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a b s t r a c t 

The study of planetary ionospheres within our solar system offers a variety of settings to probe mech- 

anisms of photo-ionization, chemical loss, and plasma transport. Ionospheres are a minor component of 

upper atmospheres, and thus their mix of ions observed depends on the neutral gas composition of their 

parent atmospheres. The same solar irradiance (x-rays and extreme-ultra-violet vs. wavelength) impinges 

upon each of these atmospheres, with solar flux magnitudes changed only by the inverse square of dis- 

tance from the Sun. If all planets had the same neutral atmosphere—with ionospheres governed by pho- 

tochemical equilibrium (production = loss)—their peak electron densities would decrease as the inverse 

of distance from the Sun, and any changes in solar output would exhibit coherent effects throughout the 

solar system. 

Here we examine the outer planet with the most observations of its ionosphere (Saturn) and com- 

pare its patterns of electron density with those at Earth under the same-day solar conditions. We show 

that, while the average magnitudes of the major layers of molecular ions at Earth and Saturn are approxi- 

mately in accord with distance effects, only minor correlations exist between solar effects and day-to-day 

electron densities. This is in marked contrast to the strong correlations found between the ionospheres 

of Earth and Mars. Moreover, the variability observed for Saturn’s ionosphere (maximum electron density 

and total electron content) is much larger than found at Earth and Mars. With solar irradiance changes 

far too small to cause such effects, we use model results to explore the roles of other agents. We find 

that water sources from Enceladus at low latitudes, and ‘ring rain’ at middle latitudes, contribute sub- 

stantially to variability via water ion chemistry. Thermospheric winds and electrodynamics generated at 

auroral latitudes are suggested causes of high latitude ionospheric variability, but remain inconclusive 

due to the lack of relevant observations. 

© 2018 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1. Introduction 

The defining characteristic of a planet’s ionosphere is its pro-

file of electron density versus height, N e (h). Given that all iono-

spheres in our solar system are produced by the same solar pho-

ton energy versus wavelength spectrum, it is not surprising that

both terrestrial and giant planet ionospheres share similar mor-

phological structures. Solar X-rays ( λ< 100 A)—high in energy but

low in flux—penetrate an atmosphere to lower altitudes to produce

secondary regions of ionization. These are known by the labels E-

layer at Earth, M1-layer at Mars, and S1-layer at Saturn. The Sun’s

EUV photons (ionizing between 100–1240 A) are lower in energy

but more abundant, and they produce the primary F-layer, M2-

layer and S2-layer at Earth, Mars and Saturn, respectively. The ba-
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ic principles of ionospheric physics—the foundations for compara-

ive aeronomy—are summarized in major textbooks ( Rishbeth and

arriott, 1969; Schunk and Nagy, 2009 ) and in two research mono-

raphs ( Mendillo et al., 2002; Nagy et al., 2008 ). 

A key element of comparative ionospheric research is the real-

zation that the Earth is the only planet in the solar system that

as a peak plasma density composed of atomic ions (O 

+ ) and

lectrons (e −). All other planetary ionospheres in our solar sys-

em have mostly molecular ions at their altitudes of maximum

lasma density—O 2 
+ at Venus and Mars, and H 3 

+ at Jupiter, Sat-

rn, Uranus and Neptune. These molecular ion layers occur within

ense neutral atmospheres and thus result from the dominance of

hotochemical equilibrium (PCE) —determined by the balance of

hoto-ionization and plasma recombination, without plasma dy-

amics. 

Atomic ions do appear in other ionospheres, e.g. O 

+ at Venus

nd Mars, and H 

+ in the giant planet ionospheres, but these have
nder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ensities well below the planet’s maximum electron density. These

lasmas result from both PCE theory and plasma diffusion and do

ot appear as distinct permanent layers within the planet’s topside

onospheres. The ionosphere at Earth changes from O 

+ ions at the

-layer peak (h ∼ 300 km) to H 

+ ions at topside heights, leading

o a plasmasphere without an additional layer. Below the F-layer

t Earth, however, there is a PCE region of molecular ions (O 2 
+ ,

 2 
+ , NO 

+ ) that form a prominent secondary ionospheric layer (the

-region at ∼110 km). Thus, spanning the solar system, compara-

ive studies of ionospheric layers governed by PCE conditions must

ocus on the terrestrial E-layer versus the main layers at other

lanets. 

Given this basic understanding of solar system ionospheres,

resent-day research deals with departures from “textbook” condi-

ions. These fall primarily into categories associated with variable

utput from the Sun: (a) changes in the solar irradiance (photon

ux versus wavelength) that occur with time-scales ranging from

ares ( ∼minutes) to sunspot cycles ( ∼years), and (b) solar wind

ariability due to coronal mass ejections ( ∼days) and rotating ac-

ive regions ( ∼monthly). While current studies of solar photon ef-

ects upon the terrestrial ionosphere use daily observations of soft

-rays and EUV radiation from the Sun, prior to such space-based

apabilities researchers relied upon a ground-based proxy for so-

ar output—the solar radio flux at 10.7 cm. Because this radio index

designated as F10.7) has a good average correlation with actual

-rays and EUV, daily values of F10.7 are still used in terrestrial

tudies of long-term effects, as well as for studies of ionospheres

n other planets where no solar irradiance observations are made.

he units for F10.7 are formally 10 −22 W/m 

2 /Hz, but the common

ractice is to use their integer magnitudes that range from ∼70

nits at solar minimum to ∼150–350 units at solar maximum. For

his study will use F10.7 for these reasons. 

In addition to ionospheric variations due to solar and solar

ind external drivers, ionospheres also vary as a result of (c)

hanges in the neutral atmosphere associated with upward cou-

ling of waves and tides from the lower to upper atmosphere, and

d) composition changes due to thermal expansion and varying at-

ospheric dynamics and circulation. Atmospheric waves, for ex-

mple, have time scales ranging from ∼minutes to ∼hours, and the

ime scales for tidal effects and global circulation are diurnal (with

ub-harmonics). 

