field 
line footprint above the cloud-tops. 

4. As discussed in this section, auroral hiss indicative of electron beams and inward 
flowing currents were detected near the synchronous point at 1.76 RS [Xin et al. 
2006]. This observation was the inspiration for the model of the main ring-
magnetosphere current system.  

Some added key evidence for this current system is still being derived from the ongoing 
analysis of the proximal orbit sequence that occurred in 2017. 

Proximal orbit analysis and added evidence for the main ring-
magnetosphere current system  

While detailed analysis of the proximal orbits is still ongoing, Wahlund et al. [2018] reported on a 
very strong Saturnian ionosphere-D-ring electrical connection, which would represent the current 
closure of the Xin et al. [2006] model at the inner radial edge of the main rings. Using the RPWS 
Langmuir probe, they found that Cassini passed through a cold, dense electron region during 
proximal perigee, which has been interpreted to be entry into the Saturnian ionosphere. Figure 
RPWS-13 shows an example proximal electron density profile from orbit 271. The peak densities 
are in excess of 103/cm3, consistent with passing through the ionosphere. However, as evident in 
this and other passes, the ionospheric densities had relative maxima and/or unusual fluctuations 
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on field lines connected to the D-ring (near ±10° latitude). This effect was reported by Wahlund et 
al. [2018] to be associated with the Keplerian D-ring charged particles driving currents on field lines 
connected to the corotating ionosphere plasma.  

At higher altitude proximal perigee passes, like orbit 277, Cassini passed through the inner 
edge of the D-ring (also immersed in the outer edge of the ionosphere). In these cases, the electron 
density had a distinct bite-out or decrease near the equator which is believed to be due to the 
presence of D-ring particulates that have absorbed the local ionospheric plasma. The RPWS 
instrument also detected micron-sized dust grain impacts revealing the presence of these D-ring 
particulates. The complex dusty plasma interactions remain a subject of considerable study even 
after the end of the mission. 

 
Figure RPWS-13. The Cassini spacecraft trajectory during April 26, 2017, crossed through the gap 
between the planet Saturn (solid black) and its rings (denoted D, C, B, Cassini Division, A) from 
north to south. The color code signifies the electron number density as measured by RPWS, which 
is also shown as a red line (in linear scale, density increases toward the left) where detailed 
structures can be detected. Four dominant electron density enhancements are connected via 
Saturn’s magnetic field to, or inside, the inner edge of the D-ring (dashed lines). The solar elevation 
angle was 26.7° during the event, and the shadows of the B- and A-rings result in decreased 
ionization in the south. From Wahlund et al. [2018]. 

With repeated sampling of magnetic field lines connected to the main rings during the proximal 
orbit, Sulaiman et al. [2018b] reported the first observations of VLF saucers originating from 
Saturn’s ionosphere, similar to what was observed at the Earth by the Fast experiment [Ergun et 
al. 2003]. Furthermore, Sulaiman et al. [2019] found evidence to strongly support the single 
observation that Xin et al. [2006] reported, hinting a ring-ionosphere current system. This concluded 
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the existence of a persistent, large-scale, and ordered electrodynamic connection between Saturn 
and its main rings. 

The spokes in the context of the ring-plasma cavity and ring current 
environmental systems 

The enigmatic spokes found near the center of the B-ring (near the synchronous location) were the 
source of numerous observation and theoretical works during the Voyager era. Their amazing 
observation captured the imagination since they represented a dynamic, impulsive, modern 
process occurring on the ring surfaces. Unfortunately, Voyager did not pass over the rings so the 
space environment associated with the spokes remained unknown until Cassini. 

The review by Goertz [1989] described the spokes as being a result of a meteoric impact onto 
the rings that releases high volumes of charged dust, neutrals, ions, and electrons from the ring 
surface. Immediately after impact, the plume charged species undergo pickup, with electrons 
getting picked up immediately, then ions and then the more massive dust. This spatial spread in 
charged species created by local pickup thus was hypothesized to form an azimuthally-directed 
transient E-field. The various species then were predicted undergo an ExB drift to migrate radially 
forming spokes from the central B-ring. 

However, during SOI and the proximal orbits, Cassini transited field lines that connect to the 
spoke locations (although spoke activity was not reported during these times). Farrell et al. [2006] 
reported that the Voyager spoke occurrences are spatially co-aligned with the ring-plasma cavity 
observed during SOI. Figure RPWS-14 overlays the SOI observations of the RPC with the Voyager-
detected spoke occurrences [Grün et al. 1992]. The stunning spatial coincidence suggests that the 
spokes might then be some visual manifestation of the larger electrical current system containing 
the electron beam, auroral hiss, and plasma cavity detected during the Cassini SOI passage. 

Any new dusty-plasma plume forming in the central B-ring is thus injected into the low density 
RPC environment with a radially-directed E-field (see Figure RPWS-12) along the ring surface 
[Xin et al. 2006]. The radial E-field may then provide the acceleration the spoke’s charged dust in 
the radial direction. This new acceleration process would replace the more complex requirement of 
having to form a transient azimuthal E-field to create the subsequent radial transport. 

HST observations [McGhee et al. 2005] indicated that the spokes on the sun-lit faces of the 
rings—those visible to Hubble Space Telescope (HST)—tended to disappear when the ring tilt 
angles exceeded ∼15°, under increasing solar UV radiation conditions. Farrell et al. [2006] noted 
that at these angles the local photo-electron emission from the ring surfaces would exceed the 
electron densities in the plasma cavity—thus destroying the RPC environment and changing the 
local surface potential polarity from negative to positive. They suggested this photo-electron effect 
from solar exposure might explain the reported loss of the spokes at relatively large tilt angles 
observed by HST. 



 C A S S I N I  F I N A L  M I S S I O N REP O R T 2 01 9  3 3  

 

 
Figure RPWS-14. The ring plasma cavity detected during SOI as evident by the deep minimum in 
electron plasma frequency (indicated with the white line) in the RPWS wideband spectrogram. Top 
panel: location of the Voyager-observed spokes occurrence from Grun et al. [1992] with the two 
plots co-aligned by L-shell value. Presented by W. M. Farrell, M. D. Desch, M. L. Kaiser, W. S. Kurth, 
and D. A. Gurnett at the Joint Juno-Cassini workshop 2015. 

Radio Emissions and Periodicities 

Saturn’s radio emissions started to be observed by Cassini/RPWS over the 10–1000 kHz range 
(see section entitled Kilometric Radiation) from distances of a few astronomical units. From late 
2002 to early 2003, they were embedded in Jovian radio emissions and solar radio bursts. Their 
signal-to-noise ratio increasing with decreasing distance to Saturn, they became the dominant 
emission for the mid-2003 to mid-2004 year preceding Saturn’s orbit insertion. These emissions 
divided into three main components, which have been analyzed separately or comparatively, as 
described below, to address most of the scientific objectives described in previous sections. 
Figure RPWS-15 shows examples of Saturn Kilometric Radiation (SKR), 5- and 20-kHz 
narrowband (NB) emissions and Saturn Drifting Bursts (SDBs) along with Saturn Electrostatic 
Discharges (SEDs) at the higher frequencies. 



3 4  V OL U M E 1 :  M I S S I O N OV E RVI EW  &  S CI E N CE  OBJ E C TI V ES  A N D RE S ULT S  

 

 
Figure RPWS-15. An illustration of the the major Saturnian radio emissions. From highest 
frequencies: SEDs, Saturn electrostatic discharges from lightning; SKR, Saturn Kilometric 
Radiation, 20- and 5-kHz NB, emissions, and SDBs, Saturn drifting bursts. 

Kilometric radiation 

Saturn’s Kilometric Radiation is the most intense radio emission component, produced in the 
auroral regions. Several reviews of SKR properties have accompanied the Cassini mission [Kurth 
et al. 2009; Badman et al. 2014], the most recent one summarizing our current knowledge before 
Cassini Grand Finale [Lamy 2017] (see in particular Figure 1 of Lamy [2017] which plots all RPWS 
observations of SKR over the course of the Cassini mission). 

REMOTE PROPERTIES 

• The SKR spectrum was studied statistically with RPWS observations from a wide 
variety of Cassini’s positions. It extends from a few kHz to 1 MHz and appears to be 
most intense when observed from the dawn-side at mid-latitude [Lamy et al. 2008a; 
Kimura et al. 2013]. Southern SKR was predominant up to 2010 to mid-2011 
(slightly after the equinox of 2009), while the northern SKR was predominant after, 
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consistent with a seasonal control of field-aligned currents driving auroral emissions 
by solar illumination of Saturn’s ionosphere. 

• The SKR sources were routinely located by RPWS/HFR direction-finding 
(goniopolarimetric analysis, which additionally provided the apparent wave beaming 
angle. The radio sources were observed to be hosted by magnetic field lines at all 
longitudes whose footprints map to the circumpolar auroral oval [Farrell et al. 
2005a; Cecconi et al. 2006; Lamy et al. 2009]. The emission is strongly anisotropic, 
with a beaming angle decreasing with frequency, which produces arc-shaped 
emissions in the t-f plane [Lamy et al. 2008b; Cecconi et al. 2009; Lamy et al. 2013]. 

• SKR is a right-handed (RH) fully elliptically polarized emission. It is seen 
predominantly in the R-X (and marginally in the L-O) mode, with RH/LH (LH/RH) 
polarization witnessing emissions coming from the northern/southern 
(southern/northern) hemispheres, respectively. SKR was remotely found to display 
quasi-purely circular polarization at latitudes below 30° and strongly linearly 
polarized above [Cecconi and Zarka 2005a; Masters et al. 2009]. 

• SKR displays several types of dynamics. At timescales of a few minutes, SKR 
displays fine structures drifting in frequency and reminiscent of auroral kilometric 
radiation (AKR) fine structures observed at Earth. Multiple origins accounting for the 
slow drifts of a few kHz/min are debated [Kurth et al. 2005b]. At timescales of hours, 
active flux tubes hosting anisotropic radio sources produce isolated arcs in the time-
frequency plane, whose characteristics relate to the wave beaming angle and the 
position/motion of the source with respect to the observer. At timescales of 11 h, the 
emission is strongly rotationally modulated (see section entitled Radio Periodicities). 
At longer timescales, SKR strongly brightens episodically, indicating auroral storms 
driven or not by the solar wind and thus probing large-scale magnetospheric 
dynamics [Kurth et al. 2005a, 2016; Clarke et al. 2005; Crary et al. 2005; Jackman 
et al. 2005, 2009, 2010; Badman et al. 2008a, 2016; Nichols et al. 2009; Lamy et al. 
2013; Reed et al. 2018]. 

IN SITU CHARACTERISTICS: 

SKR sources were crossed twice at 10–20 kHz before the Cassini Grand finale. Their detailed 
study revealed that SKR is fully consistent with the Cyclotron Maser Instability (CMI) developed for 
AKR at Earth. It is radiated perpendicular to the magnetic field-lines from shell-like electron 
distribution functions of 6–9 keV [Lamy et al. 2010a; Mutel et al. 2010; Bunce et al. 2010; Schippers 
et al. 2011; Kurth et al. 2011; Menietti et al. 2011a, 2011b]. SKR polarization turned to be strongly 
linearly polarized at the source, as expected for perpendicular emission, and was found to be 
circularized along its propagation through the surrounding environment in agreement with 
expectations from the magneto-ionic theory in a cold, weakly inhomogeneous, plasma [Lamy et al. 
2011a]. A statistical survey of the ring-grazing orbits revealed three additional passes of the 
spacecraft within low frequency dawnside northern SKR sources. The amplified waves were again 
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found to be strongly linearly polarized, radiated quasi-perpendicularly from the field lines through 
the CMI from 6-12 keV unstable electrons. Additionally, the SKR source region was interestingly 
seen to be only partially colocated with the UV auroral oval as the local plasma density was 
surprisingly variable and sometimes high enough to quench the CMI [Lamy et al. 2018a]. Cassini 
proximal orbits will provide further insights to the statistical characterization of SKR high frequency 
sources. 

Narrowbanded emissions 

At the lower edge of SKR spectrum, narrowbanded (NB) emissions have been observed between 
3 and 70 kHz, and divide in two main components around 5 kHz and 20–40 kHz. Their observation 
by RPWS has been reviewed by [Ye et al. 2011]. 

