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Abstract Cassini’s Radio and Plasma Wave Science (RPWS) instrument detected intense auroral hiss
emissions during one of its perikrone passes of the Grand Finale orbits. The emissions were detected when
Cassini traversed a flux tube connected to Enceladus’ orbit (L-shell = 4) and at a time when both the
spacecraft and the icy moon were in similar longitudes. Previous observations of auroral hiss related to
Enceladus were made only during close flybys and here we present the first observation of such emissions
close to Saturn. Further, ray-tracing analysis shows the source location at a latitude of 63°, in excellent
agreement with earlier UVIS observations of Enceladus’ auroral footprint by Pryor et al. (2011,
https://doi.org/10.1038/nature09928). The detection has been afforded exclusively by the Grand Finale
phase, which enabled sampling of Enceladus’ high-latitude flux tube near Saturn. This result provides new
insight into the spatial extent of the electrodynamic interaction between Saturn and Enceladus.

Plain Language Summary Cassini’s high-inclination Grand Finale orbits brought the spacecraft
closer to Saturn than ever before, with the closest approach between the cloud tops and the inner edge
of the D ring. This unprecedented set of orbits introduced a new view of Saturn’s system by enabling
direct measurements of high-latitude Enceladus flux tubes close to Saturn. Here we present evidence of
communication between Saturn’s ionosphere and Enceladus during the Grand Finale orbits, revealing the
vast spatial extent of their coupling via plasma waves.

1. Introduction

In September 2017, the Cassini spacecraft concluded its 13-year mission at Saturn in a controlled deorbit by
atmospheric entry. This was preceded by 22 highly inclined “Grand Finale” orbits with periapsides between
the cloud tops and inner edge of the D ring. This trajectory granted large latitudinal coverage as well as
unrivaled proximity to the giant planet over an orbital period of ~6.5 days. First in situ measurements of
the ionosphere have revealed intense plasma waves and large variability in electron density of up to 2 orders
of magnitude as well as a north-south asymmetry attributed to the shadow cast by Saturn’s A and B rings
(Menietti et al., 2018; Persoon et al., 2018; Sulaiman et al., 2017, this issue; Wahlund et al., 2018).

In this letter, we report observations of strong whistler mode emissions that are directly associated with
Saturn’s dynamic icy moon, Enceladus, as detected by the Radio and Plasma Wave Science (RPWS) instru-
ment during the Grand Finale. Enceladus is a dominant player in the dynamics of Saturn’s magnetosphere
as a continuous source of neutrals and dust (Dougherty et al., 2006; Spahn et al., 2006). During flybys of
the icy moon, the RPWS instrument detected whistler mode waves in the electric field frequency-time spec-
trogram (Gurnett et al., 2011). This class of emissions is often called auroral hiss, although the emissions are
not always linked to the auroral regions. They are characterized by their funnel or V-shaped features in the
electric field frequency-time spectrogram (hence sometimes called “saucers”), and irrespective of their
source, they are all believed to be propagating in the whistler mode and are understood to be generated
via Landau resonance in the presence of electron beams (Gurnett et al., 1983; James, 1976). Saturn’s environ-
ment is known for the ubiquity of auroral hiss emissions associated with diverse sources, namely, the planet
(Kopf et al., 2010), the rings (Xin, Gurnett, Santolík, et al., 2006; Sulaiman et al., 2018, this issue), and most
notably Enceladus (Gurnett et al., 2011; Leisner et al., 2013). Using ray-tracing analyses, the latter authors con-
cluded that the emissions are generated by electron beams accelerated close to Enceladus. Here, however,
we report an intense auroral hiss emission during the Grand Finale phase when Cassini entered previously
unvisited regions, farther from Enceladus and much closer to Saturn than previous detections. Repeated
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detection of auroral hiss associated with Enceladus underlines pronounced electrodynamic coupling
between Saturn and its icy satellite. Moreover, the observation reported here particularly reveals the vast
spatial extent of Enceladus’ influence in the context of wave-particle processes operating in Saturn’s
magnetosphere.

