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Abstract In 2017 the Cassini Orbiter made the first in situ measurements of the upper atmosphere and
ionosphere of Saturn. The Ion and Neutral Mass Spectrometer in its ionmodemeasured densities of light ion
species (H+, H2

+, H3
+, and He+), and the Radio and Plasma Wave Science instrument measured electron

densities. During proximal orbit 287 (denoted P287), Cassini reached down to an altitude of about 3,000 km
above the 1 bar atmospheric pressure level. The topside ionosphere plasma densities measured for P287
were consistent with ionospheric measurements during other proximal orbits. Spacecraft potentials were
measured by the Radio and Plasma Wave Science Langmuir probe and are typically about negative 0.3 V.
Also, for this one orbit, Ion and Neutral Mass Spectrometer was operated in an instrument mode allowing
the energies of incident H+ ions to be measured. H+ is the major ion species in the topside ionosphere.
Ion flow speeds relative to Saturn's atmosphere were determined. In the southern hemisphere, including
near closest approach, the measured ion speeds were close to zero relative to Saturn's corotating atmosphere,
but for northern latitudes, southward ion flow of about 3 km/s was observed. One possible interpretation
is that the ring shadowing of the southern hemisphere sets up an interhemispheric plasma pressure gradient
driving this flow.

1. Introduction

During 2017 the Cassini Orbiter made in situ measurements of the upper atmosphere and ionosphere of
Saturn. Previously, only remote measurements of the atmosphere and ionosphere were made (cf. Kliore
et al., 1980; Koskinen et al., 2015). The Cassini Ion and Neutral Mass Spectrometer (INMS) made measure-
ments in its closed source neutral mode, demonstrating that molecular hydrogen and heliumwere the major
neutral constituents (Waite et al., 2018). An exciting discovery was that a variety of other neutral gases (e.g.,
CH4, H2O, and hydrocarbons) and grains are transported from the inner rings to the upper atmosphere of
Saturn (cf. Mitchell et al., 2018; Perry et al., 2018; Waite et al., 2018). The ionosphere is strongly affected
by this influx of ring material (Cravens et al., 2018; Moore et al., 2018; Wahlund et al., 2018; Waite
et al., 2018).

Only lowmass (m/q less than 9) ion species were measured by the open source ion (OSI) mode of INMS dur-
ing the proximal orbits due to the high spacecraft (s/c) speed (i.e., v ≈ of 31 km/s) with respect to the atmo-
sphere. Several light ion species (H+, H2

+, H3
+, and He+) were detected, which was not surprising given

models of the ionosphere (cf. Moore et al., 2018). Quantitatively the total light ion densities measured in
the main ionosphere were much less than the measured electron density. The prevailing interpretation is
that heavymolecular ion species are produced by the reaction of H+ and H3

+ ions with heavy neutral species
entering the atmosphere from the rings (e.g., Cravens et al., 2018; Moore et al., 2018; Waite et al., 2018).
However, in the topside ionosphere H+ is the major ion species (Cravens et al., 2018; Waite et al., 2018).

It is well known for planetary ionospheres, including the Earth's, that the plasma density is controlled
mainly by chemical processes at lower altitudes and by transport processes at higher altitudes where atmo-
spheric densities are lower (Schunk &Nagy, 2009). The current paper focuses on the dynamics of the topside
ionosphere of Saturn and describes measurements that indicate probable plasma flow from the northern
hemisphere to the southern hemisphere, presumably along magnetic field lines. These measurements have
a number of uncertainties but they are unique. A possible interpretation of the results is that the ring
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shadowing of the southern hemisphere sets up an interhemispheric plasma pressure gradient driving this
flow.