In this paper, we briefly review day-to-day changes in iono-

pheric morphologies on Earth and Mars to define methods of

uantitatively assessing common variability patterns and sources.

e then apply that approach to same-day observations on Earth

nd Saturn to explore inner versus outer solar system patterns of

onospheric variability. We conclude with model results that test

ossible sources of the observed variability magnitudes at Saturn. 

. Ionospheric variability on terrestrial planets 

.1. Earth 

Sources of ionospheric variability have been well documented

t Earth (e.g., Forbes et al., 20 0 0; Rishbeth and Mendillo,

001 ). The typical procedure has been to use radio reflection

“ionosonde”) observations of mid-day electron density values

panning a month, and to characterize variability as the standard

eviation [ σ (%)] about the monthly mean value. For the maximum

lectron density of the F-layer (NmF2), the components of over-

ll variability [ σ total ] can be attributed to solar photon irradiance

 σ sun ], solar-wind-induced geomagnetic activity [ σ mag ], and mete-

rological coupling from below [ σ met ]. The analysis method used

y Rishbeth and Mendillo (2001) treated such contributions as in-

ependent functions. Following that approach, and guided by the

umerical values used in Forbes et al. (20 0 0) and Rishbeth and
endillo (2001) , we adopt as a general scheme that ionospheric

ariability about a monthly mean < N m 

F2 > under mid-day condi-

ions can be portrayed as follows: 

[ σtotal ] 
2 = [ σsun ] 

2 + [ σmag ] 
2 + [ σmet ] 

2 

 

20 − 25% ] 
2 ≈ [ 3 − 6% ] 

2 + [ 14 − 17% ] 
2 + [ 14 − 17% ] 

2 (1) 

An alternative way to monitor the terrestrial ionosphere is via

bservations utilizing trans-ionosphere radio beacons (e.g., using

PS satellites). This method provides the integral of the full elec-

ron density (N e ) profile—with total electron content defined as

EC = ∫ N e (h) dh. Since most of this column content comes from

he F-layer, TEC is highly correlated ( ≈90%) with NmF2 ( Fox et al.,

991 ), and thus σ TEC (%) is also 20–30% ( Johansson et al., 1978 ). The

verall message for both peak electron density and TEC is clear:

he influence of solar irradiance is minimal in comparison to so-

ar wind sources of downward coupling and neutral atmosphere

ources of upward coupling—with the latter two being comparable.

his simply restates the fact that the F-layer of the terrestrial iono-

phere is not fully described by internal photochemical equilib-

ium (PCE) processes. Plasma dynamics (diffusion along magnetic

eld lines, neutral wind-coupling, electro-dynamics) compete with

CE, and changes in the thermosphere (waves and tides) affect the

bundance of neutral gases that are ionized. 

For a pure-PCE layer in the terrestrial ionosphere, variability is

uch less because of the absence of significant contributions from

ynamical sources. This is the case for the E-layer. In their study

f sources of E-layer variability, Moore et al. (2006b) used obser-

ations and modeling of mid-day conditions at mid-latitudes. Their

nding for observed variability was 

total ( NmE ) = 7 − 12% . (2) 

The Moore et al. (2006b) modeling studies showed that the

ontribution from solar input (changes in flux and declination over

 month) was 8–9%. The remaining contributions came from small

hanges in the neutral atmosphere. At high latitudes affected by

nique auroral processes, variability could be as high as 50%. In

ummary, the dominance of the solar photon contribution to E-

ayer variability is opposite to the behavior found for the F-layer, as

ummarized by Eq. (1) . The E-layer is thus the appropriate molec-

lar ion layer of the Earth’s ionosphere to compare with the major

olecular ion-electron plasma layers found for all other planets in

he solar system because they are all governed by photochemical

quilibrium processes. 

There is no consensus for the nomenclature of ionospheric lay-

rs beyond the Earth. Here we adopted the approach introduced

y Rishbeth and Mendillo (2004) where layers at Mars were desig-

ated numerically from low to high altitudes—resulting in the M1-

ayer near 110 km and the M2-layer at ∼130 km. In terms of elec-

ron density, the M1-layer has a maximum number density termed

mM1 that is less than the maximum plasma density above it

NmM2). These correspond to layers produced primarily by soft X-

ays and extreme ultraviolet (EUV) photons, respectively. For Sat-

rn, we use a similar terminology (NmS2) to designate the maxi-

um electron density of the primary layer in Saturn’s ionosphere. 

.2. Mars 

The first study of ionospheric variability at Mars used Mars

lobal Surveyor (MGS) radio-occultation observations to exam-

ne NmM2 values extracted from N e (h) profiles. The period 9–

7 March 1999 was selected because Mars was in opposition,

nd thus the solar flux measured at Earth could be applied to

ars’ distance (d) by a simple 1/d 2 correction ( Mendillo et al.,

003 ). The day-to-day variability over a 17-day period was

(N m 

M2) = 5%. In a simulation study of the same observing pe-

iod, Martinis et al. (2003) used a PCE model to compute N e (h)
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profiles, and the predicted variability of daily values of NmM2 was

∼6%. Those simulations used the same neutral atmosphere for all

17 days, and thus the variability resulted purely from day-to-day

changes in solar irradiance. 

2.3. Earth versus Mars 

2.3.1. Day-to-day effects 

The same 9–27 March 1999 period of MGS observations when

Mars was in opposition provided the first case-study of simultane-

ous ionospheric variability on two planets ( Mendillo et al., 2003 ).

Using ionosonde data at Earth, the variability of NmE for day-

time conditions was σ = 5–10%, consistent with the Moore et al.

(2006b) results. Thus, the M2-layer at Mars and the E-layer at

Earth exhibited similar variability patterns during a brief period of

observations that included significant fluctuations in solar activity. 

