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1. Introduction

With the ISS-NAC camera of the Cassini spacecraft,
we obtained photometric lightcurves of 25 irregular
moons of Saturn. The goal was to derive basic phys-
ical properties of these objects (like rotational periods,
shapes, pole-axis orientations, possible global color
variations, ...) and to get hints on their formation and
evolution. Our campaign marks the first utilization of
an interplanetary probe for a systematic photometric
survey of irregular moons.

The irregular moons are a class of objects that is very
distinct from the inner moons of Saturn. Not only are
they more numerous (38 versus 24), but also occupy
a much larger volume within the Hill sphere of
Saturn. Further, they are quite small: All but Phoebe
have sizes in the range ~40 km to ~4 km. Therefore,
they significantly contribute to the number, but not to
the overall mass of Saturn's moon system (< 0.01%).
Widely accepted is the hypothesis that many irregular
moons have joint progenitors and form "collisional
families". A comprehensive summary on Saturn's ir-
regulars is given by Denk et al. (2018) [1]. Earlier
summaries on all irregular-moon systems of the giant
planets can for example be found in [2], [3], or [4].

2. Lightcurves and rotation periods

All 9 known prograde and 16 of the 29 known retro-
grade Saturnian irregulars were observed over a wide
phase-angle range of ~2° to >125°. The average
observation distance for Cassini was in the order of
1.4-10" km, corresponding to a spatial resolution
below 80 km pxI ™, too low to resolve the irregulars
(except Phoebe). The brightness range during the
observations was between ~9.5 and ~16.6 mag
(Phoebe was occasionally brighter than ~6 mag). All
lightcurves but Phoebe's are mainly or exclusively
shape-driven and show 2-maxima/2-minima or
3-max/3-min patterns. An exception is a lightcurve of
Paaliag which shows pronounced 4-max/4-min.

The period range of all observed moons is between
~5.5h and ~76 h (— Table). The periods of all but

two prograde irregulars are slower than ~13 h, while
the periods of all but two retrogrades are faster than
~13 h. The fastest period (Hati) is much slower than
the disruption rotation barrier for asteroids (~2.3 h),
indicating that Saturn's irregulars may be rubble piles
of rather low densities, possibly as low as of comets.

Table: Rotational periods of 25 Saturnian irregulars

Moon Approx. size Rotational period
name [km] [h]

Hati 5 5.45 £ 0.04
Mundilfari 7 6.74 £ 0.08
Loge 5 6.9+0.1 ?
Skoll 5 7.26£0.09 (?)
Suttungr 7 7.67 £0.02

Kari 6 7.70+£0.14
Bergelmir 5 8.13+0.09
Phoebe 213 [5] 9.2735 + 0.0006 [6]
Fornjot 6 ~9.5 7?
Siarnaq 42 10.18785 + 0.00005
Narvi 7 10.21 £ 0.02
Tarvos 15 10.691 + 0.001
Skathi 8 11.10 £ 0.02
Ymir 19 11.92220 + 0.00002
Greip 5 12.75+0.35 (?)
Hyrrokkin 8 12.76 + 0.03
ljiraq 13 13.03+0.14
Albiorix 33 13.33£0.03
Bestla 7 14.6238 + 0.0001
Bebhionn 6 16.33 £ 0.03
Paaliaq 25 18.79 £ 0.09
Kiviug 17 21.97+£0.16
Erriapus 10 28.15+0.25
Thrymr 8 38.79+0.25 (?)
Tarqgeq 6 76.13 £ 0.01

Notes: Data are compiled from Tables 2 and 3 in [1], see
also [7]. Bold: These moons orbit Saturn progradely.

Other lines: Moons on retrograde orbits. The sizes (except
Phoebe) are calculated from absolute magnitude H [8] with
an assumed albedo A = 0.06; they may be uncertain by
—30% to +50% due to uncertain values of A (approx. £0.03)
and (to a lesser degree) of H (a few tenths of magnitude).
Question marks indicate that the period is uncertain; in
brackets that it is likely but not completely secure.



Some objects (Siarnaq, Ymir, Kiviug) show light-
curve amplitudes >2 mag at phase >60°. The Tarqgeq
period is within 0.5% of the 1:5 resonance of Titan's
orbit, raising the question of tidal influence.

3. Shape, binarity, pole, color

The number of lightcurve extrema gives hints on
basic shapes of the moons. Potential first-order "end-
member" shapes of Saturn's irregular moons are an
"ellipsoid" (2-max/2-min lightcurves even at higher
phase angles; e.g., seen at Kiviug, Erriapus, Hati, or
Bestla) and a "triangular prism" (3-max/3-min light-
curves also at lower phase as seen at Ymir, Siarnaq,
Hyrrokkin, and some others). Convex-shape models
of Ymir and Siarnag confirm this type of shape.

A possible interpretation of "triangular" convex
shapes is that these objects might be contact-binary
moons structured somehow similar to comet 67P/
Churyumov-Gerasimenko. Furthermore, symmetric
2-max/2-min lightcurves with large amplitudes at
low phase, slow rotational periods, plus other light-
curve structures qualify objects Kiviug, Bestla,
Erriapus, and possibly Bebhionn as binary-moon
candidates.