The 5 kHz emissions, early labelled n-SMR for NB myriametric emissions in analogy with 
narrowband kilometer (nKOM) at Jupiter, were observed to rise in association with sudden SKR 
intensifications and related to ejection events from the plasma disk [Louarn et al. 2007]. The 5 kHz 
component was found to be intense and weakly circular polarized while the 20–40 kHz component, 
proposed to be referred to as n-SKR, appeared to be weaker and highly circularly polarization, both 
being better observed from high latitudes [Lamy et al. 2008a]. 

The source locus, dynamics, and wave growth of NB emissions were investigated in depth 
through a series of statistical and case studies [Menietti et al. 2009, 2010b, 2016b; Ye et al. 2009, 
2010a; Wang et al. 2010; Gu et al. 2013]. Both components were found to propagate in the L-O 
ordinary mode. The 20–40 kHz component was proposed to be generated by mode conversion of 
electrostatic upper hybrid waves on the boundary of the plasma torus. The 5 kHz component is 
produced on the Z-mode from the lower density region near the inner edge of the Enceladus torus 
and possibly from the auroral regions as well by a generation mechanism not unambiguously 
identified yet. 

Saturn Drifting Bursts 

Another type of low frequency radio emissions called Saturn Drifting Bursts (SDBs) was detected 
with RPWS below 50 kHz [Taubenschuss et al. 2011]. These bursty emissions are highly circularly 
polarized, propagating in R-X and L-O modes and display emission at the fundamental and first 
harmonic frequencies. They last for a few minutes and occur intermittently as slowly drifting events 
in the time-frequency spectrogram. Possible generation mechanism include CMI and linear or 
nonlinear mode conversion. 

Radio periodicities 

RPWS brought crucial observations to the study of the rotational modulation of Saturn’s 
magnetosphere through measurements of periods of SKR and NB emissions (see reviews in 
Gurnett [2011]; Lamy et al. [2011a]; Lamy [2017]; Carbary and Mitchell [2013]; Szego et al. [2015]). 
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The first SKR periodicity measured by RPWS witnessed a value differing by 1% to the SKR 
period identified from Voyager/Planetary Radio Astronomy (PRA) observations 25 years earlier 
[Gurnett et al. 2005]. Such a large variation implies that the SKR period does not probe the internal 
rotation rate. The measured SKR period was then found to display weak variations associated with 
those of solar wind speed [Cecconi and Zarka 2005b; Zarka et al. 2007]. 

The major discovery brought by RPWS was then the identification of two SKR periods [Kurth 
et al. 2008] corresponding to the two kronian hemispheres, differing by ∼1%. These periods were 
found to both vary with time in anti-correlation over yearly timescales and crossed closely after 
equinox, a trend which was interpreted as a seasonal driving of solar illumination [Gurnett et al. 
2009a, 2010b, 2011b; Lamy 2011]. These dual periods were later noticed in NB emissions and 
auroral hiss as well [Gurnett et al. 2010a; Ye et al. 2010b; Ye et al. 2017] and more generally 
observed in numerous magnetospheric observables including magnetic oscillations, energetic 
neutral atom (ENA) emissions, aurorae [Mitchell et al. 2009c; Carbary et al. 2010, 2011; Nichols et 
al. 2010; Andrews et al. 2010, 2011; Provan et al. 2011; Badman et al. 2012a, 2012b]. It is now 
accepted that these dual rotational modulations all originate from two rotating hemispheric systems 
of field-aligned currents, whose origin may be atmospheric vortices [Jia et al. 2012]. 

The post-equinox period displayed a confused situation with poorly determined radio and 
magnetospheric periods. Over 2010–2012, they remained close to each other at locked phases, 
suggesting retro-interaction between both currents systems [Garnier et al. 2014], while sudden 
jumps of periods were tentatively attributed to Saturn’s great whit spot activity [Fischer et al. 2014b] 
or to variable solar wind conditions [Provan et al. 2015]. Both periods eventually merged between 
mid-2013 and mid-2014 before crossing and diverging from each other after mid-2014 up to 
September 2017 [Provan et al. 2016; Ye et al. 2016b, 2017; Lamy 2017]. Figure RPWS-16 
summarizes the variation of northern and southern SKR periods found by Ye et al. [2018c]. 
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Figure RPWS-16. Rotational modulation spectrograms for SKR. Top panel: northern, Middle panel: 
southern hemispheres. The spectrograms show normalized modulation power (calculated using the 
least‐squares spectral analysis) as a function of rotation rate and time. The white dotted lines show 
the automatically traced rotation rates (zeroth order) of north/south SKR. The white solid lines are 
corrected SKR rotational modulation rates (based on the zeroth‐order rates and corrected by the 
phase drifts traced in Figure 1 of Ye et al. [2018c]). Bottom panel: is the latitude of Cassini. 
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Magnetosphere and Solar Wind 
Interactions Science 

The Cassini RPWS instrument has helped 
investigate many different effects due to the 
interaction of the solar wind and the Saturnian 
magnetosphere, from the standoff distance of the 
bow shock to the variations in the SKR intensity 
and frequency range, the presence of upstream 
Langmuir waves in the solar wind, and the 
detection of lion-roar like emissions in the 
magnetosheath. The following sections briefly discuss these observations and the various studies 
that RPWS has contributed to. 

Solar wind influence on the Saturnian magnetosphere and aurora 

The exact nature and importance of the solar wind influence on the Saturnian magnetosphere has 
long been debated. At Earth, the solar wind is the primary source of plasma in the magnetosphere 
and solar wind dynamics drive changes in the magnetosphere, including magnetic storms that lead 
to magnetic reconnection, plasma transport, and aurora. At Jupiter, the rapid rotation, large spatial 
scales, and internal source of plasma from the moon of Io, cause the magnetospheric dynamics to 
be primarily driven by centrifugal stresses rather than solar wind dynamics. The solar wind influence 
on the Saturnian magnetosphere has generally been considered to have both internal and solar-
wind-driven processes. For example, the Voyager results suggested that the SKR pulsed at a 
period close to the planetary rotation period, but also that the emitted intensity was correlated with 
the solar wind dynamic pressure. This possible solar wind influence on the magnetospheric 
dynamics was an active area of research throughout the Cassini mission. 

The approach to Saturn and the many orbits in which Cassini was located in the solar wind 
during apogee allowed in situ measurements of the solar wind while remote sensing measurements 
of the Saturn system were obtained. The remote sensing included Saturnian auroral imaging from 
the Hubble telescope and Cassini, plus observations by RPWS of the auroral radio emissions. 
During the approach to Saturn in early 2004, the Hubble Space Telescope took a number of 
ultraviolet images of the Saturn aurora and the comparison of these images to the Cassini 
observations were reported in a series of papers [Clarke et al. 2005; Crary et al. 2005; Kurth et al. 
2005a]. During these observations, Saturn’s auroras respond strongly to solar wind conditions, with 
the main controlling factor being solar wind dynamic pressure and electric field, with the orientation 
of the interplanetary magnetic field playing a much more limited role [Crary et al. 2005]. Clarke et 
al. [2005] reported that Saturn’s auroral emissions varied slowly, with some features appearing to 
be related to corotation, and others are fixed to the solar wind direction. The auroral oval shifts 
quickly in latitude and is often not centered on the magnetic pole. In response to a large increase 
in solar wind dynamic pressure Saturn’s aurora brightened dramatically, the brightest auroral 
emissions moved to higher latitudes, and the dawn side polar regions were filled with more intense 
emissions. The SKR emissions were also found to increase in intensity and drop in frequency 

The Cassini RPWS instrument has 
helped investigate many different 
effects due to the interaction of 
the solar wind and the Saturnian 
magnetosphere, … . 
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during the dynamic pressure increase and this intensity was correlated with the intensity of the 
aurora as shown in Figure RPWS-17 [Kurth et al. 2005a]. 

The relationship between solar wind dynamics, SKR, other magnetospheric properties, and 
the variation in the aurora continued in a number of different studies. During the SOI period, 
Jackman et al. [2005] suggested a major compression of Saturn’s magnetosphere took place. 
Bunce et al. [2005] examined the in situ affects measured by Cassini that the corotating interaction 
region (CIR)-related compression had on Saturn’s magnetospheric dynamics. For example, at ∼02:00 UT on day 184, a burst of SKR emission is observed which disrupts the existing pattern of 
planetary modulated emission seen both upstream of the magnetosphere and during the inbound 
pass [Jackman et al. 2005; Kurth et al. 2005a]. Simultaneously, inside the magnetosphere, Cassini 
experienced a region of depressed and variable magnetic field. In addition, ion and electron 
observations show that this occurs as the spacecraft is engulfed by a hot, tenuous plasma 
population. They proposed that this behavior is indicative of a major episode of tail reconnection, 
triggered by the impact of the compression region on Saturn’s magnetosphere. 

The MIMI Ion and Neutral Camera (INCA) on the Cassini spacecraft also detected abrupt 
increases in energetic neutral atom flux coming from the general direction of Saturn’s magnetotail 
that are well correlated with the enhancements in the Saturn kilometric radiation. Given the 
similarities between these events and substorm activity on Earth, including their dependence on 
interplanetary conditions, Mitchell et al. [2005] concluded that Earth-like substorms occur within 
Saturn’s magnetosphere. 

Taubenschuss et al. [2006b] examined the external control of SKR by the solar wind in the 
frame of the Linear Prediction Theory (LPT). Four basic solar wind quantities (solar wind bulk 
velocity, the solar wind ram pressure, the magnetic field strength of the interplanetary magnetic 
field (IMF) and the y-component of the IMF) were found to exert a clear influence on the SKR 
intensity profile. All four inputs exhibit nearly the same level of efficiency for the linear prediction 
indicating that all four inputs are possible drivers for triggering SKR, but all showed different lag 
times, ranging from ∼13 hours for the ram pressure to ∼52 h for the bulk velocity. 

In contrasts to these earlier observations of direct correlations between solar wind 
magnetospheric dynamics, Gérard et al. [2006] reported results from a coordinated Hubble Space 
Telescope-Cassini campaign that took place between October 26 and November 2, 2005. During 
this period, Saturn's magnetosphere was in an expanded state and the solar wind was quiet, as 
indicated by the location of the magnetopause, in situ particle measurements, weak auroral SKR 
emission, and the generally low brightness of the aurora. The aurora exhibited considerable 
longitudinal structure and time variations over intervals of a few hours, in spite of the absence of 
observable external triggers and generally low intensity. In particular, enhancements of the dawn-
morning oval were seen while no apparent indication of solar wind activity was observed. These 
features rotated at a speed corresponding to about 65% of the planet's angular velocity. Also, an 
ENA acceleration event occurred in the magnetotail on October 26 without any measured signature 
of solar wind activation. These observations suggest an intrinsically dynamical magnetosphere 
where injection of hot plasma occasionally takes place in the night or dawn sector during quiet 
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magnetospheric conditions, possibly connected with either the Dungey or the Vasyliunas 
convection cycle. 

 
Figure RPWS-17. Correlations between auroral input power and emitted SKR power. Panel a: shows 
the time-averaged power emitted as SKR over plotted with the estimated auroral input power based 
on the ultraviolet aurora integrated intensity. Panel b: shows the solar wind dynamic pressure 
determined from Cassini measurements of the solar wind density and speed, and propagated to 
Saturn with a simple radial magnetohydrodynamic model. Panel c: compares the auroral input power 
and emitted radio power. Based on Figure 1 of Kurth et al. [2005a]. 

Louarn et al. [2007] reported on radio signatures observed at Saturn which are strikingly 
similar to the Jovian energetic events observed by Galileo. These radio signals consist of a sudden 
intensification of the SKR followed by the detection of a periodic narrowband radiation at about 
5 kHz which most likely originates with plasma evacuation from Saturn's plasma disk. These radio 
signatures suggest that although Saturn’s auroral activity is largely triggered by the solar wind, 
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energetic processes developing in the plasma disk are also involved, possibly associated with 
plasma transports and consequent releases of rotational energy. 

In a study with a slightly different emphasis, Zarka et al. [2007] examined the possible role of 
the solar wind on the SKR radio period. As discussed in detail in the section entitled Radio 
Periodicities, as Cassini approached Saturn, the SKR period was measured to vary on the order of ∼1% [Gurnett et al. 2005], and measurements over the first few years of the mission found that it 
actually exhibits two different periods [Kurth et al. 2008], and that each auroral polar region has its 
own dominate period that also varied with time [Gurnett et al. 2009a]. Zarka et al. [2007] found that 
the SKR period varied systematically by about ±1% with a characteristic timescale of 20–30 days, 
and that these fluctuations were correlated with solar wind speed at Saturn, suggesting that SKR 
is controlled in part, by conditions external to the planet’s magnetosphere. No correlation was found 
with the solar wind density, dynamic pressure or magnetic field; suggesting that the solar wind 
speed therefore has a special role in this variation. 