2.3.2. Solar cycle effects 

To address longer time scales, a recent study of NmM2-layer

and E-layer observations spanning six years was described in

Mendillo et al. (2016) . For Mars, the MGS radio occultation data

base was used to obtain daily values of NmM2 from 1 Novem-

ber 2001 to 9 June 2005. The solar radio flux (F 10.7 ) measured

at Earth during this interval changed from solar maximum con-

ditions (170 units) to solar minimum values (100 units). A total of

697 days of observations of NmM2 at Mars were then compared

with 〈 NmE 〉 observations at Earth obtained by averaging observa-

tions from four ionosonde stations for the same solar conditions.

The qualifier “same solar conditions” was achieved by the so-called

“rotated sun” method: the side of the Sun facing Mars on a day

of MGS observations faced the Earth on a different day that can

be determined from the known rotation rate of the Sun and the

orbital separations of Earth and Mars. For this rotated Sun date,

observations from Earth are then used to achieve “same solar con-

ditions” as experienced by MGS at Mars—assuming, of course, that

solar activity did not change significantly during the days of ro-

tation. These same-day observations at Earth and Mars were then

converted to local noon conditions at equivalent circular orbits—

achieved by using the PCE equations of 1/d for distance effects on

electron density and [ cos (SZA)] 1/2 for sub-solar corrections (SZA

being the solar zenith angle). The results for equivalent sub-solar

values of NmE at Earth (1 AU) and NmM2 at Mars (1.524 AU) are

shown in Fig. 1 . Note that neither solar irradiance values nor their

radio flux proxy (F 10.7 ) are used in this method of comparison—but

rather direct ionospheric observations under same-day solar con-

ditions. 

Fig. 1 shows a clear trend between the terrestrial and martian

ionospheres over long time scales. While not a precise linear pat-

tern, the Pearson linear correlation coefficient is still high (0.85).

The correlation equation shown describes long term effects of solar

irradiance changes over the portion of a solar cycle from maximum

to minimum conditions. Within each period (A, B, C), the variabil-

ity [ σ (%)] about the average values of NmE and NmM2 were within

the 4–8% range. We conclude that, while ionospheric layer magni-

tudes at Earth and Mars change by ∼50% from solar cycle max-to-

min epochs, their variability about average values remained rela-

tively constant during changing solar cycle conditions. We now ap-

ply such methods of variability characterization to the ionosphere

of Saturn. 

3. Ionospheric variability on giant planets 

3.1. Description of observations and data processing 

Since 1979 there have been three missions to fly by Saturn and

one to orbit the planet. In each case, radio occultation experiments
ROX) were conducted to observe plasma densities within Saturn’s

onosphere. The fly-by occultations were acquired in 1979 by Pi-

neer 11 with both ingress and egress measurements, by Voyager

 (with ingress only) in 1980, and then both ingress and egress

easurements by Voyager 2 in 1981. These five initial N e (h) pro-

les (summarized in Atreya et al., 1984) somewhat startled the

cience community studying outer planet ionospheres — both by

heir low magnitudes, and even more so by their variability. For

ur purposes, they yielded a total of five data points under high so-

ar flux conditions for S2-layer maximum electron density (NmS2)

nd total electron content (TEC), with specific dates, local times,

olar zenith angles, solar fluxes and latitudes. Starting in 2005, a

ew and much anticipated flow of ROX profiles came from the

assini Mission to Saturn. These resulted in 59 additional N e (h)

rofiles from which the same set of parameters were obtained

 Kliore et al., 2014 ). Table 1 summarizes the dates of all 64 ROX

easurements, together with the “rotated sun dates” as described

bove. 

Vertical ionospheric electron density profiles at the giant plan-

ts are significantly more structured than at the terrestrial planets

or currently unknown reasons. It is not always straightforward to

dentify a “main” ionospheric region at Saturn (the S2-layer). For

onsistency we always use the maximum electron density from

ach radio occultation profile as the representative value of NmS2,

egardless of its altitude. 

Following the methods described above for organizing obser-

ations of the martian ionosphere, the N e (h) profiles from Saturn

ere adjusted in identical ways—thereby enabling their compar-

sons with Earth’s ionosphere. These transformations lead to equiv-

lent values for maximum electron density (NmS2) and TEC at Sat-

rn’s average orbital distance (9.582 AU) as follows: 

1) Under PCE conditions, NmS2 and TEC are inversely proportional

to distance from the Sun and thus the correction of an obser-

vation from Saturn’s elliptical orbit to its mean circular orbit is

carried out by 

N mS2 ( 9 . 582 AU ) = N mS2 ( d Sat ) ∗ d Sat 

9 . 582 AU 

(3)

where d Sat is Saturn’s distance from the Sun in AU. The same

correction is made for TEC. At Saturn’s relatively large distance

from the Sun the magnitudes of such adjustments are rather

small (typically a few percent). 

2) The solar proxy F 10.7 is similarly corrected to Saturn’s average

orbital distance from observations made at 1 AU: 

F 10 . 7 ( 9 . 582 AU ) = 

[
F 10 . 7 ( 1 AU ) ∗

(
1 

9 . 582 AU 

)2 
]

(4)

3) The final adjustment needed for analyses to be conducted be-

low is to take into account the fact that ionospheres at Earth

and Mars do not change as dramatically on a day-to-day ba-

sis as the Sun’s F 10.7 radio flux can ( Richards et al., 1994;

Mendillo et al., 2013 ). To account for this “sluggish” effect,

Richards et al. (1994) introduced the practice to have a daily

value of F 10.7 weighted equally with the three solar rotation

(81-day) average centered on that day. 

F e f f = 

F 10 . 7 + 〈 F 10 . 7 〉 81 −day 

2 

(5)

We assume the same relatively slow response at Saturn and

ontinue to use Eq. (5) . 