2. Instrument Descriptions
2.1. INMS Instrument and Techniques

The INMS instrument was a radio‐frequency quadrupole mass spectrometer that measured both ion and
neutral composition, in its OSI, and closed source neutral modes, respectively (Mandt et al., 2012; Teolis
et al., 2010; Waite et al., 2004). The s/c velocity with respect to Saturn's corotation frame during the proximal
orbits was close to 31 km/s, which corresponds to 25 times higher kinetic energy per nucleon for incident
molecules than during the Titan encounters. Most of this speed can be attributed to the s/c motion in the
inertial frame although there is some contribution from Saturn's rotation. INMS ion measurements at these
speeds limit observable ion species to those with mass numbers less than 9 daltons (i.e., only lighter ions),
whereas at Titan m/q up to 99 was measured. Details of the measurement of the light ion species can be
found in Cravens et al. (2018).

For the OSI mode of INMS, ambient ions enter a small aperture from the ram direction within ≈3° across
field of view (see Waite et al., 2004), and ion trajectories in the instrument are controlled by electrostatic
potentials. Ions are deflected through a right angle by a quadrupole electrostatic lens (with voltages denoted
QP3=‐QP4) and are then directed into the mass analyzer. The QP3 voltage is normally adjusted for the
expected ram speed for a range of different ion mass to charge ratios (m/q). For a mass number of 1 (protons)
during P287, a special instrument mode was implemented during which the QP3 voltage was scanned
through a range of values. This permitted the ion flux to be measured as a function of H+ kinetic energy (giv-
ing the H+ speed relative to the instrument or s/c).

The QP3 voltage is linearly related to the kinetic energy of incident ions (cf. Mandt et al., 2012; Waite et al.,
2004). The coefficients in the linear relation were determined using laboratory calibrations and using energy
scans carried out during a handful of Titan passes. Some uncertainty exists in the linear fit coefficients, but
this did not significantly affect density determinations. In this paper we use two reasonable versions of the
linear fits consistent with the various calibration activities. The “real” fit probably lies somewhere between
the two cases listed below.

Case að Þ KE ¼ − QP3þ 53:49ð Þ=0:9281
Case bð Þ KE ¼ − QP3þ 54:0ð Þ=0:9281:

KE is the kinetic energy of the ion in eV units, and QP3 is the lens voltage in volts, and the equations apply to
any mass number, although in the current paper onlym=1 (H+) is relevant. The main effect of changing this
relation is to systematically shift all derived speeds up or down by about 1 km/s (this will be discussed again
later in the paper). The relative speeds between measurement points are only slightly affected.

2.2. Radio and Plasma Wave Science Electron Density Measurements

During P287, the Radio and Plasma Wave Science (RPWS) observed broadband electromagnetic whistler
mode emissions. In low‐density regions, these emissions are driven into resonance (the upper frequency cut-
off) at the electron plasma frequency (fp), from which the electron densities are derived (see Persoon et al.,
2018). These densities are reported on later in the paper.

The RPWS Langmuir Probe (RPWS/LP) on Cassini also measured electron densities during P287 using
current‐voltage sweeps (reported on later in the Results section). The probe is a 5‐cm radius sphere located
on a 1.5‐m boom. Fits to the measured sweeps are able to provide electron densities and temperatures, s/c
potentials, and other quantities (see Gurnett et al., 2005; Hadid et al., 2018; Wahlund et al., 2018).
RPWS/LP also measured electron densities using a continuous 20‐Hz mode.

3. Proximal Orbit Geometry

For the proximal orbits the s/c entered the atmosphere in the northern hemisphere, crossed the ring plane
(equatorial plane), reached closest approach (CA) in the southern hemisphere at latitude λ ≈ ‐7°, and then

10.1029/2018JA026344Journal of Geophysical Research: Space Physics

CRAVENS ET AL. 4882



exited the atmosphere in the southern hemisphere. The s/c mainly moved
from the north to the south when it was near Saturn. The maximum neu-
tral density was also found at a latitude of λ ≈ ‐7°. For comparison, CA for
P288 was an altitude of z ≈ 1,700 km, and for P287 CA was located at z ≈
2,800 km. The radial distance of the s/c versus latitude is shown in
Figure 1 for P287. Magnetic field lines from a simple displaced dipole field
model are also shown (cf, Dougherty et al., 2018). Other features of the fig-
ure will be discussed later.