2. Observations

Auroral hiss is one of the most commonly observed plasma waves in planetary magnetospheres. It propa-
gates in the whistler mode, which has an upper frequency cutoff at the lower of the electron plasma
frequency, fpe, and the electron cyclotron frequency, fce. Their characteristic funnel or V-shaped spectral fea-
ture is attributed to a propagation effect of whistler mode waves, whereby the wave normal vector makes an
angle to the background magnetic field that is dependent on frequency, as governed by the dispersion rela-
tion (Gurnett, 1966; Stix, 1992). Auroral hiss emissions are typically produced by quasi-electrostatic whistler
mode waves, which are limited to propagating along the resonance cone. The resulting raypath (i.e., group
velocity) angle with respect to the magnetic field, ψres, is simplified to

cos2ψres ≃
f 2pe−f

2
� ��

f 2ce−f
2
�

f 2pef
2
ce

(1)

as derived by Stix (1992) from the appropriate elements of the dielectric tensor in the cold plasma approxi-
mation. This neglects ion effects because the frequencies are generally sufficiently high that the ions play no
role in this wave’s propagation. It can be seen that at lower frequencies, the raypath angle becomes more
parallel to the magnetic field line and, conversely, becomes monotonically more perpendicular with higher
frequencies until f approaches min {fpe, fce}. The consequence is higher frequencies being detected farther
away from the source magnetic field line and progressively lower frequencies being detected as the space-
craft approaches the source magnetic field line. This explains the V-shaped feature on a frequency-time spec-
trogram. However, this can be more ambiguous if the spacecraft trajectory is nearly parallel to the source
magnetic field line.

The electric field-measuring component of the RPWS instrument comprises a set of three 10 m antennas in a
triaxial arrangement. For the purpose of this study, we use high-resolution data provided by the wideband
receiver, which has a frequency upper limit of 10.5 kHz. The spectral resolution was 13.6 Hz, and the temporal
resolution was 125 ms/spectrum. A five-channel Waveform Receiver (WFR) provided coarse electric andmag-
netic field power spectra up to a frequency of 2.5 kHz. This ensemble allowed for distinguishing between
electrostatic and electromagnetic emissions. More details on the RPWS instrument, particularly a schematic
of the triaxial electric antennae arrangement, can be found in Gurnett et al. (2004).

The spacecraft’s positions during the observations of the apices (or centers) of the two auroral hiss events
presented here are illustrated in Figure 1a with the L-shell concerning Enceladus’ orbit overlaid, and an
equatorial projection in Figure 1b as well as the respective locations of Enceladus at the times the events
were recorded. The L-shell is that of a simple dipole with a displacement of 0.037 Rs north of the equatorial
plane (1 RS = 60,268 km; Saturn radius; Dougherty et al., 2004). For both events, it is clear that the auroral hiss
emissions were detected when Cassini traversed flux tubes connected to Enceladus. The first observation
(“Event 1”) was recorded on 27 November 2016—a few months before the commencement of the Grand
Finale orbits—and its spectrogram is shown in Figure 2. The apex of the emission was at 191 RE from
Enceladus (1 RE = 252 km; Enceladus radius), at a kronographic latitude of 11.9°, and longitude of 4.7°. At
the same time, Enceladus was at a longitude of 4.5°. This emission is a classic example of an auroral hiss
saucer observed in the vicinity of Enceladus (e.g., Gurnett et al., 2011). The second observation (“Event 2”)
was recorded on 2 September 2017 during the Grand Finale phase—two weeks before the end of the
mission—and its spectrogram is shown in Figure 4. The spectral feature of Event 2 is much more detailed
in structure, and its apex was much farther from Enceladus at 776 RE and very close to Saturn at 0.55 RS from
its surface with a kronographic latitude of 53.2°and longitude of 54.0°. At the same time, Enceladus was at a
longitude of 56.9°. Here the emission at the time of detection was therefore leading Enceladus by 2.9° in long-
itude. This is because the footpoint of the Enceladus flux tube anchored at Saturn’s ionosphere undergoes a
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larger rotational speed than its conjugate footpoint at Enceladus. The longitude values are considered west
longitudes derived from Davies et al. (1996) using Voyager data. Since the longitudinal separation, rather
than absolute longitude, is the important value here, the choice of longitude systems is not relevant.