.2. Ionospheric morphology and variability at Saturn 

The database for analysis resulting from the above methodology

s depicted in Fig. 2 . For each panel, data are displayed on the left

howing 64 distinct data points. Each panel is then summarized
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Fig. 1. Correlation of average daily sub-solar point values of NmE at Earth (1 AU) and NmM2 at Mars (1.524 AU) over the period 1 November 2001 to 9 June 2005. Periods 

A, B and C are characterized by the mean solar radio flux index at 1 AU being 170, 130 and 100 units (after Fig. 3 in Mendillo et al., 2016 ). 

Table 1 

Observation dates and Rotated-Sun-Dates for the Saturn ionosphere. 

Date of measurement Rotated Sun date (Earth) Date of measurement Rotated Sun date (Earth) 

D M Y D M Y D M Y D M Y 

1 9 1979 14 9 1979 16 6 2008 24 6 2008 

1 9 1979 14 9 1979 16 6 2008 24 6 2008 

12 11 1980 2 11 1980 23 6 2008 1 7 2008 

26 8 1981 6 9 1981 7 7 2008 16 7 2008 

26 8 1981 6 9 1981 7 7 2008 16 7 2008 

3 5 2005 11 5 2005 1 11 2009 22 10 2009 

3 5 2005 11 5 2005 1 11 2009 22 10 2009 

21 5 2005 30 5 2005 20 11 2009 11 11 2009 

21 5 2005 30 5 2005 9 12 2009 1 12 2009 

8 6 2005 18 6 2005 9 12 2009 1 12 2009 

26 6 2005 8 7 2005 26 12 2009 20 12 2009 

26 6 2005 8 7 2005 26 1 2010 22 1 2010 

15 7 2005 28 7 2005 26 1 2010 22 1 2010 

2 8 2005 20 7 2005 27 4 2010 30 4 2010 

2 8 2005 20 7 2005 27 4 2010 30 4 2010 

20 8 2005 8 8 2005 18 6 2010 25 6 2010 

5 9 2005 26 8 2005 18 6 2010 25 6 2010 

17 9 2006 6 9 2006 24 7 2010 2 8 2010 

10 5 2007 16 5 2007 2 9 2010 13 9 2010 

10 5 2007 16 5 2007 1 8 2011 9 8 2011 

11 6 2007 20 6 2007 1 8 2011 9 8 2011 

28 6 2007 8 7 2007 5 6 2012 9 6 2012 

24 10 2007 15 10 2007 12 8 2012 20 8 2012 

24 10 2007 15 10 2007 12 8 2012 20 8 2012 

19 12 2007 14 12 2007 2 9 2012 12 9 2012 

19 12 2007 14 12 2007 5 1 2013 28 12 2012 

15 1 2008 12 1 2008 31 1 2013 25 1 2013 

8 2 2008 7 2 2008 25 2 2013 21 2 2013 

17 5 2008 23 5 2008 10 5 2013 11 5 2013 

17 5 2008 23 5 2008 20 5 2013 22 5 2013 

1 6 2008 8 6 2008 31 5 2013 2 6 2013 

1 6 2008 8 6 2008 31 5 2013 2 6 2013 
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Fig. 2. Distribution of the 64 Saturn ionosphere data points in time (left) and their occurrence distributions (right). In the top panel, maximum electron densities (NmS2) are 

shown. Note that five of these data point come from the Pioneer-Voyager epoch (open diamonds) and the others are from Cassini observations (crosses). Two of non-Cassini 

peak density values have approximately the same value over-plotted at 10 4 e −/cm 

3 . The remaining panels show total electron content values, solar zenith angles, solar cycle 

conditions shown by the solar radio flux (F10.7) at 1 AU, the altitudes of the NmS2 values, and the latitudes of the observations. Below the graphs, five epochs are indicated 

by (a) through (e) that summarize the Pioneer-Voyager period versus four “occultation seasons” during the Cassini era. These are treated in analyses described later in the 

paper. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

dwell on altitude issues. 
using its histogram distribution on the right. There are several key

points to notice in the panels, top to bottom, that describe param-

eters observed versus time spanning nearly 40 years. 

• The peak electron density and TEC values from the Pio-

neer/Voyager era occurred during solar maximum years (1979–

1981). Their high values are roughly in the same domain of

high magnitudes found during Cassini’s era of reduced solar

flux values. This in itself suggests that variability in Saturn’s

ionosphere is not as dependent on solar irradiance as found in

the inner solar system. 
• Solar Zenith Angles (SZA) values are all greater than 80 ° and 29

data points are greater than 90 °. This is due to the geometry of
the Sun-Saturn-Earth system, which limits spacecraft-to-Earth

occultation observations to the planet’s solar terminator. 
• In the F 10.7 panel, three points (versus 5) appear because each

of the two Voyager ROX experiments occurred on the same cal-

endar day. All solar maximum results thus come from these

points only. All Cassini era data are for lower solar flux con-

ditions. 
• The altitudes of peak electron density found during solar maxi-

mum years are not particularly different from those found dur-

ing lower solar flux years. In our analyses below, we will not
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Fig. 3. Variations in Saturn’s ionosphere as characterized by (a) the observed absolute magnitudes of maximum electron density (NmS2), (b) the altitudes of maximum 

density (h max ), and (c) total electron content (TEC). The data have been split into three latitude bins (after Kliore et al., 2014 ), separated by dashed lines. The statistical mean 

within each latitude regime is indicated by a square with 1-sigma standard deviations shown. 
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• The planetographic latitudes sampled during solar maximum

years are also not significantly different from those found dur-

ing the Cassini era. 
• Below the time axis, periods of “occultation clusters” (‘a’

through ‘e’) refer to the Pioneer/Voyager era (a), and four “ROX

seasons” of Cassini data (b) to (e). There are no obvious differ-

ences between these data clusters other than solar flux values. 