Rucker et al. [2008] reexamined the relationship between the SKR intensity and solar wind 
dynamics (both measured by Cassini and measured by Ulysses at ∼5 AU and propagated to 
Saturn) for the year 2004. This study also found that the SKR intensity is positively correlated with 
solar wind pressure, and suggested that it may be possible to use the measured SKR properties 
as a monitor for the solar wind conditions. 

Badman et al. [2008a] looked for variation of the SKR power observed by Cassini following 
arrival of thirteen solar wind compression event and investigated the phasing of the intensified or 
reduced emission peaks during the compression event, and the relative phasing and intensity of 
the emission peaks before and after the compression compared to the predictions of the drifting 
SKR period [Kurth et al. 2007]. They found that even though the behavior of the SKR following the 
compressions was somewhat variable, they confirmed that there was an overall positive correlation 
between the change in solar wind dynamic pressure and the change in emitted SKR power, and 
that the timings of the initial SKR intensifications following the compressions could be independent 
of the long-term phasing of the SKR bursts, but during the disturbed interval the SKR continues to 
pulse close to the expected times. Distinct extra bursts of SKR emission were also detected both 
before and during the compressions. The intensity of the detected emissions during the disturbed 
intervals was variable, sometimes remaining intense for several days, sometimes reducing, and in 
rare cases it disappeared. This variability showed that the SKR emissions cannot be simply used 
as a diagnostic of the prevalent solar wind conditions (e.g., when Cassini is inside Saturn’s 
magnetosphere), without careful consideration of other influencing factors. 

Clarke et al. [2009] built on the Cassini approach observations by using more aurora imaging 
data from a large campaign of observations in 2007 and 2008 of Saturn using the Hubble Space 
Telescope, in association with measurements from Cassini and determining solar wind conditions 
both by propagating measurements from 1 AU and by using Cassini observations when it was in 
the solar wind. The data found a one to one correspondence between the arrival of solar wind 
shocks at Saturn and increases in Saturn's auroral power and SKR emission, plus a decrease in 
the auroral oval radius. At the times of two reverse shocks, the SKR emission appeared to increase, 



 C A S S I N I  F I N A L  M I S S I O N REP O R T 2 01 9  4 3  

 

and possibly also the UV emission although the statistics were poor. These data are consistent 
with a causal relationship between solar wind disturbances and auroral and SKR emission 
increases as suggested in the earlier studies. 

Mitchell et al. [2009c] adds to the above Clarke et al. [2009] results by examining the MIMI 
ENA results in conjunction with the auroral images and SKR observations. In the ENA observations, 
recurrent ring current oxygen intensity enhancements are usually detected that begin near midnight 
and increase in intensity and area as they rotate through the dawn meridian toward noon, and there 
is a close temporal association between recurrent ring current enhancements and recurrent SKR 
enhancements. For the single example of this recurring phenomenon for which continuous UV 
auroral imaging was available, bright corotating auroral emissions distributed in latitude from about 
70 to 80 degrees tracked the ring current ion enhancement as it moved in local time from post-
midnight to late morning. It was suggested that these recurrent events are caused by recurrent 
reconfiguration of the thin night-side current sheet in the 15–20 RS region, probably associated with 
Vasyliunas-cycle reconnection and plasmoid release in the tail initiated relatively close to Saturn. 
The energy in such events presumably derives from Saturn’s rotation, in combination with the mass 
loading of the cold plasma produced from Enceladus’ extended gas cloud. However, a strong 
correlation was also found to exist between a solar wind pressure pulse resulting in magnetospheric 
compression and a ring current event, a sudden SKR power increase, and dawn-side auroral 
brightening. This correlation suggest a link between the asymmetric ring current enhancements 
and a rotating field aligned current system that drives both SKR enhancements and auroral 
displays. Such a relationship is implied for both the recurrent events with the Saturn rotation period 
and the solar wind pressure induced events. 

The exploration of the nightside magnetosphere 
is reported in a series of papers by Jackman and 
coauthors. Jackman et al. [2009] revealed evidence of 
plasmoid-like magnetic structures and other 
phenomena indicative of the Saturnian equivalent of 
terrestrial substorms. In general, there was a good 
correlation between the timing of reconnection events 
and enhancements in the auroral SKR emission. Eight 
of nine reconnection events studied occur at SKR 
phases where the SKR power would be expected to be rising with time. Thus, while the recurrence 
rate of substorm-like events at Saturn is likely much longer than the planetary rotation timescale, 
the events are favored to occur at a particular phase of the rotation. Three examples were found in 
which the SKR spectrum extended to lower frequencies than usual. These low frequency extension 
SKR events were labeled low frequency extension (LFE) and were interpreted as an expansion of 
the auroral particle acceleration region to higher altitudes (lower radio frequency) along magnetic 
field lines as a direct consequence of an increase in the magnetosphere-ionosphere current density 
driven by substorm-like events. Saturnian substorms are likely a much more prevalent 
phenomenon than this small number of observations suggests, but the statistics in this study were 
hampered by viewing geometries, primary the small amount of time that Cassini spent in the deep 
magnetotail near the nominal current sheet location. Many examples of LFEs are observed by 

In general, there was a good 
correlation between the timing 
of reconnection events and 
enhancements in the auroral 
SKR emission. 
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Cassini from a wide set of vantage points, but the spacecraft is only in the right position to observe 
the corresponding magnetic signature (if any) a fraction of the time. 

Jackman et al. [2010] explored the dynamic response of Saturn's magnetotail to an episode 
of solar wind compression that took place while Cassini was sampling Saturn's nightside equatorial 
magnetosphere in 2006. Following an initial increase in solar wind dynamic pressure, the 
magnetosphere was compressed and became more streamlined, with an elevated lobe field 
strength as external pressure compressed the tail. Then, assuming a favorable IMF direction (for 
at least part of the interval, as seems entirely plausible), dayside reconnection may have been 
ongoing, leading to an increase in the amount of open flux inside the magnetosphere, flaring of the 
magnetotail, and continued elevated lobe field strength. Because of the longer time scales involved 
at Saturn for loading of the tail with open flux, it can take several days for the tail to be inflated to a 
point where reconnection is likely to occur, and this study suggested that the time scale observed 
in this case was of order ∼6–7 days. No strong evidence for magnetotail reconnection events during 
this loading phase were detected, however, toward the end of this period a sharp decrease in lobe 
field strength and what appears to be significant current sheet deflection toward the equator from 
its previously hinged position was observed. Several days later the current sheet was displaced 
southward from its previously hinged position, and magnetic signatures consistent with the passage 
of a plasmoid were observed. These field signatures are closely correlated with intense radio 
emission, evidenced by LFEs of radio emission, corresponding to radio sources detected at higher 
altitudes. All of the above features are believed to be a common consequence of the impact of a 
solar wind compression on Saturn's magnetosphere. 

Jackman et al. [2015] presented a rare observation of strong planetward flow following a 
reconnection episode in Saturn's tail from August 2006, when the Cassini spacecraft was sampling 
the region near 32 RS and 22 h LT. Cassini observed a strong northward-to-southward turning of 
the magnetic field, which is interpreted as the signature of dipolarization of the field as seen by the 
spacecraft planetward of the reconnection X line. This event was accompanied by very rapid (up 
to ∼1500 km s-1) thermal plasma flow toward the planet. At energies above 28 keV, energetic 
hydrogen and oxygen ion flow bursts were observed to stream planetward from a reconnection site 
downtail of the spacecraft. Meanwhile, a strong field-aligned beam of energetic hydrogen was also 
observed to stream tailward, likely from an ionospheric source. SKR radio emissions 
enhancements similar to ones previously associated with plasmoid formation and release were 
detected slightly more than an hour after the observation of the dipolarization. The reconnection 
episode as inferred from the planetward directional flow duration lasts on the order of ∼1.5 h, a 
significant fraction of a planetary rotation. The continuing presence of energetic O+ ions throughout 
the event demonstrates that this must be a case of long-lasting Vasyliunas-type reconnection 
occurring beyond 32 RS in the premidnight region, perhaps indicating quasi-steady reconnection of 
the type. Because of the persistent presence of O+, we find little evidence for lobe involvement in 
the reconnection. 

Kimura et al. [2013] investigated the very long-term (six years of measurements) variations of 
northern and southern SKR spectra, separated by polarization. This study confirms the prominent 
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role of solar wind pressure over one solar cycle, and additionally identified a seasonal dependence 
of the SKR activity, with a maximum in summer. 

Kurth et al. [2016] reports on the SKR measurements obtained during a Saturn auroral 
campaign carried out in the spring of 2013 which used multiple Earth-based observations, remote-
sensing observations from Cassini, and in situ-observations from Cassini. Saturn kilometric 
radiation was remotely monitored nearly continuously providing a measure of the auroral activity 
and a means of understanding the temporal relationships between the sometimes widely spaced 
remote sensing observations of the auroral activity. While beaming characteristics of the radio 
emissions are known to prevent single spacecraft observations of this emission from being a perfect 
auroral activity indicator, a good correlation between the radio emission intensity and the level of 
UV auroral activity was observed, when both measurements are available, similar to what the 
previous studies had shown. Given the known influence of solar wind dynamics on both SKR 
intensity and auroral activity as discussed above, the SKR integrated power is also a proxy for solar 
wind activity. This study found that there is a good correlation between the 10-h averages of SKR 
power flux and the power estimated input to the aurora on the basis of the UV brightness, justifying 
the SKR as a simple proxy for auroral activity through the campaign. The SKR emissions also give 
evidence for a recurrent pattern of solar wind interaction with Saturn’s magnetosphere, suggesting 
a two-sector structure and associated corotating interaction regions influencing the level of auroral 
activity on Saturn. However, there are other SKR intensifications that may be due to internal 
processes. 

Bunce et al. [2014] presented an unusual case in January 2009, where Ultraviolet Imaging 
Spectrograph (UVIS) observes the entire northern UV auroral oval during a 2 h interval while 
Cassini traverses the magnetic flux tubes connecting to the auroral regions near 21 LT, sampling 
the related magnetic field, particle, and radio and plasma wave signatures. The motion of the 
auroral oval evident from the UVIS images was found to be consistent with the appropriate phase 
of the magnetosphere oscillations in the northern hemisphere, whereas previous interpretations 
have assumed a static current system. Concurrent observations of the auroral hiss (typically 
generated in regions of downward directed field-aligned current) support this revised interpretation 
of an oscillating current system. 

Thomsen et al. [2015b] presented observations that suggest that under some conditions the 
solar wind governs the character of the plasma sheet in the outer magnetosphere. Observations 
from September 2006, near local midnight at a radial distance of 37 RS, showed a planetward 
flowing ion population for ∼5 hours, which was accompanied by enhanced SKR emissions. This 
ion beam was interpreted as the outflow from a long-lasting episode of Dungey-type reconnection, 
i.e., reconnection of previously open flux containing magnetosheath material. The beam occurred 
in the middle of a several-day interval of enhanced SKR activity and lobe magnetic field strength, 
likely caused by the arrival of a solar wind compression region with significantly higher than average 
dynamic pressure (magneto-hydrodynamic (MHD) propagation models of the solar wind from 1 AU 
observations to Saturn during this period suggest the presence of higher density solar wind). There 
was also a change in the composition of the plasma-sheet plasma, from water-group-dominated 
material clearly of inner-magnetosphere origin to material dominated by light-ion composition, 
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consistent with captured magnetosheath plasma. This event suggests that under the influence of 
prolonged high solar wind dynamic pressure, the tail plasma sheet, which normally consists of 
inner-magnetospheric plasma, is eroded away by ongoing reconnection that then involves open 
lobe field lines. This process removes open magnetic flux from the lobes and creates a more Earth-
like, Dungey-style outer plasma sheet dominantly of solar wind origin. This behavior is potentially 
a recurrent phenomenon driven by repeating high-pressure streams (corotating interaction regions) 
in the solar wind. 

