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Abstract Between 26 April and 15 September 2017, Cassini executed 23 highly inclined Grand Finale

orbits through a new frontier for space exploration, the narrow region between Saturn and the D Ring,

providing the first opportunity for obtaining in situ ionospheric measurements. During the Grand Finale

orbits, the Radio and Plasma Wave Science instrument observed broadband whistler mode emissions and

narrowband upper hybrid frequency emissions. Using known wave propagation characteristics of these

two plasma wave modes, the electron density is derived over a broad range of ionospheric latitudes

and altitudes. A two-part exponential scale height model is fitted to the electron density measurements.

The model yields a double-layered ionosphere with plasma scale heights of 545/575 km for the

northern/southern hemispheres below 4,500 km and plasma scale heights of 4,780/2,360 km for the

northern/southern hemispheres above 4,500 km. The interpretation of these layers involves the interaction

between the rings and the ionosphere.

Plain Language Summary For the final 5 months of the Cassini mission in 2017, the spacecraft

executed 23 orbits through a new frontier for space exploration, the narrow region between Saturn and

the innermost of Saturn’s main rings, the D Ring. For the first time in the history of space exploration, the

Cassini instruments were able to take measurements inside Saturn’s ionosphere. This paper provides the

density distribution of Saturn’s ionospheric electrons, derived from plasma waves detected by the Radio

and Plasma Wave Science instrument. The electron density distributions with altitude and latitude show

that the ionospheric electron densities peak at 10,000 particles per cubic centimeter at low altitudes in

the equatorial region and drop below 100 particles per cubic centimeter at higher altitudes and latitudes.

Two simple ionospheric scale height density models for the northern and southern hemispheres

are presented.

1. Introduction

Our knowledge of the vertical distribution of Saturn’s ionospheric electron densities before Cassini’s Grand

Finale came from remote observations using radio occultation measurements. The radio occultation techni-

que yields the vertical structure of the electron density distribution from which a plasma scale height is

derived. Between 1979 and 1981, Pioneer (Kliore et al., 1980) and the two Voyager spacecraft (Atreya et al.,

1984; Lindal et al., 1985) employed radio occultation measurements during flybys of Saturn to probe the

ionosphere on six occasions. When Cassini arrived at Saturn in 2004, remote probing of the planet’s iono-

sphere using the radio occultation technique resumed and 59 new vertical electron density profiles were

derived (Kliore et al., 2009; Kliore et al., 2014; Nagy et al., 2006). A correlation between the Radio and

Plasma Wave Science (RPWS) equatorial electron densities and electron densities from Cassini equatorial

radio occultations can be seen in the supporting information Figure S1.

Radio occultation measurements over a wide range of latitudes, altitudes, and local times determined that

there was a significant variability in the electron density profiles (Kliore et al., 2009; Nagy et al., 2009), that

the electron density increased with increasing latitude (Kliore et al., 2009), and that there was a strong diurnal

variation in the electron density profiles (Kliore et al., 2009; Nagy et al., 2006). The presence of the diurnal den-

sity variation was also inferred from the low-frequency cutoff of the Saturn electrostatic discharges measured

by Voyager (Kaiser et al., 1984) and Cassini (Fischer et al., 2008, 2011), although the implied variations are

quite significantly different.
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Cassini’s 23 Grand Finale orbits in 2017 spanned 5 months and carried

Cassini deep into Saturn’s ionosphere, enabling the Cassini instru-

ments to obtain the first in situ measurements of Saturn’s ionospheric

plasma. RPWS Langmuir Probe electron density measurements

revealed a highly variable ionosphere with significant fine structure

in the electron density profiles and a strong north/south asymmetry

due to ring shadow effects (Hadid, Morooka, Wahlund, Persoon,

et al., 2018; Wahlund et al., 2018). Using RPWS electron plasma

frequency measurements derived from the upper frequency cutoff of

the whistler mode emissions, Sulaiman et al. (2017) derived the lower

hybrid frequency. They were able to identify the intense electrostatic

waves and their harmonics in Saturn’s topside ionosphere as rarely

observed lower hybrid waves, which scale with the lower hybrid

frequency. In this paper we present RPWS electron density measure-

ments over a range of ionospheric latitudes and altitudes that have

been derived from the propagation characteristics of whistler mode

and upper hybrid resonance emissions. Two-scale height electron

density models for the northern and southern hemispheres will

demonstrate that there is a higher-altitude transport layer

above ~4,500 km and a lower-altitude ionospheric layer below

~4,500 km that is composed of a chemistry-dominated region

below 2,500 km and a complex region between 2,500 and 4,500 km

with a “layered” ion distribution that may include both chemistry

and transport processes.