3. Discussion

The emission in Figure 2 can be visualized as the result of whistler mode waves with a range of frequencies
launching from the same source. Each frequency propagates along a conical shell of half-angle ψres, which is
rotationally symmetric about the source magnetic field line. The hollow V shape is an indicator that they ori-
ginate from a common source. We refer the reader to Figure 3a from Gurnett et al. (2011) for a visual illustra-
tion of this. The V shape in Figure 2 is understandably not symmetric due to propagation effects in three
dimensions. In other words, Cassini’s trajectory is at some oblique angle to the source magnetic field line,
as shown in Figure 1.

Figure 2. High-resolution electric field dynamic spectrogram of Event 1 from the wideband receiver (WBR) taken on 27
November 2016. The black dashed line corresponds to the range of frequencies used for ray-tracing analysis in Figure 3.

Figure 1. (a) Positions of Cassini (crosses) during Event 1 (black) and Event 2 (red) with the L-shell concerning Enceladus’
orbit and respective trajectories overlaid on ρ-Z space. (b) Positions of both Cassini (crosses) and Enceladus (filled circles)
during both events on the X-Y equatorial plane. Coordinate system is the Saturn solar equatorial with X defined in the
planet-Sun plane and positive toward the Sun, Z defined as the northward spin axis of Saturn, Y = Z × X, and ρ = √(X2 + Y2).
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Simple ray-tracing analysis can compute the source of the auroral hiss by
prescribing the dispersion relation in equation (1) to the range of frequen-
cies highlighted (black dashed line) in Figure 2. Near Enceladus, fpe is typi-
cally 60 kHz (Gurnett et al., 2011) and fce is typically 9 kHz (Dougherty et al.,
2006). Fortunately, this means that this exercise can be greatly simplified
since the region near Enceladus is that of high density (fpe

2 ≫ fce
2), which

reduces equation (1) to sin ψres ≃ f/fce. Therefore, recognizing that
fce (Hz) = 28|B|(nT), only a magnetic field model is required (Dougherty
et al., 2004). The results of the ray-tracing analysis are shown in
Figure 3 and projected onto ρ-Z space (coordinate system defined in
the caption). Indeed, this shows that the auroral hiss is originating from
Enceladus’ orbit and since Figure 1b shows the event occurred when
both Cassini and Enceladus were located in nearly identical longitudes,
we conclude that the auroral hiss is generated from Enceladus-sourced
plasma instabilities.

The spectrogram in Figure 4 (Event 2), on the other hand, shows a more complex structure of the auroral hiss
compared to that of Event 1. Here Cassini was also on the same L-shell connected to Enceladus and at a time
when they were in both similar longitudes. However, this feature was captured for the first time at a remote
location from Enceladus, particularly at high latitude and very close to Saturn. The magnetic field exhibits a
strong azimuthal, Bϕ, component indicative of field-aligned currents at 12:21. We determine the ionospheric
meridional current required to close the Bϕ signature through Ampère’s law (e.g., Hunt et al. (2014)). The
gradients in the meridional current are interpreted as a downward followed by an upward directed field-
aligned current with respect to Saturn’s northern ionosphere. The associated current densities are ~225
and ~200 nA m�2 for the downward and upward segments, respectively. The slight difference is due to
the negative gradient in the meridional (upward) current occurring over a slightly larger range of latitudes
and therefore a wider magnetic field region. The width of the flux tube is much narrower than that of the
emission, and this is due to the waves propagating obliquely to the source flux tube, thus covering a larger
angular range. Note that the magnetic field instrument undergoes a range change at 12:21:52, just after the
sharp peak, hence generating some digitization noise.

The region close to the planet is highly magnetized such that fce
2 ≫ fpe

2. This condition also holds during
Event 2 when Cassini was approximately an hour from closest approach. Throughout the close passes of
Saturn, the electron density was measured up to 1,000 cm�3 (Wahlund et al., 2018) and the peak magnetic

Figure 4. High-resolution electric field dynamic spectrogram of Event 2 from the wideband receiver taken on 2 September
2017. The black dashed line corresponds to the range of frequencies used for ray-tracing analysis in Figure 4. Panel
above is the Bϕ component of the magnetic field (black) and inferred meridional current per radian of azimuth (red).