During a coordinated auroral observing campaign on April 21–22, 2013, instruments onboard 
Cassini and the Hubble Space Telescope observed Saturn’s northern and southern aurora while 
Cassini traversed Saturn’s high latitude auroral field lines [Badman et al. 2016]. Signatures of 
upward and downward field-aligned currents were detected in the nightside magnetosphere, with 
the location of the upward current corresponded to the bright ultraviolet auroral arc seen in the 
auroral images, and the downward current region located poleward of the upward current in an 
aurorally dark region. In the area poleward of the auroral oval, magnetic field and plasma 
fluctuations were identified with periods of ∼20 and ∼60 min. During April 21, 2013 the northern 
and southern auroral ovals were observed to rock in latitude in phase with the respective northern 
and southern planetary period oscillations. A solar wind compression impacted Saturn’s 
magnetosphere at the start of April 22, 2013, identified by the intensification and extension to lower 
frequencies of the SKR. At this time, a bulge appeared along the pre-dawn auroral oval, which 
appeared to have moved sunward when this region was next observed. The midnight sector aurora 
remained a narrow arc at this time. Subsequently, the post-midnight aurora broadened in latitude 
and contracted towards the pole. The motion in this sector was in the opposite direction to that 
expected from the planetary period oscillation. There was also an intensification of the auroral field-
aligned currents. These observations are interpreted as the response to tail reconnection events 
instigated by solar wind compression, initially involving Vasyliunas-type reconnection of closed 
mass-loaded magnetotail field lines, and then proceeding onto open lobe field lines, causing the 
contraction of the polar cap region on the post-midnight sector. 

Felici et al. [2016] presented a case study of data from Saturn's magnetotail, when Cassini 
was located at ∼22-hour Local Time at 36 RS from Saturn that suggests for the first time that a low-
energy ionospheric outflow event has been detected at planets other than Earth. During several 
entries into the magnetotail lobe, tailward flowing cold electrons and a cold ion beam were observed 
directly adjacent to the plasma sheet and extending deeper into the lobe. The electrons and ions 
appear to be dispersed, dropping to lower energies with time. The composition of both the plasma 
sheet and lobe ions show very low fluxes (sometimes zero within measurement error) of water 
group ions. The magnetic field has a swept-forward configuration which is atypical for this region, 
and the total magnetic field strength is larger than expected at this distance from the planet. 
Ultraviolet auroral observations show a dawn brightening, SKR is enhanced and extends down to 
lower frequencies, and upstream heliospheric models suggest that the magnetosphere is being 
compressed by a region of high solar wind ram pressure. This event is interpreted as the 
observation of ionospheric outflow in Saturn's magnetotail, with the active atmospheric regions 
most likely the main auroral oval. 
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The majority of the previously discussed 
studies involved periods where Saturn’s 
magnetosphere encountered a high density solar 
wind. The study by Kinrade et al. [2017] discusses 
observations during a period that Saturn’s 
magnetosphere was in a rarified solar wind 
region. During this period on June 14, 2014 (day 
165), the Hubble Space Telescope observed an 
unusual auroral morphology, where for 2 h, the 
Saturn's far ultraviolet (FUV) aurora faded almost 
entirely, with the exception of a distinct emission 
spot at high latitude. The spot remained fixed in 
local time between 10 and 15 LT and moved poleward to a minimum colatitude of ∼4°. Interestingly, 
the spot constituted the entirety of the northern auroral emission, with no emissions present at any 
other local time—including Saturn’s characteristic dawn arc, the complete absence of which is 
rarely observed. Solar wind parameters from propagation models, together with a Cassini 
magnetopause bow shock crossing, indicate that Saturn's magnetosphere was in an expanded 
magnetosphere configuration during the interval, suggesting it was likely embedded in a rarefaction 
region. The spot was possibly sustained by reconnection either poleward of the cusp or at low 
latitudes under a strong component of interplanetary magnetic field transverse to the solar wind 
flow. The subsequent poleward motion could then arise from either reconfiguration of successive 
open field lines across the polar cap or convection of newly opened field lines. The spot’s fixed LT 
position may be attributed to the negative IMF BY conditions incident at the time, combined with 
increased subcorotation of open flux toward higher latitudes. The emission intensity was also 
possibly enhanced by a sector of upward planetary period oscillation (PPO) current rotating through 
the region. These observations show conclusively that the mechanisms producing noon auroral 
spots and the main oval auroras (i.e., the dawn arc) are distinct, since in this case the cusp spot 
occurred without the arc. These observations also suggest that reconnection can occur in an 
expanded magnetosphere, in agreement with the cusp observations of Arridge et al. [2016a, 
2016b], who found evidence of reconnection under a range of upstream solar wind conditions. 

A recent study by Roussos et al. [2018] uses a novel technique to overcome the lack of an 
upstream solar wind monitor at Saturn. Cassini MIMI/LEMMS observations of solar energetic 
particle (SEP) and galactic cosmic ray (GCR) transients, that are both linked to energetic processes 
in the heliosphere such us interplanetary coronal mass ejections (ICMEs) and CIRs, are used to 
trace enhanced solar wind conditions at Saturn’s distance. A survey of the MIMI/LEMMS dataset 
between 2004 and 2016 resulted in the identification of 46 SEP events. Most events last more than 
two weeks and have their lowest occurrence rate around the extended solar minimum between 
2008 and 2010, suggesting that they are associated to ICMEs rather than CIRs, which are the main 
source of activity during the declining phase and the minimum of the solar cycle. Also, 17 time 
periods (> 50 days each) are identified where GCRs show a clear solar periodicity (∼13 or 26 days). 
The 13-day period that derives from two CIRs per solar rotation dominates over the 26-day period 
in only one of the 17 cases catalogued. This interval belongs to the second half of 2008 when 

Solar wind parameters from 
propagation models, …, indicate 
that Saturn’s magnetosphere was 
in an expanded magnetosphere 
configuration during the interval, 
suggesting it was likely embedded 
in a rarefaction region. 
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expansions of Saturn’s electron radiation belts were previously reported to show a similar 
periodicity. That observation not only links the variability of Saturn’s electron belts to solar wind 
processes, but also indicates that the source of the observed periodicity in GCRs may be local. In 
this case GCR measurements can be used to provide the phase of CIRs at Saturn. The survey 
results also suggest that magnetospheric convection induced by solar wind disturbances 
associated with SEPs is a necessary driver for the formation of transient radiation belts that were 
observed throughout Saturn’s magnetosphere on several occasions during 2005 and on day 105 of 
2012. Also, an enhanced solar wind perturbation period that is connected to an SEP on day 332 of 
2013 was the definite source of a strong magnetospheric compression (enhanced SKR and LFEs 
were also detected at this time) which led to open flux loading in the magnetotail. This event lists 
can a guide to better constrain or identify the arrival times of interplanetary shocks or solar wind 
compressions for single case studies or statistical investigations on how Saturn and its moons 
(particularly Titan) respond to extreme solar wind conditions or on the transport of SEPs and GCRs 
in the heliosphere. 

OTHER AURORAL OBSERVATIONS 

X-ray aurorae are detected at Jupiter, but no detection has been made at Saturn. Saturnian X-ray 
aurorae may be expected to be powered by charge exchange between energetic ions and the 
planet's atmospheric neutrals. If the ions are of solar origin, the emission should be brightest during 
episodes of enhanced solar wind activity. Using propagating SW parameters measured near the 
Earth to Saturn to estimate the timing of solar wind enhancements to reach Saturn, a number of 
Chandra observations were obtained in April–May 2011. Cassini in situ measurements confirm that 
two of the observations were carried out at the time when a significant SW disturbance reached 
Saturn. Variability was observed between the two Chandra datasets, but no evidence for X-ray 
brightening in the auroral regions were detected during this period, suggesting that the strength of 
any charge exchange auroral X-ray emission on Saturn was below Chandra's detectability 
threshold [Branduardi-Raymont et al. 2013]. 

Upstream Langmuir waves 

Langmuir waves are often detected by Cassini in the foreshock region upstream of the Saturnian 
bow shock [Hospodarsky et al. 2006]. In planetary foreshocks, electrostatic Langmuir waves at 
frequencies close to the local plasma frequency (fpe) are generated by electrons reflected from the 
bow shock via the beam-plasma instability. The fact that the Langmuir waves are generated near 
fpe allows an estimate of the solar wind electron plasma density (ne) to be determined from the 
frequency of the waves when they are present. This ability to estimate the density was used in a 
study by Bertucci et al. [2007a] to compared low frequency (<<1 Hz) waves detected by the 
Magnetometer instrument to similar variations observed in ne as determined from the Langmuir 
wave frequency. Langmuir wave derived solar wind density measurements have also been used 
in a number of studies investigating the bow shock shape and stand-off distance. These studies 
are discussed in the section entitled Bow Shock Shape and Location. 
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Using the RPWS Wideband Receiver measurements, Píša et al. [2015, 2016] examined the 
characteristics of the Langmuir waves detected upstream of Saturn. Typical Langmuir wave 
amplitudes observed by the RPWS at Saturn are in a range of 0.01 to 1 mV/m, with the largest 
amplitudes detected ∼10 mV/m. The estimated energy density for the largest measured amplitudes 
at Saturn does not exceed the threshold for strong turbulence processes, suggesting that weak 
turbulence saturation processes are more important in the Langmuir wave saturation inside 
Saturn's foreshock. The maximum wave intensity is observed around the upstream foreshock 
boundary with a slight shift behind the tangent magnetic field line toward the downstream position 
and with a decrease in intensity along the solar wind direction deeper in the foreshock. The wave 
amplitude also decreases with distance along the tangent field line, but decreases more slowly 
compared to the dependence on the depth. This dependence shows an amplitude decrease of 
almost one order of magnitude over the distance of 100 RS. 

The typical Langmuir wave spectrum at Saturn exhibits a single intense peak (62% of all 
selected waveforms). However, spectra with a superposition of two (25%) or more (13%) intense 
peaks are also observed [Píša et al. 2016]. Using magnetic field observations and a model of the 
bow shock, plasma wave activity across Saturn's foreshock has been mapped. The single peak 
spectra are observed across the entire foreshock, while more complicated spectra are more likely 
measured deeper inside the foreshock and closer to the bow shock. A gap in wave occurrence and 
intensity at the tangent point delimits two foreshock regions similar to those observed at Venus and 
Earth. In the case of Saturn's foreshock, this gap is caused by the larger radius of curvature of the 
shock. 

Lion Roar emissions 

Píša et al. [2018] presented an observation of intense 
electromagnetic emissions in Saturn's magnetosheath as 
detected by the Cassini spacecraft in the dawn sector 
(magnetic local time ∼06:45) over a time period of 11 hours. 
The waves were narrow-banded in frequency with a peak 
frequency of about 0.16 fce, where fce is the local electron 
gyrofrequency. Using plane wave propagation analysis, the 
waves were found to be 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 similar properties known as “lion roars” have been 
reported by numerous missions in the terrestrial magnetosheath. These Cassini observations are 
the first evidence of such emission outside the terrestrial environment. 

Bow shock shape and location 

Studying the global shape, location, and dynamics of the bow shock offers important insights into 
the physics governing its formation and the magnetospheres response to solar wind dynamics. A 

Electromagnetic waves 
with similar properties 
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numerous missions in the 
terrestrial magnetosheath. 
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number of authors [Achilleos et al. 2006; Masters et al. 2008; Went et al. 2011] have used the 
Cassini data to develop models of the average shape of Saturn's bow shock as well as the response 
of this surface to changes in the dynamic pressure of the upstream solar wind. RPWS data has 
contributed to these studies by detecting the occurrence of bow shock crossings and by providing 
upstream solar wind densities from the frequency of the Langmuir waves near these crossings. 
The solar wind density has been used both as an in situ verification of solar wind propagation 
models [Hansen et al. 2005; Zieger and Hansen 2008] and to estimate the solar wind dynamic 
pressure. 

A number of studies have investigated the properties of the bow shocks themselves at Saturn 
[Masters et al. 2013a, 2013b, 2017; Sulaiman et al. 2015; Sundberg et al. 2017], and the particles 
and regions associated with the bow shock, including hot flow anomalies [Masters et al. 2009], 
superthermal electrons [Masters et al. 2016], and upstream whistler mode waves [Sulaiman et al. 
2017a]. The T96 Titan encounter (see the section entitled Titan Science for more details) occurred 
during a period of high solar wind pressure that caused Saturn's bow shock to be pushed inside 
Titan's orbit, exposing the moon and its ionosphere to the solar wind. Omidi et al. [2017] using 
electromagnetic hybrid (kinetic ions and fluid electrons) simulations and Cassini observations, 
showed a formation of a single deformed bow shock for the Titan-Saturn system. 