2. RPWS Electron Density Analysis

Figure 1 is a close-up meridional view of the tightly grouped Grand

Finale orbits and the Final Plunge into Saturn’s atmosphere (orbit

293). The orbits are color coded, based on the distance from Saturn

at Cassini’s minimum altitude or closest approach. The orbits are

grouped into low-, middle-, and high-altitude orbits. Throughout this manuscript, altitude is measured along

the vertical above the 1-bar pressure level in Saturn’s atmosphere. The 1-bar pressure level represents

Saturn’s ellipsoidal surface where the equatorial radius is 60,268 km and the polar radius is 54,364 km

(see Table IV in Archinal et al., 2011). The low-altitude orbits consist of the final five orbits that brought

Cassini deep into Saturn’s upper atmosphere (orbits 288–292) as well as the Final Plunge (orbit 293).

These orbits span an altitude range of 1,494 to 1,712 km at Cassini’s closest approach. The middle-altitude

orbits (orbits 271–275 and orbits 283–287) span an altitude range of 2,697 to 2,948 km. The high-altitude

orbits, where Cassini crossed the ring plane through the inner fringe of the D Ring (orbits 276–282), span

an altitude range of 3,349 to 3,893 km. For the Grand Finale orbits, closest approach occurs in the southern

hemisphere over a latitude range of �3.9° to �5.3° within a narrow 2-hr range of local times centered on

local noon. For all of these orbits, altitude and latitude are highly correlated with higher latitudes measured

at higher altitudes.

Cassini’s RPWS instrument made in situ observations of broadband electromagnetic whistler mode emissions

that provide electron density measurements in Saturn’s ionosphere over a range of ionospheric latitudes and

altitudes. These whistler mode emissions are known to propagate over a broad range of frequencies and are

driven into resonance (the upper frequency cutoff) at the electron plasma frequency (fpe) in low-density

regions where the electron plasma frequency is less than the electron cyclotron frequency (fce) (Gurnett

et al., 1983). The electron density (ne in cm�3) is derived from the electron plasma frequency (in Hz) using f pe

¼ 8980
ffiffiffiffiffi

ne
p

. When Cassini began the final five orbits in August 2017 and entered the high-density region of

Saturn’s lower ionosphere, the whistler mode emissions were heavily damped and not driven into resonance

at the electron plasma frequency. But, in this high-density region where fpe> fce, RPWS observed an emission

band above the electron cyclotron frequency that propagates at the upper hybrid resonance frequency (fUH).
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Figure 1. A meridional plot in cylindrical coordinates showing the tightly

grouped Cassini trajectories for all of the Grand Finale orbits. The trajectories

are shown in four time-sequenced groups and color coded according to the

altitude of Cassini at closest approach.
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The electron plasma frequency, and subsequently the electron density, is derived from the upper hybrid

resonance frequency using f 2UH ¼ f 2pe þ f 2ce where all frequencies are given in Hz (Persoon et al., 2005).

Figure 2a illustrates both plasma wave modes for the first of the final five orbits on 14 August 2017. The

broadband whistler mode emissions, which are present throughout the Grand Finale orbits, show a sharp

upper frequency cutoff at the electron plasma frequency (fpe) at higher latitudes where the upper frequency

cutoff is well below fce. However, between 04:14 and 04:30, the upper frequency cutoff is neither sharp nor

well defined. Cassini has entered the high-density region of Saturn’s upper atmosphere, and the heavily

damped whistler mode emissions are not driven into resonance at the electron plasma frequency. During this

same time interval, RPWS observes the narrowband upper hybrid resonance (fUH) emissions above the elec-

tron cyclotron frequency (fce). The electron density is derived from wave propagation characteristics of these

two plasma wavemodes and is shown in Figure 2b. The error bars indicate the uncertainty in determining the

electron plasma frequency and the upper hybrid resonance frequency. The uncertainty varies from 9% to

19% of the electron density measurements.