4. Results: Densities and Spacecraft Potential
4.1. Electron and Ion Densities

Figure 2 shows ion densities measured by INMS and RPWS and electron
densities measured by RPWS as functions of latitude. Altitudes can be
found from Figure 1. Not surprisingly, the maximum densities (ne = ni
≈ 400 cm‐3) were reached near CA near ‐7° latitude. For P288 the maxi-
mum electron density measured (≈104 cm‐3) was about a factor of 10
higher than for P287 due to the lower altitudes (cf. Cravens et al., 2018).
The largest densities are at the lowest altitudes, also corresponding to
lower latitudes. The figure shows that the major ion species is H+, except
right near CA where H3

+ is also present.

4.2. Spacecraft Potential

The RPWS/LP also used the voltage sweeps to determine the s/c potential Φsc, shown in Figure 3. Φsc was
used to adjust deduced H+ speeds measured by the INMS. For example, negative potentials will accelerate
protons toward the s/c (and the INMS) and the resulting extra speed needs to be removed to correctly deter-
mine the ambient proton speed. s/c potential is determined by the balance of electrical currents entering or
leaving the s/c, mainly by photoemission of electrons, and fluxes of ambient electrons and ions (Cully et al.,
2007). Typically in an ionosphere, the equilibrium s/c potential is roughly the ambient electron thermal
energy (kBTe, where kB is Boltzmann's constant and Te is the electron temperature).

5. Results: Ion Speeds
5.1. INMS Energy Scans

Figure 4 displays results from the P287 energy scans for the first QP/KE
relationmentioned earlier. The case (a) QP/KE relation is used for this fig-
ure. The energy is converted to H+ speed (relative to the instrument). The
instrumental count rate per integration period for m=1 versus proton
speed is shown for several latitudes. The scan curves all have a half‐width
of δv ≈ 3 km/s, which is a combination of instrumental velocity spread
plus the thermal speed of the ionospheric protons. The peak count rate
correlates with proton density (seeWaite et al., 2004). For negative (south)
latitudes the scan curves have their maxima near v ≈ 31.5 km/s. However,
for northern latitudes, the measured speeds are closer to v ≈ 28 km/s.

The relative statistical accuracy of the points in Figure 4 is roughly the
inverse of the square root of the counts. The statistical uncertainty is better
than 1% for most of the scans and no worse than a few percent for the low-
est count rates.

The speeds corresponding to the maximum count rate for each curve can
be determined with some uncertainty. Figures 5a and 5b show a good and
a not‐so‐good Gaussian fit, respectively, to one of the measured sets of
energy scan points. Again, this is for case (a) QP/KE. Both Gaussian
curves have a standard deviation of 3.2 km/s. The center speed of the
two Gaussian curves is different by 0.9 km/s. Clearly, in this case the

Figure 1. Geometry schematic. Shifted dipole magnetic field lines versus
radial distance (L) and latitude, and Cassini trajectories for proximal orbit
287 are shown. Approximate locations of the C and D rings are shown, as
is a possible proton velocity vector near 10°N latitude (see text). The
approximate location of the B‐ring shadow is indicated.

Figure 2. Total light ion density measured by the Cassini Ion and Neutral
Mass Spectrometer and electron density from the Radio and Plasma
Wave Science versus latitude. Also shown are H2

+, H3
+, and H+ densities

measured by Ion and Neutral Mass Spectrometer. Closest approach is
at an altitude of 2,800 km and is at latitude ‐7°. The curve labeled Radio and
Plasma Wave Science fp shows densities measured using the plasma
frequency.
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maximum speed vmax=30.9 km/s works best. We estimate a conservative
uncertainty of finding vmax of≈ 0.5 km/s. Note that Gaussians do not have
exactly the right shape to fit the data, particularly in the wings, but they
help in finding the maximum speed.