Saturn Science—Lightning 

The first indication of lightning in Saturn’s atmosphere was obtained in November 1980 by the radio 
instrument on-board Voyager 1. Strong impulsive signals in the frequency range of a few MHz were 
detected and termed Saturn electrostatic discharges (SEDs) [Warwick et al. 1981]. The Voyager 

SEDs were thought to stem from an atmospheric source 
in the equatorial region of Saturn, and a source in Saturn’s 
B-ring was excluded by Kaiser et al. [1983] with an 
argument of visibility. However, no storm clouds in the 
equatorial region could be identified in the Voyager 
images. The Cassini mission has greatly enhanced our 
knowledge about Saturn lightning, and combined radio 
and imaging observations have clearly established the 
atmospheric origin of the SEDs. This is discussed in the 
first subsection below, and the subsequent subsections 
will describe the occurrence of SED storms in the Cassini 
era, the fascinating great white spot (GWS) event of 

2010/2011, the physical parameters of the SEDs, the usage of the SEDs as a tool to investigate 
Saturn’s ionosphere, and the scarcity of lightning whistler observations. Finally, we will mention 
that the new discoveries by Cassini will enable limited future ground-based observations of Saturn’s 
thunderstorm and lightning even without a spacecraft in Saturn’s orbit. 

New discoveries by Cassini 
will enable limited future 
ground-based observations 
of Saturn’s thunderstorm 
and lightning even without a 
spacecraft in Saturn’s orbit. 
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Radio and imaging observations of Saturn lightning storms 

The first link between SEDs and cloud features in Saturn’s atmosphere was found in 2004: Cassini 
Imaging Science Subsystem (ISS) imaged the so-called dragon storm, and the RPWS instrument 
detected SEDs at the same time [Porco et al. 2005; Fischer et al. 2006a]. These combined 
observations revealed consistent longitudes and longitudinal drift rates of the cloud feature and the 
SED source. Later, the white storm clouds were also found to be brighter when the SED rates were 
high [Dyudina et al. 2007; Fischer et al. 2007a]. Finally, Saturn lightning flashes were first detected 
optically on the nightside of Saturn around equinox, when the reflected light from the rings towards 
the planet (ring-shine) was minimized. The Cassini cameras spotted flash-illuminated cloud tops 
with a diameter of about 200 km, suggesting that the lightning comes from 125–250 km below 
[Dyudina et al. 2010], and most likely from the water-cloud layer. At Earth, the charging of water 
cloud particles in thunderstorms is most effective in a temperature range of −10° C to −25° C. 
At Saturn this temperature range is located at a level of 8–10 bars, about 200 km below the cloud 
tops, i.e., consistent with the altitude range found by Dyudina et al. [2010]. Another indication that 
the Saturn lightning source is in the water cloud layer comes from Cassini Visual and Infrared 
Mapping Spectrometer (VIMS) near-infrared spectra of the Great White Spot. They revealed 
spectroscopic evidence for ammonia and water ices [Sromovsky et al. 2013] brought up to higher 
altitudes by strong vertical convection. So it is thought that the same particle charging mechanisms 
are at work on Saturn and Earth. As most of the sunlight is absorbed above 2 bars, Saturn’s weather 
and thunderstorms at deep pressure levels should be powered by the planet’s internal energy 
[Desch et al. 2006]. It drives the vertical convection which brings up the water cloud to the visible 
atmospheric level where it is observed as a bright eruption by Cassini ISS and VIMS. Dyudina et 
al. [2010] also measured the optical flash energy to be about 109 J, which suggests that Saturn 
lightning is superbolt-like with total energies of about 1012 J [Fischer et al. 2011a], and not a fast 
and weak discharge as hypothesized by Farrell et al. [2007]. 

The left side of Figure RPWS-18 shows an image made by Cassini ISS of a Saturn lightning 
storm with two outbreaks, separated by about 25° in longitude [Fischer et al. 2018]. They are both 
located at the same planetocentric latitude of 35°South, a region nicknamed storm alley since many 
SED storms occurred there. They can be easily seen as the bright white features with a size of 
about 2000 km. Saturn’s thunderstorms could also be imaged with the backyard telescopes of 
amateur astronomers as the right side of Figure RPWS-18 shows. The observations of amateur 
astronomers turned out to be very useful: they provided information on the location and the 
morphological evolution of the thunderstorms when the Cassini cameras were not looking [Fischer 
et al. 2011d; Mousis et al. 2014]. On the other hand, the Cassini optical instruments were able to 
study Saturn’s thunderstorms in a very high spatial resolution [e.g., Dyudina et al. 2007; Sayanagi 
et al. 2013] revealing their exact sizes and dynamics. In the Cassini images, one can also see dark 
ovals that spew out of the stormy regions over the course of weeks [Dyudina et al. 2007] (see also 
Figure RPWS-18). These dark ovals show no SED activity since they are still visible for several 
weeks after the end of an SED storm. Baines et al. [2009] believe that their dark color originates 
from carbon soot particles that could have been produced by the dissociation of methane in the 
high-temperature lightning channels. 
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Figure RPWS-18. Two outbreaks of a Saturn lightning storm during the year 2008. The left image was 
obtained by Cassini ISS on June 18, 2008; and the right image was made by the amateur astronomer 
Christopher Go on May 1, 2008 (cloud features marked with white arrows). 

Occurrence of SED storms 

Figure RPWS-19 shows the number of SEDs per Saturn rotation as a function of time (year from 
2004 until 2017) throughout Cassini’s orbital tour around Saturn. Some bursty SED-like emissions 
recorded in July 2003 at a distance of 1.08 AU from Saturn [Gurnett et al. 2005] turned out to be 
Jovian decametric arcs [Fischer et al. 2006c]. The first SEDs were detected by Cassini RPWS in 
May 2004, and the last SEDs were seen in October 2013. 

Figure RPWS-19 shows that Saturn lightning storms can last from a few days up to several 
months, and there was one storm that almost lasted throughout the year 2009. There are also long 

 
Figure RPWS-19. Number of flashes/SEDs per Saturn rotation detected by Cassini RPWS as a 
function of time (years from 2004 until 2017). The text in the figure denotes the planetocentric 
latitudes of the thunderstorms, and GWS marks the SEDs from the Great White Spot. 
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time intervals with no SED activity, especially from February 2006 until November 2007 and during 
the last four years of the mission. The absence of SEDs after October 2013 could be explained by 
a kind of convective inhibition state of the atmosphere after the GWS of 2010/2011 [Li and Ingersoll 
2015]. The flash rate during the GWS was about 1–2 orders of magnitude higher than during the 
other regular 2000 km-sized SED storms. For the GWS the flash rate was about 10 SEDs per 
second [Fischer et al. 2011c], whereas the regular storms typically have flash rates of a few SEDs 
per minute [Fischer et al. 2008]. Saturn’s thunderstorms only raged at specific latitudes, 
preferentially at the so-called storm alleys around 35° South (regular storms) and 35° North (GWS). 
At those latitudes there are broad minima in wind speed with small westward velocities with respect 
to the Voyager Space Launch System (SLS). Only a few smaller storms were potentially located at 
different latitudes (equator or 50° N). Since Cassini RPWS could not exactly determine the locations 
of the thunderstorms on Saturn, a good collaboration with the Cassini imaging team and ground-
based amateur astronomers was essential as pointed out in the previous subsection. Most SEDs 
occurred ±2 years around equinox (August 2009), and the SED storms switched from the southern 
hemisphere to the northern hemisphere one year after equinox, suggesting a seasonal influence 
[Fischer et al. 2011c]. 

The Great White Spot 

There are two different classes of thunderstorms on Saturn [Aplin and Fischer 2017], (i) regular 
2000 km-sized storms, and (ii) the rare and giant GWS that usually occur only once per Saturn year 
(29.5 Earth years). The previous GWS on Saturn broke out in 1990 and was located in the northern 
equatorial region [Sanchez-Lavega et al. 1991]. 

The 2010/2011 GWS was located around a planetocentric latitude of 35° N, and it reached a 
latitudinal extension of about 10,000 km about three weeks after it started in early December 2010 
(first SEDs detected on December 5). The storm developed an elongated eastward tail with 
additional storm cells that wrapped around the whole planet (a distance of 300,000 km) by 
February 2011 [Fischer et al. 2011c]. In Figure RPWS-20, one can see an image of the GWS from 
March 2011. The main lightning activity took place in the so-called head of the storm (westernmost 
bright white clouds on the left side in the top panel of Figure RPWS-20), which drifted westward 
with a velocity of −27 m/s (westward motion w.r.t. Voyager SLS). The head spawned the largest 
anticyclonic vortex ever seen on Saturn that drifted with −8 m/s [Sayanagi et al. 2013]. The different 
drift velocities led to a collision between the head and the anticyclonic vortex in mid-June 2011, 
which caused a significant drop in SED activity. After the collision, the SED activity became 
intermittent and SEDs finally disappeared at the end of August 2011. 
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Figure RPWS-20. The upper part of this figure shows two Cassini images taken on March 6, 2011. 
The left panel shows a blue spot attributed to a lightning flash which is absent in the right panel 
image taken half an hour later. The lower part of this figure displays two Saturn images to show the 
large extent of the Great White Spot. Figure from Dyudina et al. [2013]. 

Dyudina et al. [2013] could also identify visible flashes in blue wavelengths on Saturn’s 
dayside, which is also shown in Figure RPWS-20. The optical flashes appeared in the cyclonic 
gaps between anticyclonic vortices where the atmosphere looked clear down to the level of deep 
clouds. Dyudina et al. [2013] also estimated the optical power of the flashes to be about 1010 W, 
and the total convective power of the GWS to be of the order of 1017 W. Since this power is similar 
to Saturn’s global power radiated to space, storms like the GWS should be important factors in the 
thermal balance of Saturn’s atmosphere. Fischer et al. [2014b] suggested that the powerful storm 
was an intense source of gravity waves that may have caused a global change in Saturn’s 
thermospheric winds via energy and momentum deposition. These changes might have also 
influenced the periodicity of SKR, which should be driven by the upper atmosphere. The GWS also 
caused a large stratospheric vortex with temperatures of 80 K above the normal level and an 
enhanced abundance of stratospheric acetylene [Fletcher et al. 2012]. 

Physical parameters of SEDs in comparison to Earth lightning 

The radio emissions of Saturn lightning are stronger by a factor of 104 than the radio emissions 
from terrestrial lightning in the frequency range of a few MHz. Zarka et al. [2006] and Fischer et al. 
[2006b] found spectral radio powers of the order of 10 to 100 W/Hz, confirming previous Voyager 
measurements by Zarka and Pedersen [1983]. RPWS detected the first SEDs from beyond 300 
Saturn radii [Fischer et al. 2006a] in May 2004. This corresponds to a staggering distance of about 
3000 Earth radii compared to only 14 Earth radii, within which RPWS detected terrestrial lightning 
during its Earth flyby [Gurnett et al. 2001]. Similarly, the total energy of one superbolt SED is about 
1012 J, a factor of 104 larger than the typical total energy of a terrestrial flash with 108 J. The large 
SED energy could be related to the fact that the breakdown voltage increases with pressure, and 
the SED source should be located at a pressure level of 8–10 bars. Higher breakdown fields would 
allow more charges to accumulate before it comes to a powerful breakdown [Fischer et al. 2008]. 
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Similar to terrestrial intracloud lightning, an SED consists of many subpulses, and the total 
duration of one SED can be as long as a few hundred milliseconds. Most SEDs are somewhat shorter, 
and the average SED duration is around 60–70 ms [Zarka et al. 2006]. The SED duration can be well 
described by a distribution with an exponential decrease in SED numbers with increasing burst 
duration. Such distributions are characterized by a so-called e-folding time, and for SEDs this 
e-folding time is in the range from 35–50 ms [Fischer et al. 2007a]. The RPWS instrument had a 
millisecond mode with which the signal amplitude could be measured at a fixed frequency with a high 
temporal resolution of 1 ms. However, it turned out that this time is still too long to resolve the 
substructures of an SED. High temporal resolution observations were provided by ground-based SED 
observations (see the section entitled Ground-based Saturn lightning observations for the future), and 
Mylostna et al. [2013] found substructures with a duration of the order of 100 microseconds. The 
temporal structure of a burst should be related to its frequency spectrum. The frequency spectrum of 
terrestrial lightning shows a roll-off with 1/f 2 or even steeper above 1 MHz. Zarka et al. [2006] and 
Fischer et al. [2006b] found a distinctly different spectrum for SEDs which is almost flat or with a slight 
roll-off of 1/f 0.5 from 4–16 MHz. The reason for such a flat spectral behavior of SEDs is unknown. 