Figure 3. Ray-tracing analysis performed on Event 1 using the range of fre-
quencies highlighted in Figure 2. Overlaid is the Enceladus flux tube at
L = 4 (black dashed line) along with Cassini’s trajectory (black solid line) and
direction of travel (black arrow).
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field strength was over 18,000 nT. The upper frequency cutoff on Figure 4
is therefore believed to be fpe. There are several notable features in the
form of sharp dropouts in the upper cutoff. First, at 12:21, there appears
to be sharp dropouts on either side of the Enceladus flux tube. This is con-
sistent with Cassini’s traversal of the flux tube edges as indicated by the
magnetic field data. Second, the dropout at 12:22 is probably due to a local
density cavity. What remains unclear is whether the density is constant
until 12:36 or variable as shown by the faint broadband emission around
12:25 indicating an enhancement above 8 kHz. Finally, the largest dropout
of over a factor of 3 occurs at 12:36 and these are a consistent feature seen
during the Grand Finale orbits on L-shells connected to the A and B rings.
Farrell et al. (2018, this issue) associated these depletions with evacuated
A- and B-ring-connected flux tubes setting up ambipolar effects which,
in turn, retard electron outflow. It is worth noting that Cassini crosses a
large range of L-shells in a short period of time due to its both high speed
and high inclination. In this time history, the L-shells ranged from 7.6 to 2.1.

Figure S1 is a spectrogram of Event 2 from the five-channel WFR
showing high power in the electric field and no detectable power in
the magnetic field. We conclude that the emissions are therefore
quasi-electrostatic and thus propagating along the resonance cone.
Ray-tracing analysis is performed here to determine the location of the

source with respect to the spacecraft. Since fce
2 ≫ fpe

2, this reduces equation (1) to sin ψres ≃ f/fpe, and
recognizing that fpe [Hz] = 8,980 √ne [cm�3], an ionospheric density model is required for our analysis.
This has been obtained from Persoon et al. (2018, this issue), where they derived an empirical model of
the density variation with altitude. There is a stark asymmetry between the northern and southern ion-
spheric density models owing to ring shadowing effects, and for the purpose of this work, we employ
the model that describes the northern hemisphere. This is a simple two-part exponential fit to averaged
data, and the mean (μ) is given by ne = 80915e(�h/545) + 195e(�h/4780), where ne is the electron number
density in cm�3 and h is the altitude in km.

Figure 5 shows the results of ray-tracing analysis performed on the range of frequencies highlighted in
Figure 4 (black dashed line). The solid lines represent the paths of the frequency using one standard deviation
above the mean (μ + σ) density profile in the northern hemisphere. Inspection of the plasma frequency (the
upper frequency cutoff) of Figure 4 shows that for this orbit, the densities are higher than average, and thus,
the μ + σ density profile is better representative of this particular orbit than the mean (μ) density profile. Note
that the orbit-to-orbit variability in electron density during the Grand Finale orbits is up to 2 orders of mag-
nitude (Persoon et al., 2018, this issue; Wahlund et al., 2018). That said, we have overlaid the paths using the
mean density profile as the dashed lines to demonstrate how sensitive the ray tracing is to parameters of the
density model. The errors associated with the source position in this regime are nonnegligible since the ray-
path angles are principally dependent on the electron density. In contrast, the errors associated with the
source in Figure 3 are negligible since the raypath angles are principally dependent on the magnetic field,
which is represented more accurately by its model and has much lower variability compared to the electron
density near the ionosphere.

There are two possibilities for the source region of this event: at Saturn’s ionosphere or at Enceladus. In
addition to the ray-tracing results showing convergence toward Saturn, visual inspection also supports this
conclusion by indicating that the fine structures appear preserved and the power in the electric field is high.
The emission also appears fully developed. If this were coming from Enceladus, we would expect the struc-
tures to be more diffuse and the electric field power to be much fainter, if not completely damped. Moreover,
the upper frequency cutoff would be expected to be much lower, thus “trimming”most of the structure as it
is unlikely that the density is constantly high enough between Enceladus and Saturn to allow the waves to
propagate all the way to Saturn unhindered. Indeed, ray tracing shows no convergence when the waves
are assumed to originate from Enceladus.