.3. Characterization of variability 

In an attempt to find latitude patterns from the limited set

f Cassini’s radio occultation experiments, Kliore et al. (2014) in-

roduced a format of portraying N e (h) parameters versus absolute

alues of latitude, rather than separate hemisphere distributions.

e adopt the same approach and show in Fig. 3 the 64 values

f maximum electron density (NmS2), height of maximum den-

ity (h max ), and TEC within three latitude domains: 0 °—20 °, 20 ° –

5 °, and 55 °—90 °. The trans-equatorial-latitude results show the

owest average values for NmS2, h max and TEC. The largest aver-

ge values appear in the highest latitude range. These patterns for

agnitudes of peak electron density and TEC are dominated by the

9 values from Cassini and summarize a trend noted earlier (Nagy

t al., 2006, 2009; Kliore et al., 2009)—namely, a noticeable de-

arture from the anticipated morphology that sub-solar conditions

ould exhibit the most robust ionosphere. The proposed resolution

f this low-latitude anomaly came from modeling: the introduction

f enhanced chemical loss rates due to an influx of water from the

ings and icy moons (Moses and Bass, 20 0 0; Moore et al., 2010 ).

ere we do not concentrate on the issue of NmS2 magnitudes, but

ather on the variability about average behavior, a topic explored

n neither statistical nor modelling studies to date. 

Table 2 summarizes the numerical results depicted in Fig. 3 . The

atterns of central interest are the standard deviation (one-sigma)

ariability values computed in percent with respect to the mean
alues for peak density and TEC in each latitude region. Given the

mall values of peak density and TEC at low latitudes, their stan-

ard deviations in percent are larger (84% and 97%) than those

omputed at mid-latitudes (54% and 36%) and high-latitudes (44%

nd 40%). 

The high σ (%) values for Saturn’s ionosphere are significantly

arger than the typical < 10% variability values found for the molec-

lar ion layers at Earth and Mars (and also for the ∼20–25% values

or the atomic ion F2-layer at Earth). Such numbers suggest that

echanisms other than basic PCE are the dominant ionospheric

ormation and control processes at Saturn. To show this quantita-

ively, we will form NmS2 and TEC patterns versus solar flux, and

hen apply to Saturn the analysis methods for “same-solar-flux”

omparisons described above for Earth and Mars. 

.4. Comparisons with PCE parameters 

As shown in previous studies of photochemical equilibrium

PCE) conditions, electron densities depend on the ionizing solar

adiation as well as the solar zenith angle. Using Eqs. (3) , (4) and

5) , correlations at 9.582 AU should be as 

mS2 or T EC ∝ 

√ 

F e f f ∗ cos ( SZA ) (6) 

The Saturn radio occultation experiments all occur close to (or

eyond) the solar terminators at dawn and dusk. With SZA > 90 °,
se of cos(SZA) becomes non-physical. Moreover, 56 of the 64 total

oints have SZA greater than 85 °. Rather than delete the 29 values

ith SZA > 90 ° and use those between 85 ° and 90 °, we simply set

ZA = 85 ° for all cases of SZA > 85 °. The results are shown in Fig. 4 ,

ith the 29 values for SZA > 90 ° converted to 85 ° shown in red.

otice that this adjustment affects all three data sources—Pioneer

nd Voyager (diamonds) and Cassini data (crosses). 

The results in Fig. 4 are far from an impressive display of

CE conditions. As anticipated from Fig. 2 , the five pre-Cassini
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Table 2 

Latitude bin averages and their standard deviations [ σ (%)] for maximum electron density (NmS2), total electron content (TEC) and peak altitude (h max ), as illustrated in 

Fig. 3 . 

Latitude Bin NmS2 stddev % of TEC stddev % of h max stddev % of 

〈 average 〉 (# of obs) (e −/cm 

3 ) (e −/cm 

3 ) % of avg (10 10 e −/cm 

2 ) (10 10 e −/cm 

2 ) avg (km) (km) avg 

low 〈 6.0 °〉 (30 pts) 6461 5441 84.2 80 77.6 97.1 1767 482 27.3 

mid 〈 34.3 °〉 (18 pts) 7720 4151 53.8 123 44.6 36.3 2280 521 22.9 

high 〈 65.3 °〉 (16 pts) 15,771 6962 44.1 311 124.0 39.8 2353 273 11.6 

Fig. 4. Saturn ionosphere correlation between peak electron density (N m S2), solar flux proxy (F eff), and SZA at the mean orbital distance of 9.582 AU. The linear correlation 

coefficient is 0.06, with the line shown is NmS2 = 0.07 
√ 

( F eff
∗ cos(SZA)) + 0.07 [units = 10 5 e −/cm 

3 ]. The cutoff at 0.25 units along the horizontal axis results from setting 

SZA > 85 ° to 85 °. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 

Terrestrial ionosonde sites providing data on the 43 common days of 

ROX observations at Saturn. 

Station Latitude ( °N) Longitude ( °E) Missing days 

Boulder 40.02 -105.27 3 

Brisbane -27.53 152.92 10 

Grahamstown -33.31 26.53 11 

Point Arguello 34.58 -120.65 20 

Wallops Island 37.88 -75.44 9 

e  

o  

a  

e  

d  

a  

g  

p  

s  

l  
data points determine the totality of solar maximum samples, and

their average provides the mild slope and weak correlation shown.

Omitting the pre-Cassini points results in a correlation coefficient

of −0.19. To search for optimal correlations, we conducted sev-

eral studies using sub-sets of data (e.g., latitude bins, dawn versus

dusk). No improvement in linear correlation coefficient occurred

for any method tried at low latitudes, but a positive trend was

found for middle and high latitudes. These are shown in Fig. 5 ,

with linear correlations coefficients of 0.50 for peak density and

0.35 for TEC. These results assert a modest conformity of Saturn’s

ionosphere with PCE conditions at latitudes where influxes of wa-

ter do not dominate the recombination chemistry ( Moore et al.,

2006a; 2010 ). 