3. RPWS Electron Density Distributions in Saturn’s Ionosphere

The RPWS electron density measurements for all of the Grand Finale orbits are shown on a common latitude

plot in Figure 3a. As in Figure 1, the latitudinal electron density profiles are color coded according to the alti-

tude of Cassini at closest approach. The final five latitudinal electron density profiles show consistently repro-

ducible electron density measurements at low latitudes, with peak densities just below 104 cm�3, consistent

with peak densities obtained in the Pioneer, Voyager, and Cassini radio occultation measurements (Kliore

et al., 1980; Kliore et al., 2009; Lindal et al., 1985; Nagy et al., 2006). At higher latitudes, the latitudinal electron

density profiles show strong variability from orbit to orbit, spanning up to two orders of magnitude. This

variability has been previously noted in the radio occultation observations (Kliore et al., 2009; Nagy et al.,

2009). The orbit-to-orbit variability may be due to longitudinal differences in the orbits, especially at higher

latitudes. But a strong contributing factor leading to temporal electron density variations is likely to be the

dynamic nature of Saturn’s ionosphere and the ring-ionosphere interaction (Hadid, Morooka, Wahlund,

Persoon, et al., 2018). Variability in the photolytic processes acting on the ring atmosphere and ionosphere

and/or meteoroid impacts on the ring surface could cause temporal changes in the electron density through

these interactions.

Figure 2. Panel (a) is a color Radio and PlasmaWave Science spectrogram for orbit 288 illustrating both the broadbandwhistler mode emissions and the narrowband

upper hybrid resonance (fUH) emissions. Electron density measurements are obtained from the wave propagation characteristics of these plasma wavemodes. Panel

(b) shows the electron density measurements derived from these plasma wave spectral features.
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The latitudinal electron density profiles also show a significant north-south asymmetry in the latitude distri-

bution due, in part, to the ring shadow effect in the southern hemisphere. The shadows of the opaque A and

B rings result in reduced ionization in the upper atmosphere and associated electron density depletions

(Hadid, Morooka, Wahlund, Persoon, et al., 2018; Wahlund et al., 2018). Hadid, Morooka, Wahlund, Persoon,

et al. (2018) also notes a strong electrodynamic ring-ionosphere interaction associated with the highly

variable electron density profiles above 1.11 RS in the southern hemisphere.

There are two places in Figure 3a where the altitude dependence of the electron density distributions can be

separated from the latitude dependence. From 10°S to 5°N, there is a strong half order of magnitude differ-

ence between the closely grouped peak electron density measurements in the low-altitude final five orbits

and the highest electron densities seen in the remaining Grand Finale orbits. There is a similar difference

between the very low-altitude electron density measurements obtained during the Final Plunge at 10°N

and the highest electron densities at the same latitude for the other orbits. Figure 3b shows the same elec-

tron density measurements averaged in bins of 2° latitude for the same four color-coded groups of orbits. The

altitude dependence of the electron density distributions is apparent at low latitudes. The averaged latitudi-

nal electron density profiles show the strongest and most consistent altitude dependence within 10° of the

ring plane, with the highest electron densities measured in the final five orbits (in red) and the lowest electron

densities measured in the D Ring orbits (in black).

4. Scale Height Density Models for Saturn’s Northern and Southern Ionosphere

An inspection of the electron density measurements as a function of altitude yields information about

Saturn’s ionospheric layers and the altitude of the transition between the layers. Figure 4a shows all of the

Grand Finale electron density measurements as a function of altitude. The data measurements are divided

between the northern hemisphere (in red) and the southern hemisphere (in blue). All electron density mea-

surements for the Final Plunge (solid black line) are in the northern hemisphere. The data distribution clearly

shows the electron densities increasing with decreasing altitude. There is very little spread in the data at the

lowest altitudes, but the variability increases to more than an order of magnitude at higher altitudes. The

north-south asymmetry, attributed to the reduced ionization and electron density depletions in the southern

hemisphere from the ring shadow effect, is evident in the divergence in the north and south distributions

above 3,000 km.

April 26, Day 116, 2017 - September 15, 2017 

-40 -20 0 20 40 -40 -20 0 20 40

Saturn Latitude (degrees)

Orbits 271-275

Orbits 276-282

Orbits 283-287

Orbits 288-293

Orbits 271-275

Orbits 276-282

Orbits 283-287

Orbits 288-293

The Final 
Plunge

(b)(a)

Figure 3. Panel (a) shows the latitudinal distributions of the Radio and Plasma Wave Science electron density measure-

ments for all of the Grand Finale orbits. The latitudinal electron density profiles are color coded according to the altitude

of Cassini at closest approach. These latitudinal profiles show strong variability from orbit to orbit, up to 2 orders of

magnitude, as well as a significant north-south asymmetry due, in part, to the ring shadow effect in the southern hemisphere.

Panel (b) shows the electron density measurements for the four groupings of the Grand Finale orbits averaged in latitude bins

of 2°. The averaged latitudinal electron density profiles show a strong altitude dependence within 10° of the ring plane.
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An ionospheric plasma scale height model is derived from the altitude distribution of the RPWS electron den-

sity measurements. Figure 4b shows the same northern and southern densities averaged in altitude bins of

500 km and a classic ionospheric electron density distribution with two ionospheric layers. The plasma scale

height model is fitted to these averaged data values using a two-part exponential equation: ne ¼ n1e
�h=H1 þ

n2e
�h=H2 , where n1 and n2 are the y-intercepts, h is the altitude, and H1 and H2 are the plasma scale heights.