Lightning as a tool to investigate Saturn’s ionosphere 

SEDs usually occur in episodes of a few hours when the thunderstorm is on the side of Saturn 
facing Cassini, whereas the SEDs are absent when the storm is on the backside of the planet. 
However, some SEDs can propagate from beyond the visible horizon due to ducted ionospheric 
propagation, and we call this the over-the-horizon effect [Zarka et al. 2006]. 

Figure RPWS-21 shows an SED episode that lasts for about six hours. The SEDs are the 
short vertical bursts, which appear as narrow-banded signals due to the frequency sweeping 
receiver, although they are intrinsically broadband. Assuming straightline SED propagation, the 
peak electron plasma frequency of Saturn’s ionosphere can be easily determined from the low 
frequency cutoff denoted by the white line [Fischer et al. 2011b]. Therefore, it is necessary to know 
the exact location of the storm cloud, and it is indicated in Figure RPWS-21 when the storm cloud 
was appearing at the horizon, passing the central meridian (CM), and disappearing again. Fischer 
et al. [2011b] found peak electron densities of 104 cm-3 at midnight and 105 cm-3 at noon for the 
storms at the kronocentric latitude of 35° S. This diurnal variation of about 1 order of magnitude is 
still too large to be explained by ionospheric models [Moore et al. 2012]. The SED measurements 
are still the only technique to obtain the electron densities of Saturn’s ionosphere at all local times, 
since radio occultation only works for local times at dawn and dusk. Figure RPWS-19 shows the 
different SED behavior when the storm cloud is close to the horizon: SEDs get weaker when the 
cloud comes near the day-side horizon due to the oblique angle of propagation leading to 
absorption in Saturn’s ionosphere. On the other hand, SEDs were detected about one hour before 
the cloud reached the visible night-side horizon, and the over-the-horizon SEDs are denoted in the 
figure. This effect not only exists when Cassini is on the morning side, but also with Cassini on the 
evening side with an SED storm that disappears towards the night-side [Fischer et al. 2018]. The 
typical over-the-horizon effect extends 30° to 45° beyond the night-side horizon and has been 
modelled by ray tracing [Gautier et al. 2011]. 
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The wave polarization of SEDs has been measured below 2 MHz (in the so-called quasi-static 
frequency range), and it is thought that it is fixed in Saturn’s ionosphere. Fischer et al. [2007c] found 
SEDs to be highly polarized (80%) with just one sense of rotation, which was right-handed with 
respect to the wave propagation direction for SEDs originating from the southern hemisphere. They 
explained this by the dominance of the ordinary mode and the absorption of the extraordinary mode 
in the ionosphere. Consequently, SEDs from the northern hemisphere were found to be left-hand 
circularly polarized [Fischer et al. 2011c], since the magnetic field and the wave propagation vector 
point to the same direction in the northern hemisphere, whereas they are opposite to each other in 
the southern hemisphere. 

Saturn lightning whistlers 

Lightning is known to emit whistler waves at very low frequencies which propagate along magnetic 
field lines from the source to the observer. For Saturn the detection of only one lightning whistler 
has been reported in the literature. Akalin et al. [2006] detected one whistler signal in the frequency 
range of 200–400 Hz that lasted for 2 seconds. It was detected by the RPWS wideband receiver 
on October 28, 2004, on a magnetic field line with an L-shell value of 6.5. They concluded that the 
whistler originated from the northern hemisphere from a latitude of 67°, but no corresponding SED 
activity was seen. The scarcity of whistler observations by Cassini can be explained by Cassini’s 
trajectory, since the stormy regions at latitudes around 35° N and S are connected to low magnetic 

 
Figure RPWS-21. Dynamic spectrum (color-coded radio wave intensity as function of time and 
frequency) of an SED episode as measured by RPWS on February 16–17, 2006. The white line 
denotes the low frequency cutoff and other features are described in the text. The bottom numbers 
show the Spacecraft Event Time (SCET), the distance of Cassini to Saturn’s center in Saturn radii, 
and the longitude, latitude, and local time of Cassini. Figure from Fischer et al. [2008]. 
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L-shells which were traversed by Cassini only during orbit insertion and the proximal orbits of 2017. 
However, an intense search for lightning whistlers led to the detection of only three tentative events 
during the proximal orbits. This is probably due to the absence of lightning storms in 2017 as shown 
in Figure RPWS-17. 

Ground-based Saturn lightning observations for the future 

We already mentioned that SEDs are typically 10,000 times stronger than terrestrial lightning in the 
frequency range of a few MHz. This has led to their first detection with an Earth-based radio 
telescope, which was achieved by the giant UTR-2 facility (effective area of 150,000 m²) in the 
Ukraine [Zakharenko et al. 2012; Konovalenko et al. 2013]. At Earth, the SEDs have a radio flux of 
a few hundred Jansky (1 Jy = 10-26 W/m²/Hz), and the sensitivity of UTR-2 is a few Jansky. The 
new discoveries about Saturn’s thunderstorm by Cassini will enable some limited future 
observations of Saturn’s lightning and thunderstorms even without a spacecraft in Saturn’s orbit. 
During the times of Saturn apparition we should be able to identify thunderstorms in Saturn’s 
atmosphere with a high confidence from the images of the ground-based amateurs, since we now 
know what they should look like. Saturn can be well-observed from Earth for roughly 6–9 months 
per year, and a confirmation of a storm’s SED activity is now possible with large Earth-based radio 
telescopes. It is interesting to know when the next SED storm will take place after the long inactivity 
of more than four years at the end of the Cassini mission. 

Search for Titan lightning 

The existence of lightning on Saturn’s enigmatic moon Titan has been suggested soon after the 
Voyager 1 flyby in 1980, although no corresponding radio emissions were detected by Voyager 
[Desch and Kaiser 1990]. The potential effects of lightning on Titan’s atmospheric chemistry have 
been widely investigated up to the production of organic compounds that could be essential 
precursors for the evolution of life [Plankensteiner et al. 2007]. Furthermore, the Cassini cameras 
observed convective cloud activity in Titan’s atmosphere. However, no radio bursts that would clearly 
indicate the existence of Titan lightning were found by RPWS during the numerous flybys [Fischer et 
al. 2007b; Fischer and Gurnett 2011]. Hence, Titan lightning is a very rare event if it exists at all. 

Saturn Science—Ionosphere 

The ionosphere of Saturn is still a work in progress, and the first in situ measurements by RPWS 
of the cold ionosphere properties have just been reported [Wahlund et al. 2018]. Several other 
manuscripts have been submitted, and they all show a very strong interaction between the D-ring 
and the ionosphere of Saturn, causing the ionosphere to become extremely variable with more than 
two orders of magnitude and trigger a dust-ionosphere layer near the equator. 
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Figure RPWS-20. Cassini/RPWS altitude profiles of the ionosphere number density (Panel A) and 
inbound electron temperature (Panel B) during the crossing on April 26, 2017. Two independent 
methods for estimating the inbound electron density (blue and black) gave almost identical results, 
confirming their validity. The Langmuir probe ion density (Ni, assuming H+) also produces values in 
agreement with the estimated electron densities, confirming that hydrogen ions dominated during 
this first flyby. The lower LP electron densities over the outbound sector (magenta) indicate that 
much of the A- and B-rings are opaque to ionizing extreme ultraviolet radiation. 

Sulaiman et al. [2017c] reported the first observations of lower hybrid resonance waves in 
Saturn’s ionosphere. They are believed to be generated through the interaction of whistler-mode 
waves and density gradients present in the ionosphere. 

Plasma Waves 

The almost 300 orbits by Cassini have allowed the RPWS to study a variety of plasma and radio 
waves in the magnetosphere of Saturn. See Gurnett et al. [2005]; Mauk et al. [2009]; Kurth et al. 
[2009]; Hospodarsky et al. [2012, 2016] for overviews of the Saturn magnetosphere and some of 
the wave observations. 
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In the inner magnetosphere (<10 RS), whistler mode chorus [Hospodarsky et al. 2008; 
Menietti et al. 2013a, 2013b, 2014a, 2014b], quasi-periodic (QP) whistler mode emissions 
[Hospodarsky et al. 2012], electron cyclotron harmonic (ECH) emissions [Menietti et al. 2008a, 
2008b, 2012; Tao et al. 2010], and upper hybrid resonance (UHR) emissions [Persoon et al. 2005, 
2006a, 2006b, 2009, 2013, 2015] are observed. At higher magnetic latitudes (> ∼25°), auroral hiss 
is detected [Mitchell et al. 2009a; Gurnett et al. 2009b; Kopf et al. 2010]. RPWS observations of ion 
cyclotron waves have also been made in the Saturn downward auroral current region. Menietti et 
al. [2011c] showed that these waves can be generated by the observed upward electron beams 
and modeling suggested that they can produce significant ion heating as has been observed in the 
terrestrial auroral region. 

Evidence of lightning in Saturn’s atmosphere is shown from observations of lightning whistlers 
[Akalin et al. 2006] and from observations of Saturn Electrostatic Discharges (SEDs) (see the 
section entitled Saturn Science—Lightning for detailed discussion of the lightning observations). A 
number of radio emissions are also observed, including Z- and O-mode narrowband emissions 
[Louarn et al. 2007; Ye et al. 2009, 2010a, 2011; Menietti et al. 2009, 2010b, 2012; Wang et al. 
2010], and SKR [Kurth et al. 2005a, 2005b, 2011; Cecconi et al. 2006; Lamy et al. 2008a, 2010a; 
Fischer et al. 2009; Mutel et al. 2010; Menietti et al. 2011b]. Plasma waves have also been detected 
in association with many of the Saturnian moons, including Enceladus [Tokar et al. 2006; Gurnett 
et al. 2011a; Leisner et al. 2013; Pickett et al. 2015] and Rhea [Santolik et al. 2011]. The RPWS 
instrument also detects dust impacts on the Cassini spacecraft, providing information on the 
properties of dust [Kurth et al. 2006b; Wang et al. 2006; Ye et al. 2014a] and sometimes information 
on the electron density [Ye et al. 2014b] (see the section entitled Dust and Dusty Ring Science for 
a more detailed discussion of the RPWS dust results]. 

Whistler mode chorus emissions 

Whistler mode emissions are often observed in Saturn’s inner magnetosphere with many 
characteristics similar to chorus detected at Earth and Jupiter. Due to these similar characteristics, 
the majority of the literature on these emissions has called the whistler mode emission chorus even 
though some of the emissions lack discrete elements or fine structure [Hospodarsky et al. 2008; 
Menietti et al. 2013b, 2014a]. Hospodarsky et al. [2008] performed an initial survey of these 
emissions and characterized them into two types based on their spectral characteristics and where 
they were observed. The most common type was defined as magnetospheric chorus that was 
observed within ∼30 degrees of the magnetic equator between L shells of about 4.5 to 10. This 
emission usually has a bandwidth of a few hundred Hz and is detected below 1/2 fce as Cassini 
crosses through the inner magnetosphere. A variety of fine structure is associated with the chorus, 
from a structureless, hiss-like emission to narrowband frequency tones rising in frequency. The 
rising tone structure is similar to structures associated with chorus detected at Earth and Jupiter, 
but the timescales of the structure detected at Saturn are usually longer than those observed at 
Earth or Jupiter [Hospodarsky et al. 2008]. 
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There is a subset of the magnetospheric chorus that have rising tones with periods on the 
order of many minutes. These emissions have been referred to as rising whistler mode emission, 
QP whistler emission, or sometimes as worms. They are observed about 5% of the time when 
Cassini is near the magnetic equator within 5.5 RS of Saturn, and appear to be related to electrons 
with energies of a few keV. The cause of the many-minute periodicity is not well understood 
[Hospodarsky et al. 2016]. Although Hospodarsky et al. [2008] included these many-minute period 
rising tone whistler mode emissions with the magnetospheric chorus emissions, their spectral 
characteristics are more similar to the QP whistler mode emissions detected at Earth. However, it 
is currently unclear if the same type of source generation can explain the Earth and Saturn QP 
emissions. 