3.5. Comparison with Earth 

Encouraged by the results of the “same-solar-condition-days”

analyses conducted between Earth and Mars (shown in Fig. 1 ),

we attempted the same approach for Saturn. With far fewer data

points at Saturn, the situation is made even worse due to the fact

that radio occultation experiments have both ingress and egress
xperiments on the same calendar day (whether a fly-by mission

r by Cassini in orbit). This results in the 64 measurements used

bove (see Table 1 ) to be reduced to 43 days of observations. For

ach of these 43 days, measurements at Earth on the “rotated sun

ate” are needed. To do so, we selected five ionosonde stations

t mid-latitudes from both hemispheres (see Table 3 ) that have

ood reporting rates for daily observations. To assess the E-layer

atterns under optimal conditions, we conducted our initial analy-

is using mid-day observations (to be shown in Figs. 6 and 7 , be-

ow). Then, for comparisons with Saturn’s radio occultation data
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Fig. 5. Saturn’s peak electron density (NmS2) and TEC versus PCE parameter ( Eq. (6 )) for observations at dusk and at mid/high latitudes (20 °−90 °). The best fit linear 

equations and their correlation coefficients (CC) are: NmS2 = 0.42 
√ 

( F eff
∗ cos(SZA)) + 0.06 [units = 10 5 e −/cm 

3 ], CC = 0.50; TEC = 7.39 
√ 

( F eff
∗ cos(SZA)) + 0.04 [units = 10 12 

e −/cm 

3 ], CC = 0.35. 
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 Fig. 8 ), we used E-layer observations made close to solar termina-

ion times. 

For our initial E-layer analysis, we selected the three hourly ob-

ervations spanning mid-day (11:0 0–13:0 0 local time) for the re-

ection frequencies of the E-layer (f o E), converted them to plasma

ensities, and computed one “mid-day average” ( < NmE > ) for

ach station. Instrument problems did result in some missing days

t several stations, and thus the total number of possible mid-day

alues (5 stations x 43 days = 215 station-days) was reduced to a

otal number of 162 data points (see Table 3 ). To compare these

ith observations at Saturn, we first used the terrestrial versions

f Eqs. (3, 4 and 5 ) to arrive at values at 1AU. This comparison of

 NmE 〉 with PCE drivers is shown in Fig. 6 . 

The results shown in Fig. 6 reveal that the magnitudes of peak

lectron densities in the E-layer (1–2 × 10 5 e −/cm 

3 ) at mid-day are

omewhat larger than an order of magnitude different from the

lobal near-terminator average ( < NmS2 > = ∼1 × 10 4 e −/cm 

3 ) of

aturn’s S2 layer (see top panel of Fig. 2 ). This is approximately the

xpectation from PCE theory if a molecular ion ionosphere were

oved from 9.582 AU to 1AU (i.e., by the 1/d correction shown in

q. (3 )) and the local times adjusted by solar zenith angles. This

alidates, in the most general way, that the global ionosphere at

aturn has peak electron densities governed by basic solar produc-

ion and chemical loss. 

The low correlation (0.32) of the terrestrial E-layer with its PCE

rivers, as shown in Fig. 6 , is an unanticipated finding. The solar
ux values used in this analysis come from the very strong solar

aximum years of 1979–1981 and the weak solar cycle periods of

005–2013 (see Fig. 2 ). Changes in the neutral atmosphere also oc-

ur over solar cycle time spans, and these include thermal expan-

ion/contraction and changes due to waves and tides. Yet, the PCE

q. (6) only takes into consideration solar photon drivers. Given

hat day-to-day variability is present in any ionosphere, spot com-

arisons of data points spanning decades might well lead to spuri-

us results. 

To explore PCE trends over the longest time span of observa-

ions of Saturn’s ionosphere, we use the “radio occultation epochs”

ndicated by the letters ‘a’ through ‘e’ at the bottom of Fig. 2 . We

veraged the data at Saturn during each epoch resulting in a total

f five data points for NmS2 and TEC. These results are shown in

ig. 7 (a, b). Clearly, it is difficult to suggest that a trend appears

n the Cassini era observation—the correlations of 0.50 and 0.53

oming entirely from the single Pioneer/Voyager era data point.

or the five ionosonde stations at Earth, however, the same five

pochs yielded a total of twenty-two (out of a possible twenty-

ve) 〈 NmE 〉 values (i.e., due to data losses noted in Table 3 ). Their

orrelation with the PCE driver parameter is given in Fig. 7 (c). The

uch higher correlation coefficient (0.84) from such broad tempo-

al averaging methods points to the anticipated long-term consis-

ency of the terrestrial E-layer with its solar PCE drivers. Note, in

articular, that all five data points for the Pioneer/Voyager epoch

re clearly above those from the Cassini era. 
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Fig. 6. Observations from five ionosonde stations at Earth for mid-day average values of NmE correlated with the PCE parameter ( Eq. (6 )). The best-fit linear relationship is 

NmE = 0.05 
√ 

( F eff
∗ cos(SZA)) + 0.98 [units = 10 5 e −/cm 

3 ], CC = 0.32. 
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Our ultimate analysis goal—to obtain the Saturn–Earth version

of Fig. 1 for same-solar-condition-days at two planets—can now be

conducted. The protocol adopted uses the rotated-sun method to

identify the dates to compare, makes the 1/d corrections to form

values for equivalent circular orbits (1.0 and 9.582 AU), and se-

lects fixed solar zenith angles to use (e.g., the SZA = 0 ° points were

used in Fig. 1 ). For the Earth-Saturn pair, all of the Saturn obser-

vations were made very close to solar terminator conditions, and

thus for the Earth’s ionosonde data we selected the hourly value

closest to SZA = 85 ° to provide comparable conditions. The results

for Saturn’s NmS2 and Earth’s 〈 NmE 〉 are shown in Fig. 8 . Obvi-

ously, given the poor correlations between Saturn’s ionosphere and

its solar drivers explored in considerable detail above, the resul-

tant Earth-Saturn correlations were not expected to be high. As

Fig. 8 shows, they actually have an anti-correlation (with a low

correlation coefficient of CC = −0.19). A separate analysis with data

converted to sub-solar conditions (SZA = 0 °) yielded no change to

this. Finally, recalling from Fig. 5 that the highest correlation be-

tween PCE drivers and Saturn’s peak electron density and TEC data

came from observations at middle and high latitudes in the dusk

sector, we found the correlation between NmE and NmS2 data for

those conditions to be only 0.29—far from an impressive optimiza-

tion. 