Figure 6a shows vmax versus latitude for case (a). The speed is ≈ 31 km/s
for latitudes less than ≈ 10°N. The speed then decreases to ≈26.5 km/s
for latitudes more northerly than 10°N. Figure 6b shows the results when
the second QP/KE relation is used; comparison of Figures 6a and 6b indi-
cates that all the derived speeds are shifted lower by 1.5 km/s. The speed of
the Cassini Orbiter relative to Saturn's atmospheric frame is shown. In the
next section we correct the derived speeds for s/c potential and also trans-
form to Saturn's corotating atmospheric frame.

5.2. Proton Speeds in Saturn's Rotating Frame of Reference

The proton speeds derived in the previous section need to be corrected for
s/c potential in order to get the correct ram speed of the ambient ions. For
example, a negative potential will give an ion an extra acceleration toward
the s/c (and INMS) resulting in a deduced kinetic energy (or speed) that is
too large. The actual kinetic energy of incident ions is KE (actual) = KE

(scan) + e Φsc, where Φsc is the s/c potential. The speed is the square root of 2KE (actual)/m, where m is
the proton mass.

The proton speed in Saturn's reference rotating frame is needed so we subtracted the s/c velocity relative to
this frame from themeasured ram velocities (shown in Figure 6 but corrected forΦsc). Cassini wasmoving at
about 30.5 km/s relative to the atmosphere near CA and somewhat less than this on entry and exit from the
topside ionosphere. Figures 7a and 7b show the measured speeds in Saturn's reference frame versus latitude,
both with and without corrections forΦsc and for the two QP/KE cases. Recall that the Cassini orbiter moved
mainly in the north‐south direction, and not zonally, so that the measured proton velocity is almost entirely
in the N‐S direction (i.e., meridional flow).

The potential values are relatively low between about −12 and +12° latitude (Figure 3), but outside this
region the s/c potential makes a significant difference to the results. Without correction, the flow is northerly
in the southern hemisphere with v ≈ 2 km/s and southerly in the northern hemisphere, also with v ≈ 1.5
km/s using the first QP/KE relation (Figure 7a). That is, the flow in both hemispheres would be toward

the equator (or the ring plane). On the other hand, taking Φsc into
account, the flow speed in the southern hemisphere is small (v ≈ 0) and
southerly and v ≈ 2 km/s in the northern hemisphere beyond 10°N.

For the second QP/KE relation (Figure 7b), the potential corrected flow is
about 1 km/s southward (and down) in the southern hemisphere and
about 2.5 to 3 km/s southward (and upward) in the northern hemisphere
for latitudes between 7 and 18° north. Figure 8 summarizes the experi-
mental results for the two QP/KE cases.

Note that if one assumes that the plasma mainly flows along magnetic
field lines, then at 10°N latitude a measured velocity of 2.5‐3 km/s corre-
sponds to a field‐aligned speed of v||≈ 2.5‐3 km/s/cos α ≈ 4 km/s, where α
≈ 50° is the angle between the s/c velocity and the field line at 15° N. A
flow component perpendicular to the s/c velocity vector (and also the
INMS aperture) would not show up in the energy scan although it could
reduce the count rate.

6. Discussion: Topside Ionospheric Flow

In this section we discuss why Saturn's ionospheric plasma might flow
from the north to the south at high altitudes. First, the distribution of

Figure 3. Spacecraft electrical potential measured by the Cassini Radio and
Plasma Wave Science (RPWS)/Langmuir probe versus latitude. The
potential values are between about ‐0.4 and + 0.4 V, for latitudes between
about – 12 and +12°.

Figure 4. Ion and Neutral Mass Spectrometer energy scans for P287. Ion
and Neutral Mass Spectrometer instrumental counts for H+ ions per inte-
gration period plotted versus H+ speed for several times/locations along the
spacecraft track. Labeled with latitude. The statistical error is about 10% for
counts of about 100 and is about 1% for the curves with the highest counts.
Example statistical error bars are located on the left side of the figure.
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plasma should be affected by transport effects in regions where the chemical lifetime of an ion species is
greater than the transport time (cf., Schunk & Nagy, 2009). As discussed by Cravens et al. (2018) and
Moore et al. (2018), H+ ions in Saturn's equatorial ionosphere are mainly chemically lost via reaction with
heavy molecular neutrals (e.g., CH4, H2O, hydrocarbons …) coming from the rings (cf. Perry et al., 2018;
Waite et al., 2018). Adopting a rate coefficient of kc ≈ 10‐9 cm3/s and a heavy species mixing ratio of
f ≈ 10‐4 – 10‐3 the chemical lifetime is τc ≈ 1/ (kc f nH2), where nH2 is the atmospheric H2 density, which
depends on altitude and latitude. The transport time is given by τT ≈ L/v, where L is the relevant
length‐scale (e.g., scale height or distance along the magnetic field). The flow speed depends on the forces
on the plasma including pressure forces, gravity, and ion‐neutral collisions.