The second type of whistler mode chorus emission reported by Hospodarsky et al. [2008] is 
detected in association with local plasma injections and were defined as injection event chorus. 
Local plasma injection events are injections of hot, less dense plasma produced by the interchange 
instability in rapidly rotating magnetospheres such as Saturn. These injections flow towards the 
planet while the colder and denser plasma from the inner magnetosphere flows outward [Mauk et 
al. 2009; Rymer et al. 2009; Mitchell et al. 2009b; Paranicas et al. 2016]. Young injection events 
are usually easy to detect with RPWS due to the changes in the spectral properties of the plasma 
waves associated with the injection compared to the waves detected outside of the events [Menietti 
et al. 2008a, 2008b; Hospodarsky et al. 2008; Kennelly et al. 2013]. Specifically, the frequency of 
the UHR usually decreases due to the lower electron plasma density inside of the injection and the 
ECH and chorus emissions are enhanced. Injection event chorus is often observed in two bands 
located above and below 1/2 fce, with a gap in the emission intensity at 1/2 fce, very similar to chorus 
detected at the Earth. The injection event chorus often contains fine structure (primarily rising 
tones) at a much smaller timescale (less than a second to a few seconds) than the magnetospheric 
chorus, again more similar to chorus at Earth and Jupiter [Hospodarsky et al. 2008]. Menietti et al. 
[2008a] showed that the chorus emissions observed inside the injection region can be at least 
partially generated by the measured temperature anisotropies in the electron population. 

The occurrence, intensity, local time, and latitude variations of both types of chorus emission 
at Saturn have been examined by Hospodarsky et al. [2008, 2012] and in a series of papers by 
Menietti et al. [2012, 2013b, 2014a, 2014b]. These studies found that the peak in chorus intensity 
is detected at about ±5 degrees in magnetic latitude, with the intensity decreasing at the magnetic 
equator. The emissions are observed at all LT, but display maximum intensity on the nightside 
between L of 4.5 to 7. The small scale fine structure is more likely to be observed at higher 
frequencies and at latitudes greater than ∼5°. The injection event chorus was typically found to be 
more intense than the chorus outside of the injection events [Menietti et al. 2014a], and the 
amplitude and structure of the rising tones was found to reasonably match predictions from non-
linear theories of chorus generation [Menietti et al. 2013a]. Calculations of the wave normal and 
Poynting vector using the WFR data show that the chorus emissions propagate away from the 
magnetic equator at Saturn—see Figure 7 of Hospodarsky et al. [2008]—similar to results obtained 
for chorus at Earth. 
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Intense whistler mode waves were also detected in the magnetic flux tube connected to the 
surface of the Saturnian moon Rhea during a close flyby on March 2, 2010 [Santolik et al. 2011]. 
The whistler mode emission was observed below 1/2 fce, had peak amplitudes >0.5 nT, and was 
found to be propagating toward Rhea. Santolik et al. [2011] showed that these waves could be 
generated by the loss‐cone anisotropy caused by absorption of electrons by the surface of the 
moon. Strong, bursty electrostatic waves near the electron plasma frequency and broadband 
electrostatic waves at frequencies well below the ion plasma frequency were also detected during 
this flyby. The waves near the electron plasma frequency have many of the characteristics of 
Langmuir waves observed in the solar wind and are believed to be produced by a low energy 
(∼35 eV) electron beam propagating away from Rhea. The low‐frequency waves may be related 
to the higher frequency waves through a nonlinear three‐wave interaction. 

Whistler mode auroral hiss emission 

Cassini also observes at magnetic latitudes greater than about 
25° at Saturn a whistler mode emission that has many of the 
characteristics of auroral hiss [Mitchell et al. 2009a; Gurnett et al. 
2009b; Kopf et al. 2010]. Auroral hiss is produced by electron 
beams and, when plotted on a time-frequency spectrogram, 
usually exhibits a funnel shaped spectrum. Auroral hiss has only 
been detected by Cassini propagating away from the auroral 
zone of Saturn and the emission is often observed out to 
distances of many tens of Saturn radii (RS). Before 2008, the emission often exhibited a modulation 
in its intensity with a period of about 10.6 hours in the northern hemisphere and about 10.8 hours 
in the southern hemisphere, very similar to the periods of the SKR emission [Gurnett et al. 2009a, 
2009b]. Shorter scale periodicity on the order of one hour is also often detected, and these short 
scale structures are often correlated with ion conics [Mitchell et al. 2009a, 2016; Palmaerts et al. 
2016]. Kopf et al. [2010] analyzed electron beams detected by the CAPS during a Cassini high 
latitude pass and found that the detected beams coincided with observations of auroral hiss 
emissions. Examination of the predicted emission growth rate demonstrated that each of the 
measured beams possessed large whistler‐mode growth rates, sufficient to produce the observed 
emission intensities. 

Similar auroral hiss-like emissions have also been detected near Saturn’s B-ring during the 
SOI period [Xin et al. 2006], and near the Saturnian moon Enceladus [Gurnett et al. 2011a]. Using 
ray tracing and the observed spectral funnel characteristics of the emission observed on seven 
different Enceladus flybys, Leisner et al. [2013] found two possible source regions near the moon, 
the quadrant upstream of the Saturnward flow terminator and the quadrant downstream of the anti-
Saturnward flow terminator. The result of similar source regions for multiple flybys separated by 
over five years suggests that the electron beam acceleration near the moon is a quasi-time-
stationary feature of the plasma interaction. 

Auroral hiss is produced 
by electron beams and, 
when plotted on a time-
frequency spectrogram, 
usually exhibits a funnel 
shaped spectrum. 
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Electrostatic ECH and UHR emissions 

Electrostatic emissions detected in Saturn’s inner magnetosphere include ECH and UHR 
emissions. ECH emissions usually occur in frequency bands at (n + 1/2)fce, where n is an integer. 
Just like the chorus emissions discussed earlier, the ECH emissions are observed on most orbits 
when Cassini crosses the inner magnetosphere [Menietti et al. 2017]. The ECH waves also exhibit 
very different spectral characteristics inside and outside of injection events. ECH emissions 
observed outside of injection events are primarily found in the first harmonic band centered at ∼1.5 fce, with higher harmonic bands being weaker and more sporadic. Inside of injection events 
the ECH emissions usually increase in both intensity and the number of harmonic bands present. 
A number of studies have attempted to explain the characteristics of the ECH waves using the 
electron plasma distributions measured by CAPS [Rymer et al. 2009] both outside [Menietti et al. 
2008b] and inside [Menietti et al. 2008a; Tao et al. 2010] of an injection event. Menietti et al. [2008a, 
2008b] found that phase space distributions with an assumed narrow, empty loss cone of the lower 
energy (< 100 eV) electron populations both inside and outside the injection event could generate 
the observed ECH emissions. However, Tao et al. [2010] found that inside the injection events, 
assuming a non-empty loss cone for electrons with energy near a few hundred eV and a few keV 
(higher than those predicted by Menietti et al. [2008b] could produce ECH waves with the observed 
harmonic structure. The precise ECH wave gain in the Tao et al. [2010] and Menietti et al. [2008b] 
models is very sensitive to the electron distribution used, which for this event is not measured at 
the smallest pitch angles. These uncertainties in modeling the actual cold electron components 
may explain the differences in these studies. 

The UHR emissions are detected on most orbits in the inner magnetosphere [Moncuquet et 
al. 2005; Schippers et al. 2013] and during close flybys of Saturn’s moons—for example, Farrell et 
al. [2009], especially Titan [e.g., Modolo et al. 2007a]. Because the frequency of the UHR emissions 
(fuhr) is related to the electron plasma frequency (fpe) by fuhr² = fpe² + fce², determining fuhr and 
obtaining fce from the magnetic field strength provides the electron plasma density (ne) from 
fpe = 8980 ne1/2. By measuring fuhr for each pass through the inner magnetosphere, Persoon et al. 
[2009, 2013] have developed an empirical plasma density model for the Saturnian system. 

Open Questions for Saturn System Science 

Any mission, however extended, always raises questions based on the new knowledge gained. 
Here we give a brief list of open questions for radio and plasma wave science at Saturn, after 
Cassini. 

• What is the rotation period of Saturn? How do the multiple, variable magnetospheric 
periods observed in radio, magnetic fields, energetic particles, plasma, aurora, and 
other phenomena tie to the internally-generated magnetic field at Saturn? 

• Given the extraordinarily axi-symmetric magnetic field, why are there such 
prominent rotational modulations in Saturn’s magnetosphere? 
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• What drives the episodic lightning on Saturn; why is there ∼one Great White Spot 
storm per Saturnian year? 

• How does the dust in the Saturnian system interact with Saturn and its atmosphere? 
How are the rings coupled to the planet other than through gravity? 

• What is the predominant form of the electron distribution function at the source of 
SKR? 

• How does the abundant neutral population in Saturn’s magnetosphere make it 
different from fully or mostly ionized magnetospheres? 

• What are the various populations of charged dust and molecules that balance 
charges in dusty media such as in the plumes of Enceladus and in Saturn’s topside 
equatorial ionosphere? 

RPWS NON-SATURN SCIENCE RESULTS 

Cruise Science 

The bulk of science carried out in the cruise phase by the RPWS was at planetary targets as 
detailed in the following sections, although there were considerable efforts employed during cruise 
to check out the instrument and exercise and improve various observing modes planned for use at 
Saturn. However, Schippers et al. [2014, 2015] reported nanograins in the solar wind detected by 
the RPWS and Meyer-Vernet et al. [2009], reported nanograins originating from Jupiter’s moons. 

Venus 

During two Cassini very close gravity-assist flybys of Venus, the first on April 26, 1998, and the 
second on June 24, 1999, the RPWS instrument conducted a search for high-frequency (0.125 to 
16 MHz) radio impulses from Venus lightning. Despite the excellent sensitivity of the high-frequency 
RPWS receiver (down to the cosmic background), no impulses were detected [Gurnett et al. 2001]. 
During a subsequent close gravity-assist flyby of Earth on August 18, 1999, radio signals from 
lightning were observed essentially continuously at all radial distances inside of about 14 Earth 
radii, with maximum occurrence rates up to about 30 pulses per minute. If Venus lightning exists 
then it must be much weaker and at much lower frequencies than terrestrial lightning. 

Earth 

Cassini executed a flyby of Earth on August 18, 1999, in order to gain sufficient energy to get to 
Saturn. However, the flyby also offered an opportunity to understand how some of the instruments, 
including RPWS, perform in a planetary magnetosphere nearly five years prior to arrival at Saturn 
[Kurth et al. 2001b]. The Earth flyby provided the opportunity to test a number of observation modes 
and capabilities to determine their efficacy in time to make adjustments prior to the prime mission. 
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In addition, the flyby provided a swift flyby of Earth that allowed a unique set of observations of 
terrestrial magnetospheric radio and plasma wave phenomena. 

Figure RPWS-21 shows an overview of the RPWS observations during the Earth flyby. The 
trajectory brings Cassini into the magnetosphere just past noon local time and carries it down the 
magnetotail in the post-midnight sector. Closest approach to Earth was just under 1200 km. As one 
would expect, the RPWS observed broadband electrostatic waves at the bow shock, electron 
cyclotron harmonics and whistler mode chorus in the outer radiation belts and emissions between 
the plasma frequency and upper hybrid frequency in the ionosphere. Evidence for electron phase 
space holes was found in the near-Earth plasma sheet. At higher frequencies auroral kilometric 
radiation was observed on the night side indicating a series of auroral substorms and fixed 
frequency narrowband lines from man-made terrestrial radio stations were observed. Even Jovian 
hectometric radiation was observed from a position far downstream from Earth. 

 
Figure RPWS-21. An overview of RPWS observations of the Earth flyby with magnetic fields shown 
in the Top panel and electric fields below. The white trace is the electron cyclotron frequency fce 
derived from |B|. BS refers to the bow shock, MP refers to the magnetopause, ECH refers to electron 
cyclotron harmonics, and AKR refers to auroral kilometric radiation. 

Using a number of techniques, the plasma density was measured. The electron plasma 
frequency and upper hybrid resonance frequency are characteristic frequencies of the plasma 
dependent on the electron density. RPWS also includes a Langmuir probe that can determine the 
electron density and temperature. Finally, a relaxation sounder was used to stimulate the plasma 
frequency. 
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Wideband waveform measurements were used in various regions of the magnetosphere to 
acquire examples of chorus and ECH bands. These are also necessary to identify solitary-like 
structures associated with electron phase space holes. 