The most apparent detail of this spectral feature is that it is not the familiar V-shaped emission as seen in
Event 1 and other works concerning auroral hiss at Enceladus (e.g., Leisner et al., 2013). The explanation

Figure 5. Ray-tracing analysis performed on Event 2 using the range of
frequencies highlighted in Figure 4. The solid lines are paths of the
corresponding frequencies employing one standard deviation above the
average density profile, whereas the dashed lines are those employing
the average density profile. Overlaid is the Enceladus flux tube at L = 4 (black
dashed line) along with Cassini’s trajectory (black solid line) and direction of
travel (black arrow).

10.1029/2018GL078130Geophysical Research Letters

SULAIMAN ET AL. 7351



here is that the feature can be thought of as originating from a series of sources along the field line. Each
source launches a range of frequencies that propagate along conical shells of their corresponding range of
half-angles, creating a single V shape in the spectrogram. The variable distance between the spacecraft
and each source leads to the nested V shapes in the spectrogram. The narrower the V shape, the closer
the spacecraft was to the source, and vice versa. The source is therefore more like an extended continuum
launching whistler mode emissions that are guided along the Enceladus flux tube. These propagate from
Saturn’s ionosphere in the same sense as upgoing electrons, that is, downward currents, responsible for com-
pleting the current loop between Enceladus and Saturn. This field-aligned current system, known as Alfvén
current tubes, was put forth by Drell et al. (1965) and extended by Neubauer (1980) to explain the electrody-
namic interaction between Jupiter’s magnetosphere and Io. Indeed, during a close flyby of Io, the plasma
wave instrument onboard the Galileo spacecraft detected an auroral hiss signature similar to those detected
near Enceladus (Xin, Gurnett, & Kivelson, 2006) and are believed to be of the same nature.

Pryor et al. (2011) reported two observations of the Enceladus auroral footprint in the northern hemisphere
using Cassini’s Ultraviolet Imagine Spectrograph (UVIS) instrument. They found the locations of both to be at
a latitude of ~64° and each having a longitudinal separation with Enceladus of 1.7° and 0.8°, respectively.
Event 2 is in excellent agreement with the location of the previously observed auroral footprint. The whistler
waves converge near the 1-bar level at a latitude of 63° on Saturn’s ionosphere. In addition, Figure 1b shows
that Enceladus similarly had a small longitudinal separation from the event. For this particular event, no
concurrent Enceladus auroral footprint signature was observed by the UVIS instrument (W. R. Pryor, personal
communication, May 18, 2018). While both the auroral footprint and auroral hiss are associated with the same
flux tube connected to Enceladus, the auroral footprint is generated by higher-energy particles than those
that generate the auroral hiss. For this reason, they do not necessarily have to occur concurrently.

4. Summary and Conclusion

We have presented two events of auroral hiss emissions during Cassini’s traversal of flux tubes connecting
Saturn to Enceladus. Both events occurred when Enceladus was in the same longitude as Cassini. Event 1
was recorded during a near-equatorial close encounter with the icy moon and exhibited the familiar
V-shaped emission in the electric field frequency-time spectrogram. Ray-tracing analysis shows the emission
propagating locally from a source at Enceladus. Event 2 was, for the first time, observed at a large distance
from Enceladus and at both high latitude and close proximity to Saturn. The detection of the Enceladus auroral
hiss close to Saturn was not only exclusively afforded by the Grand Finale orbits but also rather fortuitous as it
required Cassini to traverse Enceladus’ flux tube when both the spacecraft and icy satellite were in similar long-
itudes. The spectral feature was vastly different, manifesting as nested V shapes in the spectrogram which is
indicative of an extended source region along the field line. Ray-tracing analysis revealed convergence toward
Saturn at a latitude of 63°, in excellent agreement with earlier UVIS observations of the Enceladus auroral
footprint (Pryor et al., 2011). This result sheds new light on the spatial extent of the electrodynamic coupling
between Saturn and its icy moon as well as wave-particle processes operating between the two bodies.
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