Plasma flows in response to the net force on a fluid parcel. We assume that the ionospheric flow is along
magnetic field lines and s is distance along a field line. The flow speed (along the field) is denoted u. The fol-
lowing single fluid momentum equation approximates this force balance (cf., Cravens et al., 2017):

d
ds

ρu2 þ p
� � ¼ −ρνu−ρg‖ (1)

The mass density is denoted ρ and is given by ρ = ne mp in the topside ionosphere, where ne is the electron
(and proton) density and mp is the proton mass. The thermal pressure is denoted p and includes both elec-
tron and ion contributions: pe=nekBTe and pi=ne kBTi, where kB is the Boltzmann constant and Te and Ti are

Figure 5. Gaussian fits for energy scan for a latitude of 2.5°N. Ion and Neutral Mass Spectrometer scan data are shown
as points, and Gaussian curves shown as points and smooth lines. (a) Gaussian with center velocity of 31.1 km/s
(b) Gaussian with center velocity of 30.0 km/s.

Figure 6. a) The bulk speed of H+ ions relative to the Ion and Neutral Mass Spectrometer (INMS) aperture versus
latitude as measured by INMS using the energy scans. The Cassini Orbiter speed relative to Saturn's atmosphere is also
shown in both panels. Speeds determined using case (a) of the QP/KE relation. An altitude scale is shown at the bottom.
CA denotes closest approach. b) Speeds determined using the case (b) QP/KE relation. The estimated uncertainty
between points is shown by the error bars on each point.
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the electron and ion temperatures, respectively. Note that the plasma is assumed to be quasi‐neutral so
that ne = ni, where ni is the ion density. The ion‐neutral momentum transfer collision frequency is given
by ν = kin nn, where nn is the neutral density and kin ≈ 10‐9 cm3/s is a collision coefficient (Schunk &
Nagy, 2009). The component of the gravitational acceleration along the magnetic field B is g||. Cravens
et al. (2018) applied the same equation to Mars but included the magnetic forces. The RPWS/LP measured
the ionospheric electron temperature to be Te ≈ 1,000 K (Wahlund et al., 2018), and we assume that the ion
temperature is approximately the neutral temperature, Ti ≈ Tn ≈ 500 K.

Numerical solutions to the fluid equations, including equation (1) plus continuity and energy equations, are
needed for an accurate understanding of Saturn's topside ionosphere, but some simple statements will be
made here. At low altitudes the collision term is large and the flow speed should be quite small. An ambipo-
lar diffusion approximation would apply (cf. Cravens, 1997):

u≈
dp
ds

1
ρν

≈
kB Te þ Tið Þ
Hp mpkinnn

� �≈ 10 m=s
nn cm−3ð Þ
109cm−3

h i (2)

The ambipolar diffusion approximation assumes that pressure forces, gravity forces, etc., are all balanced by
ion‐neutral fraction, and inertial terms in the momentum equation are neglected. The peak neutral density
for P287 (Waite et al., 2018) is about 107 cm‐3, in which case equation (2) gives an estimated (and probably
upper limit) theoretical flow speed of u≈ 1 km/s, kept low due to the effects of ion‐neutral friction. Figure 7b

is more in line with this expectation than is Figure 7a, Also, Figure 8b is
more favored than Figure 8a.