The subscript 1 refers to the ionospheric layer at the lower altitudes, and the subscript 2 refers to the iono-

spheric layer at the higher altitudes. The fit to the averaged electron density values clearly shows a transition

from the lower-altitude layer to the higher-altitude ionospheric layer at ~4,500 km. The error bars represent

one standard deviation in the fit of the plasma scale height model to the binned and averaged data. The fit of

the two-part exponential scale height equation to these averaged electron densities yields plasma scale

heights of 545 and 575 km for the lower ionospheric layer in the northern and southern hemispheres, respec-

tively, and plasma scale heights of 4,780 and 2,360 km for the higher ionospheric layer in the northern and

southern hemispheres, respectively. Figure S2 shows the distribution of the RPWS electron density measure-

ments at 4,500 km. The transition to the transport-dominated region at ~4,500 km occurs along field lines

that map back to region just inside the inner edge of the D Ring.

We should note here that diffusive equilibrium conditions are expected to be present along strong magnetic

field lines (Schunk & Nagy, 2009). In its highly inclined orbit, Cassini crosses numerous field lines rapidly.

Because altitude is measured vertically from the “surface” of the 1-bar pressure level, the altitudinal electron

density distribution is not aligned along Saturn’s magnetic field lines. The plasma scale heights determined

from the altitude distribution of the electron densities in Figure 4 are a useful description of the electron den-

sity distribution but cannot be interpreted as vertical scale heights in the conventional sense.

5. Understanding Saturn’s Ionospheric Layers

The classic picture of a planetary ionosphere is one with a lower ionospheric layer dominated by ionospheric

chemistry interactions between the neutrals and the ions and an upper transport-dominated layer of highly

Figure 4. The altitude distribution of the Radio and PlasmaWave Science electron density profiles for all of the Grand Finale

orbits. Panel (a) shows the density measurements for the northern hemisphere in red, the density measurements for the

southern hemisphere in blue, and the density measurements for Cassini’s plunge into Saturn’s upper atmosphere (part of

the northern data set) as a solid black line. There is very little spread at the lowest altitudes for both hemispheres, but the

variability increases at higher altitudes. The north-south asymmetry, attributed to the reduced ionization and electron

density depletions in the southern hemisphere from the ring shadow effect, is evident in the divergence in the north and

south distributions above 3,000 km. Panel (b) shows the same data averaged in altitude bins of 500 km and a classic

ionospheric density distribution with two ionospheric layers. The fit of the scale height model to the averaged data uses a

two-part exponential equation: ne ¼ n1e
�h=H1 þ n2e

�h=H2 , where subscript 1 refers to the ionospheric layer at the lower

altitudes and subscript 2 refers to the ionospheric layer at the higher altitudes.
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diffusive light ions (Schunk & Nagy, 2009). Current Cassini in situ measurements of heavy molecular neutrals

and ions have revealed a more complex picture of Saturn’s ionosphere. The dramatic shift in the slope of the

electron distribution and in the resulting plasma scale height at ~4,500 km (Figure 4b) clearly shows a transi-

tion to a high-altitude transport region where the highly diffusive light ions dominate. But this transition is

occurring several thousand kilometers above the expected transition at ~2,500 km that would separate

the heavy molecular ion layer in photochemical equilibriumphotochemical equilibrium, called the PCE layer,

from the light ion from the light ion transport layer. Below ~2,500 km, the upper atmosphere is dominated by

heavymolecular ions and neutrals from Saturn’s atmosphere in near photochemical equilibrium (Moore et al.,

2018; Morooka et al., 2019; Waite et al., 2018). Photochemical analyses (Cravens et al., 2018; Moore et al., 2018)

derive the distributions of these heavy molecular ions in Saturn’s equatorial ionosphere, which have been

inferred from the differences between the light ion densities and the electron densities (Morooka et al.,

2019; Waite et al., 2018).

Above 2,500 km, in situ measurements of heavy molecular neutrals and ions have revealed a more complex

picture of Saturn’s lower ionospheric layer. The factor contributing to the complexity of the lower iono-

spheric layer between 2,500 and 4,500 km is the dynamic interaction of the rings with Saturn’s ionosphere.