Another feature of the RPWS instrument that was tested during the Earth flyby was the 
capability of determining the wave normal angle of whistler mode waves using 5-channel WFR 
measurements of three magnetic and two electric sensors. Hospodarsky et al. [2001b] used the 
WFR measurements to examine the propagation characteristics of a lightning whistler, chorus, and 
electromagnetic emissions in the magnetosheath, presumably lion roars. 

Hospodarsky et al. [2001b] determined that the whistler analyzed was also detected at Palmer 
Station in Antarctica. The chorus waves were observed near the magnetic equator and appeared 
to reverse their direction of propagation at the equator, consistently propagating away from the 
equator where it is assumed the chorus source is located. The lion roars were found to consistently 
propagate nearly along the magnetic field but varied from burst to burst with some propagating 
near parallel and others near antiparallel to the field, suggesting multiple sources. 

As mentioned above, Cassini detected intense, fixed frequency emissions at close range to 
Earth in the frequency range above about 1 MHz that are attributed to man-made radio 
transmissions. Fischer and Rucker [2006] studied the occurrence of these in detail and 
demonstrated that most of the emissions could be identified with shortwave radio bands. A few 
brief detections of scientific transmitters including the High-frequency Active Auroral Research 
Program (HAARP) and the Russian SURA station—see also Tokarev et al. [2006]. Fischer and 
Rucker point out an interesting quiet period when Cassini was near closest approach over the 
Pacific Ocean where a combination of the rarity of transmitters in this location and ionospheric 
propagation characteristics effectively shielded Cassini from the radio transmission for a period of 
about 20 minutes. 

Jupiter 

Cassini flew by Jupiter on December 30, 2000, on its way to Saturn. Arriving from the pre-noon 
sector, closest approach occurred in the afternoon sector at 138 Jovian radii (∼107 km) from the 
planet, and was followed by an exploration of the dusk flank of the Jovian magnetosphere. In spite 
of the large distance of the flyby, several Cassini- Magnetospheres and Plasma Science (MAPS) 
instruments including RPWS recorded high-quality data for about 6 months around closest 
approach. These observations benefited from the simultaneous presence of Galileo in orbit around 
Jupiter, enabling two-point measurements, and were complemented by remote observations by 
HST, Chandra, and ground-based radio observations (e.g., with the Nançay decameter array, 
France). This resulted in a very rich data set that was the basis of many publications and will be 
further exploited in the coming years. 

The distant observations were well adapted to the study of the complex zoo of Jupiter’s 
magnetospheric radio emissions, nicely covered by the Kronos receiver of RPWS, an example of 
which is given in Figure RPWS-22. An early overview is given in [Lecacheux 2001]. The intensity 
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spectrum of all Jovian radio components was accurately measured [Zarka et al. 2004a] through 
calibration on the Galactic background and Nançay observations, demonstrating in particular the 
absence of peak at 10 MHz in the decameter spectrum. The beaming of the decametric (DAM) and 
hectometric (HOM) components (a widely opened hollow cone of a few degrees thickness) were 
measured via two point Cassini-Wind measurements [Kaiser et al. 2000] as well as frequency-
longitude statistics and modelling [Imai et al. 2008, 2011a, 2011b]. The HOM low-frequency cutoff 
measured by Ulysses and Cassini provided constraints of its source location, in the outer regions 
of the Io plasma torus [Zarka et al. 2001a]. 

 
Figure RPWS-22. Jovian low-frequency radio emissions detected on December 3, 2000, by the RPWS 
experiment onboard Cassini approaching Jupiter. Frequency range is 3.5 kHz to 16.1 MHz. The 
Io-induced decameter emission (Io-DAM) appears here down to about 2 MHz, while weaker 
Io-independent (non-Io-DAM) arcs merge with the HOM component detected down to ∼400 kHz. The 
auroral broadband kilometer (bKOM) component is detected down to ∼40 kHz. The narrowband 
emission (nKOM) about 100 kHz is generated at or near the plasma frequency fpe in Io’s torus. The 
QP bursts, spaced by 5 to > 15 min, are detected in the ∼5 to 20 kHz range. Distance to Jupiter was 
383 RJ (2.7 × 107 km) at the time of this observation. 

The six month series of continuous homogeneous measurements provided unique 
measurements of time variations of the radio emission. Burst of auroral (non-Io) DAM emission 
were found to reoccur at a period slightly longer than the system III rotation period [Panchenko et 
al. 2010, 2013; Panchenko and Rucker 2011]. Gurnett et al. [2002] found from Cassini and Galileo 
observations that Jupiter’s auroral radio and UV emissions were triggered by interplanetary shocks 
inducing magnetospheric compressions, in disagreement with theoretical predictions [Southwood 
and Kivelson 2001]. Hess et al. [2014] reconciled these views by a finer analysis of dawn and dusk 
radio emissions seen by Cassini, Galileo and Nançay, only dusk emissions being driven by both 
compressions and dilatations of the magnetosphere. They also used radio observations to deduce 
the subcorotation velocity of the magnetospheric plasma. Clarke et al. [2009] compared the effect 
of solar wind compressions on radio and UV aurora at Jupiter and Saturn, and found a weaker 
effect at Jupiter. Radio (non-Io-DAM, HOM, and bKOM) and UV comparisons are used quite 
systematically in the study of Jupiter’s aurora [Clarke et al. 2004, 2005; Pryor et al. 2005]. 
Comparison of Galileo/Jupiter and Cassini/Saturn observations also revealed similar energetic 
events where auroral radio intensifications are related to centrifugal plasma ejections, from the Io 
torus at Jupiter and from the equatorial plasma sheet at Saturn [Louarn et al. 2007]. 
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Cassini, Galileo, and Voyager radio observations were used to try to demonstrate the 
influence of satellites other than Io on DAM emissions. Marginal results were obtained statistically 
[Hospodarsky et al. 2001a], whereas clear evidence was obtained for Europa and Ganymede by 
comparison of observations with modelled dynamic spectra [Louis et al. 2017a]. The ExPRES 
simulation tool developed in Meudon [Hess et al. 2008] and the experienced gained with Cassini 
on Jupiter’s radio emissions were used to build simulations preparing the re-exploration of the 
Jovian magnetosphere by the electrostatic energy analyzer (ESA) Juice mission [Cecconi et al. 
2012]. 

Fast recording modes of RPWS (spectral and waveform) allowed us to characterize the fine 
structure of Jovian radio emissions in the kilometer (bKOM) to decameter range [Kurth et al. 2001a; 
Lecacheux et al. 2001], including zebra-like patterns in the bKOM emission. Those were tentatively 
interpreted by bubble-like plasma inhomogeneities [Farrell et al. 2004] or the double plasma 
resonance mechanism involving ion cyclotron waves [Zlotnik et al. 2016]. Similar patterns have 
been observed at decameter wavelengths [Panchenko et al. 2016, 2018]. 

At the very low-frequency end of the radio spectrum (below a few 10s of kHz), Cassini together 
with Ulysses and Galileo characterized the Jovian Quasi-Periodic bursts [Kaiser et al. 2001, 2004], 
stereoscopic observations demonstrated their strobe-like behavior and wide beaming 
[Hospodarsky et al. 2004], and direction-finding techniques localized their sources at high latitude 
regions of the magnetopause, implying complex propagation [Hospodarsky et al. 2004; Kimura et 
al. 2012]. QP bursts were tentatively related to the so-called Jovian anomalous continuum radiation 
[Ye et al. 2012]. Propagation of radio waves near the edges of the Io plasma torus were shown to 
generate the HOM attenuation lane, an intensity gap oscillating between ∼1 and ∼3 MHz, 
described by Boudjada et al. [2011] and modelled by Menietti et al. [2003] and Imai et al. [2015]. 
Occultations of Jovian radio emissions were used to probe the Io plasma torus [Boudjada et al. 
2014a]. 

Analysis of local low-frequency plasma waves recorded by RPWS was used to study the 
Jovian dust flank magnetopause and bow shock [Kurth et al. 2002; Szego et al. 2003], 
magnetosheath [Bebesi et al. 2010, 2011] and pre-shock [Szego et al. 2006]. The magnetopause 
was found to be in the process of being compressed by a solar wind pressure increase at the time 
of the Cassini flyby [Kurth et al. 2002]. Langmuir waves were detected upstream of the bow shock, 
and their level compared with that at other planets: the ratio of the energy density of the waves 
electric field to the plasma was found to increase with distance from the Sun [Hospodarsky et al. 
2006]. 

Z-mode radiation and electron cyclotron harmonics (at low latitudes) and whistler-mode 
chorus (at higher latitudes) were measured [Menietti et al. 2012, 2016a] and their effect on electron 
acceleration was evaluated [de Soria-Santacruz et al. 2017]. RPWS spectral and waveform 
measurements also permitted to detect nanodust particles in the interplanetary medium, of likely 
Jovian origin [Meyer-Vernet et al. 2009; Schippers et al. 2014, 2015]. 
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Observations of Jupiter radio emissions were used to calibrate the Direction-Finding (actually 
Gonio-Polarimetric) capability of RPWS/Kronos [Vogl et al. 2001, 2004], which proved extremely 
successful at Saturn. Early use of this directional capability permitted to check the origin of 
lightning-like signals observed in Cassini’s inbound leg to Saturn, which proved to be Jovian radio 
bursts [Fischer et al. 2006c]. 

Overall, the Cassini RPWS experiment was very successful at Jupiter. The obtained results 
were reported in several review papers about comparisons of radio waves [Zarka 2000, 2004; 
Zarka and Kurth 2005; de Pater and Kurth 2007; Rucker et al. 2014] and plasma waves 
[Hospodarsky et al. 2012] at the magnetized planets, as well as in reviews about auroras [Badman 
et al. 2014], magnetospheric processes [Blanc et al. 2002; Seki et al. 2015], or dust detection 
[Meyer-Vernet et al. 2017]. They greatly helped to prepare the magnetospheric measurements of 
the Juno mission in Jovian polar orbit [Bagenal et al. 2017]. Two PhD theses were largely based 
on Cassini RPWS measurements at Jupiter [Cecconi 2004; Imai 2016]. 
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ACRONYMS 

Note: For a complete list of Acronyms, refer to Cassini Acronyms – Attachment A. 

A/D analog-to-digital converter 

AKR auroral kilometric radiation 

AO Announcement of Opportunity 

AU astronomical unit 

bKOM broadband kilometer 

CA closest approach 

CAPS Cassini Plasma Science 

CDA Cosmic Dust Analyzer 

CIR corotating interaction region 

CM central meridian 

CMI cyclotron maser instability 

DAM decametric 

DOY day of year 

ECH electron cyclotron harmonic 

ELS electron spectrometer 

ENA energetic neutral atom 

ESA electrostatic energy analyzer 

EUV extreme ultraviolet 

FUV far ultraviolet 

FWHM full width at half-maximum 

GCR galactic cosmic ray 

GWS great white spot 

HAARP High-frequency Active Auroral Research Program 

HFR high frequency receiver 

HGA high gain antenna 

HOM hectometric 

HRD high-rate detector 

HST Hubble Space Telescope 

ICME interplanetary coronal mass ejection 

IMF interplanetary magnetic field 

IMS ion mass spectrometer 

INCA Ion and Neutral Camera 

IR infrared 

ISS Imaging Science Subsystem 

LEMMS Low-Energy Magnetospheric Measurement System 

LFR low frequency receiver 

LP Langmuir probe 
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LPT Linear Prediction Theory 

LT local time 

MAPS Magnetospheres and Plasma Science 

MFR medium frequency receiver 

MHD magneto-hydrodynamic 

MIMI Magnetospheric Imaging Instrument 

NB narrowbanded 

nKOM narrowband kilometer 

PPO planetary period oscillation 

PRA Planetary Radio Astronomy 

QP quasi-periodic 

RH right-handed 

RPC ring plasma cavity 

RPWS Radio and Plasma Wave Science 

RS Saturn radii 

SCET spacecraft event time 

SED Saturn electrostatic discharges 

SEP solar energetic particle 

SKR Saturn kilometric radiation 

SLS Space Launch System 

SOI Saturn orbit insertion 

TM Traceability Matrix 

UHR upper hybrid resonance 

UT universal time 

UV ultraviolet 

UVIS Ultraviolet Imaging Spectrograph 

VIMS Visual and Infrared Mapping Spectrometer 

WBR wideband receiver 

WFR waveform receiver 
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