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In situ measurements of Saturn’s
ionosphere show that it is dynamic
and interacts with the rings
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The ionized upper layer of Saturn’s atmosphere, its ionosphere, provides a closure of
currents mediated by the magnetic field to other electrically charged regions (for example,
rings) and hosts ion-molecule chemistry. In 2017, the Cassini spacecraft passed inside the
planet’s rings, allowing in situ measurements of the ionosphere.The Radio and Plasma Wave
Science instrument detected a cold, dense, and dynamic ionosphere at Saturn that interacts
with the rings. Plasma densities reached up to 1000 cubic centimeters, and electron
temperatures were below 1160 kelvin near closest approach. The density varied between
orbits by up to two orders of magnitude. Saturn’s A- and B-rings cast a shadow on the planet
that reduced ionization in the upper atmosphere, causing a north-south asymmetry.

T
he gas giant planet Saturn is composed pri-
marily of hydrogen and helium. The upper,
tenuous parts of its atmosphere are partially
ionized (producing ions and electrons), fore-
most by the solar extreme ultraviolet (EUV)

radiation, but also by energetic particle impacts
originating from the planet’smagnetosphere and
cosmic rays. The result is an electrically charged
layer, the ionosphere, situated approximately be-
tween 300 and 5000 km altitude (1). By conven-
tion, the reference altitude of 0 km is at a pressure
of 1 bar and is set to a distance of 60,268 km from
the center of Saturn. So far, three methods of re-

mote sensing have been used to infer the prop-
erties of Saturn’s ionosphere: radio occultation
(2–5), radio emission from Saturn’s electrostatic
discharges (6, 7), and millimeter-band observa-
tions of protonatedmolecular hydrogen (H3

+) (8).
Thesemeasurementmethods do not reveal small-
scale variations (at scales below 1000 km); they
only provide average constraints on the processes
occurring in Saturn’s ionosphere. In addition, the
first two of these methods only derive the elec-
tron density, which, in the presence of abundant
organic or water cluster ions (positively and neg-
atively charged), does not give a representative

picture of the true ionospheric densities (9, 10).
Nevertheless, the radio occultation data set re-
veals a decrease in the plasma number densities
toward lower latitudes and somewhat higher
densities toward local dusk (2–5).
We present in situ measurements of Saturn’s

topside ionosphere from the Cassini spacecraft.
The spacecraft first encountered the ionosphere
around 09:00 UT on 26 April 2017 (Fig. 1) and
continued to do so every ~6.5 days during the
subsequent orbits. Data from the first 11 orbits
are considered in this paper. The closest approach
during the first encounter occurred at an altitude
of 2800 km and varied from 2600 to 4000 km
during the subsequent 10 crossings. Two types
of data were collected using the Radio and Plas-
ma Wave Science (RPWS) instrument package:
Langmuir probemeasurements and observations
of whistler-mode emissions, fromwhich the elec-
tron plasma frequency ( fpe) was determined (11).
Above 1500 km altitude, the hydrogen ions (H+

and H3
+) are expected to be the dominant ion-

ospheric species, whereas methane and other
heavier species become important for the iono-
spheric chemistry below this altitude (12). All the
crossings that we present occurred between 11
and 14 hours Saturn local time (LT) (table S1).
Figure 2 shows the altitude profiles of the

electron and ion number densities (Fig. 2A) and
the electron temperature (Fig. 2B) derived from
theRPWSmeasurements during the first Cassini
ring and ionosphere crossing on 26 April 2017.
By comparisonwith Fig. 1, it can be seen that the
altitude profiles in Fig. 2 really are convolutions
of latitude and altitude. During this initial flyby
of the ionosphere, the scale height varied be-
tween 1000 and 1500 km. The combination of a
dense plasma (reaching 1000 cm−3 near closest
approach) with a decreasing electron tempera-
ture (to below 0.1 eV or 1160 K) on approaching
the planet indicates the detection of the cold and
dense ionosphere of Saturn. Theoretical iono-
sphere modeling results indicate that electron
temperatures near noon at 3000 km altitude
could reach 500 K (12). However, the measured
electron temperature data presented here are
variable at altitudes up to 7000 km, contrary to
the theoretical predictions.
From the inbound ion density measurements