The plasma scale height was measured by RPWS with Hp ≈ 1500 km
(Persoon et al., 2018). Setting a transport time, τT ≈ Hp/u, equal to the
H+ chemical time, gives a transport to chemistry transition at an altitude
where the neutral density is nn ≈ 5 × 107 cm‐3. This time constant is about
5 hr, which is comparable to the 10‐hr rotation period of Saturn. Diurnal
effects are important in the topside ionosphere of Saturn.

At higher altitudes where ion‐neutral friction is small, the following dyna-
mical approximation should apply: ρu2 + p ≈ constant along a streamline
(also a field line). An unbalanced pressure along B should lead to flow
from high to low pressure according to this equation. In the extreme case
of flow from a high‐pressure region with u ≈ 0 to a very low pressure
region, the outflow speed can be estimated to be u ≈ Cs, where the ion
acoustic speed is given by Cs = [kB (Te + Ti)/mp]

1/2. For Saturnian pro-
tons, Cs ≈ 5 km/s, in line with the proton speed measured by the INMS
near 10°N.

Figure 7. Bulk speed of protons relative to Saturn's rotating frame with (red points) and without (black points) spacecraft
potential taken into account. (a) Determined using one version of QP/KE relation. (b) Determined using a slightly
different QP/KE relation.

Figure 8. (a and b) Schematic outlining the velocity results (in Saturn's
atmospheric frame) for the two Ion and Neutral Mass Spectrometer
QP/KE scan cases discussed in the text. The authors believe that the case
(b) is the more likely—low speeds for most latitudes but upward and
southward in the northern hemisphere.
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The flow scenario just discussed should apply if one end of the field line connecting conjugate hemispheres
has low plasma density (and pressure) and the other end has higher density. But if the Saturnian
atmosphere/ionosphere is sunlit at both ends, then an interhemispheric pressure gradient, and resulting
flow, should not be present. For lower L‐shell field lines whose latitudinal footprints in the lower ionosphere
are less than 10‐15° north or south, the ionosphere should be almost equally illuminated for both hemi-
spheres and no net flow between them should exist (i.e., u ≈ 0). On the other hand, as discussed by Hadid
et al. (2018), the atmosphere for latitudes less than ‐15° is shadowed by the opaque B‐ring. This might
explain why Figure 7 shows plasma flow only for latitudes beyond ≈10°N. However, detailed modeling will
be needed to settle this issue. Note that the C‐ring shadow begins at about 7° south latitude, but the C‐ring
optical depth is only about 0.2.

Another issue is the diurnal variation of the topside ionosphere. A quick estimate shows that transport times
along field lines near the equator are about the same as the length of day at Saturn, which affects the distri-
bution of plasma along a field line, and thus flow speeds.

Another issue is the widths of the INMS‐measured scan curves and shown in Figure 3. A Gaussian fit to the
curves indicated a standard deviation of σ= 3.1 km/s at lower latitudes. σ is a combination of the instrumen-
tal width, σinms, and the thermal spread, σth: σ

2 = σinms
2 + σth

2. The instrumental width is roughly σinms ≈
1.5 – 2 km/s but was only poorly constrained by calibrations (Waite et al., 2004). Nominally, this would sug-
gest that σth≈ 2.5 km/s very roughly. This value of σth corresponds to a H

+ temperature of Ti≈ 500 K, which
is close to the neutral temperature of Tn ≈ 400 K (Waite et al., 2018) as expected.

7. Summary

The most probable scenario (see Figure 8b) is that flow speeds are low (less than 1 km/s or so) for most lati-
tudes but southward (and upward) at ≈ 3 km/s for northern latitudes beyond about 10°N. That is, the INMS
energy scans for ionospheric protons made by the Cassini INMS during the P287 proximal orbit demon-
strated that plasma is flowing from the topside ionosphere in the northern hemisphere to the topside iono-
sphere in the southern hemisphere for regions where the southern hemisphere is shadowed by the B‐ring.
Flow speeds of about 4 km/s along magnetic field lines were measured and are perhaps consistent with a
simple plasma force balance analysis. The next step should be the construction of a numerical dynamical
model of the low‐latitude ionosphere.
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