This interaction was theorized in early models to explain the lower peak electron densities observed in the

Pioneer and Voyager radio occultations (Kliore et al., 1980; Lindal et al., 1985). The most popular explanation

to reduce the light ion densities in early models to correlate with the radio occultation density measure-

ments was the introduction of charged water particles from the rings into Saturn’s midlatitude ionosphere,

called ring rain (Connerney & Waite, 1984; O’Donoghue et al., 2017). O’Donoghue et al. (2017) detected

latitudinal variations in the signature of midlatitude ionospheric H3
+ ions consistent with an influx of

electrically charged water particles from the rings along magnetic field lines mapping to the inner edges

of the B and A rings and the Enceladus orbit. In situ measurements by Cassini’s Ion and Neutral Mass

Spectrometer (INMS), the Magnetosphere Imaging Instrument, and the RPWS/Langmuir Probe instrument

observed an influx of heavy neutrals and dust grains from the rings into Saturn’s ionosphere at equatorial

latitudes (Mitchell et al., 2018; Waite et al., 2018). Waite et al. (2018) discovered an influx of heavy

molecular neutrals into Saturn’s equatorial ionosphere at an altitude of ~3,600 km, an ionospheric region

already dominated by H+ and H3
+ ions. The dominance of these highly diffusive light ions suggests that

the ionospheric region above 2,500 km is a transport region. However, the ionospheric scale height model

does not show the significant change in the slope of the electron density distribution at 2,500 km that

would be expected for a transition between the chemistry-dominated PCE layer and a transport-

dominated layer.

INMS measurements of heavy neutrals have shown that these ring particles are present in Saturn’s equatorial

ionosphere up to altitudes of ~3,600 km (Waite et al., 2018). However, it should be noted that INMS measure-

ments of these neutrals are not available above 3,600 km. It is probable that the ring particles are present

in the equatorial ionosphere out to the D Ring and possible that they are chemically interacting with the

light ions that populate the region as they fall inward toward Saturn. Above the equatorial ionosphere,

the ionospheric plasma is composed only of highly diffusive light ions. There are “layers” in the lower iono-

sphere between 2,500 and 4,500 km, with different ion and neutral compositions and likely different

chemistry/transport processes.

6. Summary

The fit of the two-part exponential scale height density model to the RPWS ionospheric electron densities

shows a double-layered Saturn ionosphere for both the northern and southern hemispheres. The low-

altitude layer below 4,500 km is similar in both the northern and southern hemispheres with derived scale

heights of 545 and 575 km, respectively, in agreement with the scale height at similar altitudes for the

Final Plunge (Hadid, Morooka, Wahlund, Persoon, et al., 2018). It is also similar to the value of 500 km from

earlier dusk radio occultation observations (Nagy et al., 2006). The north-south asymmetry in the electron dis-

tributions with increasing altitude above 4,500 km results in very dissimilar scale heights of 4,780 and

2,360 km, respectively. The plasma scale height of 4,780 km for the northern hemisphere compares well with

the scale height of 4,500 km for the higher-altitude ionospheric region in the northern hemisphere deter-

mined by Hadid, Morooka, Wahlund, Persoon, et al. (2018).
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The interpretation of the plasma scale height must be considered with some caution when using the Grand

Finale trajectories, as mentioned earlier. In these highly inclined Grand Finale orbits, Cassini is rapidly crossing

many field lines in passing through the ionosphere. The altitude distribution of the ionospheric electrons

shown in Figure 4 does not reflect plasma diffusing along magnetic field lines and may be better interpreted

as a distribution of electrons that is defined by the chemistry and transport processes in Saturn’s ionosphere.

Chemistry dominates below 2,500 km where the heavy molecular ions are in photochemical equilibrium.

Transport dominates above 4,500 km in a region populated by very diffusive light ions. Between 2,500 and

4,500 km is a “layered” ionospheric region with an influx of heavy neutrals and ions from the rings near

the equatorial plane and a layer of diffusive H+ and H3
+ ions dominating the ionosphere above the equatorial

layer. It is likely that, in the equatorial layer, the ring particles are chemically interacting with H+ and H3
+ as

they fall inward toward Saturn. The layer above the equatorial layer is likely a transport-dominated region

populated by the highly diffusive light ions.

The ionospheric scale height model shows the expected classic transition to a transport-dominated iono-

spheric layer at ~4,500 km, near the inner edge of the D Ring. However, the model shows a consistent slope

in the electron distribution from the last Final Plunge density measurement at 1,520 up to 4,500 km, with no

discernible transition at the upper boundary of the PCE layer at 2,500 km. How to interpret the low-altitude

ionosphere between 2,500 and 4,500 km is still under investigation.
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