in Fig. 2A, we conclude that Saturn’s ionosphere
was dominated by H+ ions during this flyby.
This conclusion holds in most of the data from
all 11 flybys. One exception is the flyby on 4 June
2017 (orbit 277; Fig. 3), where RPWS detected
the signature of a heavier dominant ion spe-
cies [>18 atomic mass units (amu)] near the
equator, which is also related to differences
in ion and electron densities indicative of the
presence of negatively charged nanometer-sized
grains or cluster ions. Orbit 277 is also one of
the crossings closest to the D-ring (13) and the
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Fig. 1. Electron den-
sity (Ne, colored band)
measured by the
Cassini Langmuir
probe on 26 April 2017.
The spacecraft
crossed through the
gap between the planet
Saturn (solid black)
and its rings (denoted
D, C, B, Cassini division,
and A), passing from
north to south. The
color code signifies the
measured electron
number density (Ne),
which is also shown as
a red line (shown in
linear scale; the density
increases toward the
left, with a maximum
density of 1300 cm−3).
Four dominant electron
density enhancements are mapped along Saturn’s magnetic field to, or inside, the inner edge of
the D-ring at the equator. The solar elevation angle was 26.7° during the event, and the shadows of
the A-ring and part of the B-ring result in decreased ionization in the south. DOY, day of year; rev,
orbit; RS, Saturn radius; r0, distance from Saturn.
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most distant of the crossings, with closest ap-
proach near 4000 km altitude. We interpret this
observation as a detection of ionized material
from the nearby D-ring.
The rings cast shadows on Saturn. On the basis

of data from the first 11 flybys, the A- andmost of
the B-ringmust be opaque to solar EUV because
very little plasma was detected in the regions
within the geometric shadows cast by these rings
(Fig. 2A and figs. S2 and S3). The dropout of ion-
ization corresponding to the shadow from the
middle of the B-ring near 1.7 Saturn radii (RS)
(Fig. 1) is at a locationwhere there are SOI (Saturn
orbit injection) observations of a B-ring source of
whistler-modeemissions indicative of field-aligned
currents (14) and a related plasma cavity (15). A
plasma sinknear the ringswould lead to enhanced
diffusion at magnetically connected higher lati-
tudes (>35°), suppressing the plasma density at
that point in the ionosphere. The Cassini division
is somewhat less opaque to EUV, whereas no
effects can be detected for the D- and C-rings
(which thus must be EUV-transparent). The en-
hanced ionization of the ionosphere where it is
illuminated by light passing through the Cassini
division, compared with the area in the shadow
of the opaque A- and B-rings (Fig. 2A), is detect-
able in all 11 flybys (figs. S2 and S3). The low levels
of ionospheric plasma observed by RPWS in the
shadowed regions (for latitudes between –20° and
–40°) indicate that nomajor transport of plasma
occurs from nearby regions. The lack of emitted
photoelectrons detected by the Langmuir probe
in this region confirms the low level of photo-
ionization (figs. S2 and S3). Theoretical predictions
of reduced ionization owing to the ring shadows
may explain why radio emissions from Saturn’s
electrostatic discharges leak out from lower atmo-
spheric layers past the ionosphere peak (16).
The observations put constraints on the possi-

ble transport of chargedwater products from the
rings along conjugate magnetic field lines (also
called ring rain), as indicated by remote infrared
H3

+ emissions (8, 17). A steady influx of water
ions would react quickly with atmospheric hy-
drogen, recombining to neutral species, thereby
removing the ionized component much faster
than if only H+ recombined with electrons (18).
An inflow of large quantities of heavy ions from
the C-ring along connectedmagnetic flux tubes is
not confirmed by the RPWS observations in the
shadowed ionosphere region (Fig. 4). The ques-
tion of ring rain at higher latitudes (>35°) is not
yet constrained by the data.
Figure 4 shows the large variability and fine

structure of Saturn’s ionosphere. Maximum elec-
tron densities span awide range, 50 to 1300 cm−3,
which cannot be explainedby a simple scale height
model of a quiet ionosphere in photochemical
equilibrium. One possibility is that a ring rain–
like mechanism operates here, where variable
amounts of water group (ormolecular) ions orig-
inating from theD-ringmaterial (near the equator
or along connecting magnetic flux tubes) cause
sporadic electron depletions. Electron depletions
are evident within ±10° latitude during orbits
272, 273, 275, 277, 278, 280, and 281 (Fig. 4). These