4. Modeling 

The analyses of observations described above all pointed to the

fact that Saturn’s ionosphere is a highly variable plasma with fluc-

tuations in peak density and TEC that far exceed those found at

Earth and Mars. These changes cannot be due to variability in
olar irradiance. Given that the S2-layer is embedded within a

ense thermosphere, PCE conditions must still dominate, and thus

ources of variability must be due to externally-imposed fluctua-

ions in chemistry or intrusions of dynamics to an extent not yet

nderstood. Here we approach this problem as a function of lati-

ude. 

.1. Source of variability at low latitudes: models of changing water 

ux 

Dating back to the original Pioneer 11 and Voyager measure-

ents, models of Saturn’s ionosphere have invoked an external

nflux of oxygenated particles in order to reduce modeled elec-

ron densities and thereby more accurately reproduce NmS2 (e.g.,

onnerney and Waite, 1984 ). In order to simplify terminology, this

nflux of external material is typically collectively referred to as

 “water flux”, though it may not come in as purely H 2 O. A wa-

er flux quenches Saturn’s ionosphere by converting long-lived H 

+ 

ons into short-lived molecular ions, which quickly dissociatively

ecombine with electrons thereby reducing the net plasma density.

sing the one-dimensional version of the Saturn-Thermosphere-

onosphere-Model (STIM), Moore et al. (2006a) demonstrated that

 water flux still provided the best match to early Cassini radio

ccultation observations. Further modeling of the effects of vari-

ble influxes of water on Saturn’s ionosphere was presented in

oore and Mendillo (2007) and Moore et al. (2010) . 

The water influx at Saturn is thought to be mostly due to a

ombination of two processes: a neutral source of water prod-

cts from the active cryovolcanic moon, Enceladus, and an ion-

zed source of charged oxygen particles from Saturn’s rings called
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Fig. 7. Correlation of solar PCE parameters with average ionospheric parameters at Saturn’s mean orbital distance (9.582 AU) and at Earth (1 AU) for the five radio occultation 

epochs at Saturn indicated in Fig. 2 . Panel (a) gives Saturn peak electron density average values, panel (b) gives TEC average values, and panel (c) gives epoch averages for 

< NmE > from ionosonde stations at Earth. 
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ring rain” (e.g., Connerney, 1986; Prangé et al., 2006 ). The neu-

ral source is predicted to be smoothly varying with latitude, with

 peak influx at the equator ( Jurac and Richardson, 2007; Cassidy

nd Johnson, 2010; Hartogh et al., 2011; Fleshman et al., 2012 ),

hereas ring rain is expected to vary strongly with latitude, de-

ending on the region of Saturn’s rings magnetically linked to the

onosphere. The strongest ring rain source of water is thought to

riginate from the inner edge of Saturn’s B ring (near 37S and 43 N

lanetocentric latitude; Northrop and Connerney, 1987; Ip, 1984 ;
 O’ Donoghue et al., 2013; 2017 ), though it is possible that some

ositively-charged dust grains may precipitate near Saturn’s equa-

or as well (e.g., Ip et al., 2016 ). 

It is reasonable to expect that there would be temporal as well

s spatial variations of water influx. For example, the Enceladus

lume neutral water source rate is variable by up to an order of

agnitude ( Smith et al., 2010 ), and is correlated with tidal stresses

 Hedman et al., 2013; Ingersoll and Ewald, 2017 ), though how this

ariability is translated into changing water fluxes in Saturn’s at-
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Fig. 8. NmE vs NmS2 for SZA = 85 °. With each of the ROX profiles at Saturn having the same calendar date for ingress and egress, we double-counted the terrestrial E-layer 

data for that date. The equation of the best fit linear correlation is NmE = −0.09 ∗NmS2 + 1.8 [units = 10 4 e −/cm 

3 ], with a correlation coefficient (CC) = −0.19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Simulation results for maximum electron density at Saturn (NmS2) as a 

function of water influx at low latitudes ( ± 20 °). The mean low-latitude NmS2 from 

spacecraft radio occultations is given by the solid black line, while dotted black 

lines indicate the full range of variability about the mean. Filled circles are taken 

from model runs used to create Fig. 5 of Moore et al. (2015) . 

s  

d  

J  

a  

o  
mosphere is not clear. An additional complication comes from cur-

rently unconstrained ionospheric chemistry: H 

+ can also be effi-

ciently removed from the ionosphere via charge exchange with H 2 ,

but only if H 2 is in the 4th or higher vibrational state. At present

there are no firm constraints on the H 2 vibrational populations in

Saturn’s upper atmosphere. 

From Table 2 , the variability of the NmS2 value in Saturn’s low-

latitude ionosphere is described by the standard deviation σ (1

sigma) value of ± 5441 e −/cm 

3 , corresponding to ± 84% about the

sample mean. [The mean value itself (6461 e −/cm 

3 ) has an error-

of-the mean of ∼15%, computed from σ / 
√ 

n, where n = number of

observations.] From the model calculations of Moore et al. (2015) ,

this NmS2 average electron density corresponds to a water flux

of ∼4 × 10 6 cm 

−2 s −1 . Variability of ∼ 84% about the mean NmS2

could be explained by a range of water flux from roughly (2 – 50) x

10 6 cm 

−2 s −1 . Fig. 9 shows model results demonstrating this range

of NmS2 magnitudes resulting from such a range of water influx

values. This leads us to conclude that if the rate of low-latitude

water influx varies by a factor of ∼25, either in time or in latitude,

then it alone can provide an adequate explanation for the large de-

gree of variability observed in Saturn’s low-latitude ionosphere. 