suppressed electron density dips vary between
50 and 200 cm−3. The equator crossings for orbits
276 and 277 occurred furthest away from the
planet, around 4000 km altitude, which we ex-
pect to be inside the D-ring. An equatorial deple-
tion of 50 cm−3 was detected during orbit 277,
where the Langmuir probe also detected the
presence of negatively charged cluster ions or
nanometer-sized grains (Fig. 3). Orbit 276 does
not show a clear depletion signature. However,
it is difficult to explain the full dynamic range
of almost two orders ofmagnitude between each

flyby with this chemical process alone. There is
no continuous evolution of plasma density from
the first orbit to the last, and large variations can
occur between adjacent orbits (e.g., orbits 277 and
278; Fig. 4).
The time constants for transport compete effec-

tively with photochemistry, and thus the plasmas
sampled depend strongly on dynamics.We there-
fore suggest that an electrodynamic interaction
occurs between the ionosphere and the electrically
charged D-ring via the strong magnetic field of
Saturn. This would drive ionospheric ion outflows
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Cassini/RPWS data for Orbit 271, April 26, 2017
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Fig. 2. Cassini RPWS altitude profiles of the ionosphere during the crossing on 26 April 2017.
(A) Electron number density. (B) Inbound electron temperature. Two independent methods for
estimating the inbound electron density (blue and black) gave almost identical results, confirming
their validity. The Langmuir probe (LP) ion density [Ni, assuming the mass (mi) of H

+] also produces
values that agree with the estimated electron densities, confirming that hydrogen ions dominated
during this flyby. The lower Langmuir probe electron densities over the outbound sector (magenta)
indicate that much of the A- and part of the B-ring are opaque to ionizing extreme ultraviolet
radiation. No whistler-mode cutoff data (black) exist for the outbound portion.
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along magnetic flux tubes, leading to plasma
structuring, as is observed along magnetic flux
tubes above the aurora at Earth (19). The strong
magnetic field of Saturnmakes the rate of plasma-
neutral collisionsmuch smaller than the gyration
frequency along the Cassini spacecraft trajec-
tory; the ionospheric dynamo region, with coupl-
ing to neutral winds, is at a far lower altitude (20).
The electrodynamicsmay instead be driven by the
charged material in the D-ring (in Keplerian
orbit) moving relative to the ionosphere (rotat-
ing with the planet), and a substantial cross–
magnetic field current density may arise from
the DV ×B term (where DV is the relative speed
of the two components and B is the magnetic
field of Saturn). These ring currents then close
via magnetic field–aligned currents to the con-
ductive ionosphere below, with associated mag-
netic field–aligned ion flows along these flux
tubes. Other possibilities for the variation in ion-
osphere dynamics involve strong longitudinal
wind variations, coupled with variable EUV and
X ionization levels, as is observed in Earth’s ion-
osphere at ±20° latitude (21).
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Fig. 3. RPWS data from
an ionosphere crossing
close to the D-ring of
Saturn. (A) The Langmuir
probe measured current
(I) from voltage sweeps,
(B) RPWS densities,
and (C) inferred average
ion mass. The electron
densities (Ne) from three
measurement methods
(11) are lower than the
estimated ion density (Ni)
when Cassini passed the
D-ring edge at 01:38 UT.
The inferred average
ion mass rose above
1 amu at this time. Ne,Fuh,
electron density derived
from the observed upper
hybrid emission
frequency.

Cassini/RPWS data for Orbit 277, June 4, 2017
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Fig. 4. RPWS electron
number densities
from 11 ionosphere
crossings near the
equatorial plane of
Saturn. Densities for
orbits 272 and 273 are
based on whistler-mode
cutoff data, whereas
the rest are from the
Langmuir probe
measurements (the
Langmuir probe was
in the wake of the
spacecraft during
orbits 272 and 273).
There are about
6.5 days between each
flyby from 26 April to
29 June, all of which
occurred close to 11 to
14 hours Saturn LT.
The ionosphere exhibits
large variability, with
fine structure over these
latitudinal-altitude cuts.
The closest approach
altitude occurs close to
the geographic equator.
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In situ measurements of Saturn's ionosphere show that it is dynamic and interacts with the
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regions shaded from the Sun by the rings.
ionosphere is highly variable and interacts with the planet's inner ring. They also observed decreases in ionization within 

 examined the plasma data collected in situ and found that Saturn'set al.pass directly through the ionosphere. Wahlund 
ionosphere. As it went through its final orbits around Saturn, the Cassini spacecraft dipped close enough to the planet to 

the−−The upper reaches of most planetary atmospheres contain a layer that is ionized by incoming solar radiation
Cassini enters Saturn's ionosphere
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