4.2. Sources of variability at high latitudes: models of changing 

auroral input 

Previous simulations using the general circulation model (GCM)

version of the Saturn Thermosphere Ionosphere Model (STIM) in-

vestigated effects of auroral input upon Saturn’s high latitude ther-

mosphere and ionosphere (Mueller-Wodarg et al.,2012). To exam-

ine the impact of short-term variability in the magnetosphere upon

the high latitude ionosphere, the auroral influx of 10 keV electrons

was “pulsed” to twice its regular value for the duration of 1 Saturn

hour (1/24th of the Saturn rotation period = 26 minutes). The re-
ult was an immediate increase (up to 60%) in local peak electron

ensity due to local electron impact ionization. As a result, local

oule heating caused a local thermosphere temperature increase

nd local upwelling in the thermosphere, similar to that seen

n Earth at high latitudes ( Rishbeth and Mueller-Wodarg, 1999 ).
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Fig. 10. Simulation of latitude structure for TEC at Saturn. The latitudinal variations are driven by variations in estimated water influx from Saturn’s rings ( Moore et al., 

2015 ), based on ground-based observations of ionospheric H 3 
+ emissions ( O’Donoghue et al., 2013 ). 
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he change in Saturn’s thermosphere involved a reduction in lo-

al H abundances by 5–10%. The effect of this neutral composition

hange on the ionosphere was found to be negligible on the time

cale of short term (day-to-day) variability. Thus, except for lati-

udes precisely below regions of strong energetic particle precip-

tation, the variations in Saturn’s high latitude ionosphere shown

n Fig. 3 remain unexplained. That is, it is unlikely that each ra-

io occultation observation at high latitudes occurred above an

uroral event. Auroral morphologies at Saturn have been studied

sing HST (e.g., Clarke et al., 2005; Nichols et al., 2009 ), ground-

ased telescopes ( Stallard et al., 2008a ), and Cassini ( Stallard et al.,

008b; Melin et al., 2011 ). While considerable variations occur

rom the equatorward edge of the auroral oval to across the po-

ar cap, there are no dramatic cases of equatorward excursions of

uroral storms—as often seen on Earth. 

.3. Sources of variability at middle latitudes: intrusions of 

ow-latitude and high-latitude sources of variability into 

id-latitudes 

While most model calculations have used a fixed latitude distri-

ution of water influx at low latitudes—with only the flux magni-

udes varying—the latitude distribution of water influx itself could

ary. This would introduce episodes of enhanced loss into the

id-latitude ionosphere. Moreover, with mid-latitudes subjected to

ring rain” processes as an additional (and variable) source or per-

urbation, ample mechanisms would seem to exist to account for

he mid-latitude variations depicted in Fig. 3 . 

A demonstration of the ring rain effect is given in Fig. 10 , which

hows modeled TEC versus latitude based on the water fluxes de-

ived in Fig. 8 of Moore et al. (2015) . Moore et al. (2015) es-

imated that, based on ground-based observations of H 3 
+ ring

ain signatures, the ring-derived water flux could vary by more

han an order of magnitude over only a few degrees of latitude.

he strong variations in TEC are matched by similar variations in

mS2, and they are driven primarily by the ring-derived water in-

uxes estimated from model comparisons with the latitudinal vari-

tions of H 3 
+ emissions ( O’ Donoghue et al., 2013; 2017 ). Note that

he Moore et al. (2015) simulations were performed for compar-

sons with a specific day of H 3 
+ observations (17 April 2011), and

herefore cannot be compared directly with the variations in elec-
ron density derived from the radio occultations summarized in

ig. 3 which were obtained over a wide range of seasonal and so-

ar conditions. Nevertheless, Fig. 10 illustrates that we can expect a

ignificant mid-latitude variability in electron density based solely

n estimates of ring-derived water influx. 

Thus, even if the Enceladus source of water influx occurred only

t low latitudes, and auroral input was confined to high latitudes,

he ring-rain source at middle latitudes could account for the ob-

erved variations in Saturn’s ionospheric peak electron density and

otal electron content. 

. Summary and conclusions 

We have conducted the first quantitative study of variations in

aturn’s ionosphere using all of the radio occultation experiment

ROX) profiles available from four satellite missions (Pioneer-11,

oyager 1 and 2, and Cassini). The primary data product from a

OX experiment is the electron density profile, N e (h). As was am-

ly documented in earlier studies of those profiles, the variations

n maximum electron density (NmS2) and total electron content

TEC = ∫ N e (h) dh] were surprisingly high. We have quantified this

ariability as a function of latitude and examined the main source

f variability usually associated with ionospheres in photochemi-

al equilibrium—changes in solar flux. Simulations using the Sat-

rn Thermosphere-Ionosphere Model (STIM) were used to probe

he role(s) of non-solar sources of variability. Our findings may be

ummarized as follows: (1) Saturn’s ionosphere is clearly not dom-

nated by solar flux to the degree found within the ionospheres of

arth and Mars; (2) some of the observed ionospheric variability

t Saturn may be explained by spatial and/or temporal variations

n “water” influx at low and middle latitudes; (3) ionospheric vari-

bility at high latitudes may be due to fluctuations in auroral input,

ut the spatial distribution of such effects is not included in cur-

ent models; (4) while we used only the NmS2 and TEC parame-

ers from ROX profiles, the degree of vertical N e (h) structure below

he height of maximum density is likely an indication that signifi-

ant additional variability may be driven by coupling between the

onosphere-thermosphere system and the deeper atmosphere be-

ow. 
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