The pole-axis of Ymir points close to the south-
ecliptic pole, indicating a retrograde spin. For
Siarnag, an ecliptic lat/lon of 1,5 =98°/-23° + 15°
indicates that this moon experiences extreme seasons,
somewhat reminiscent of the regular satellites of
Uranus. For both moons, no hemispherical color vari-
ations could be detected on the surfaces.
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Figure: a-i* plot for Saturn's irregular moons.

Notes: Adapted from [1]. The inclination supplemental
angle i* ("orbit tilt") is defined as i* = 90° — |90°—i|. For
Phoebe, periapsis and apoapsis are also shown (yellow bar).
The bin "large" includes the 13 largest irregulars (separated
at H = 14.4 mag). Pale diamonds indicate moons not obs-
erved by Cassini (their rotational periods are unknown).

4. Patterns and correlations

Among Saturn's irregular moons, the orbital semi-
major axes a, the orbital senses of motion (pro-/
retrograde), the orbit tilts (i*), the object sizes, and the
rotational periods appear to be correlated to some
degree. The prograde objects are on average closer to
Saturn, on higher tilted orbits, larger in size, and
slower rotators than the retrograde moons (— Figure).

While the orbit stability is higher for retrograde
objects than for progrades very far away from Saturn
[9], a compelling physical cause for size and spin re-
lations to orbital elements is not yet known. We may
speculate that the progenitor objects had different
material densities, with Phoebe being a potential
source of one or several retrograde moon families.

5. Summary

The first ever photometric survey of irregular moons
with an interplanetary spacecraft was performed with
Cassini-Huygens. Disk-integrated observations of
25 irregular satellites of Saturn revealed that the ind-
ividual objects are very different from each other.
The data yielded rotational periods between ~% d and
~3d, and lightcurve amplitudes from 0.1 to 2.5 mag.
They support the hypothesis that the irregulars are of
low density and potentially cometary in nature.
Binary or contact-binary moons are not proven, but
may well be possible. Orbit (a, i) and physical
parameters (sizes, periods) appear to be correlated
non-randomly, the cause is unknown.
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Abstract

The Cassini Grand Finale gravity measurements, performed during May-July 2017, can shed light upon a
longstanding question - what is the nature of the flow beneath Saturn’s clouds? Answering this question has
important implications not only for the atmospheric dynamics, but also for the interpretation of the interior
density structure, composition, magnetic field and core mass. Strong zonal winds exist at the observed
cloud-level, forming a wide superrotating region with winds of nearly 500 m/s at the equatorial region, and
smaller scale jets extending to high latitudes, but whether these are superficial atmospheric structures or whether
they extend deeply into the interior is unknown.

While the low-degree even gravity harmonics, as measured by Cassini, are dominated by the shape and density
structure of the planet, the higher harmonics are found to be strongly influenced by differential flow and can be
used to decipher its structure. In addition, the odd harmonics can be used for this purpose as they reflect solely the
flow. Using Saturn’s cloud-level winds and a thermal wind balance we relate the flow to the gravity harmonics.
Then an adjoint based inverse model is used to determine the flow structure that gives the best fit between the
model calculated gravity harmonics and those measured by Cassini. We present a first-order estimate of the flow
structure based on the Cassini measurements, and discuss its implications to the planet’s interior structure.
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Abstract

To study the evolution of carbon on Titan, **C/**C =
89.7 £ 1.0 in methane should be compared to those in
the precipitating haze and sputtering/ion escape.
Calculations using the observed 2C/*C in the
photochemical products, their column rates of
condensation and  polymerization from the
photochemical model, and data on sputtering/ion
escape result in **C/**C = 88.5 + 3.0 for the total loss
of carbon. This loss of methane of 7 kg cm™ Byr™ is
probably replenished by outgassing/cryovolcanism of
methane clathrate hydrate CH4*5.75H,0 with the
above isotope ratio. Here we do not discuss some
problems associated with this explanation.

1. Introduction

Carbon has two natural isotopes with ?C/**C = 89.4
on the Earth. Methane is the parent carbon species on
Titan with mixing ratio decreasing from 5.7% near
the surface to 1.5% above the tropopause at 75 km.
Averaging a few measurements, the weighted-mean

12C/8C = 89.7 + 1.0 in methane on Titan (Nixon et al.

[1]). The methane lifetime is rather short on Titan,
~30 Myr. Nixon et al. [1] compared *C/°C in
methane with that in the outer Solar System and
evaluated the isotope fractionation in the loss of
methane on Titan. Using data of three photochemical
models, they concluded that methane was delivered
into Titan’s atmosphere 60-1600 Myr ago and its
amount exceeded the present value by a factor 4-70.
Mandt et al. [2] established an upper limit of 0.5 Byr
to the outgassing timescale. Here we will use
photochemical products to calculate the carbon
isotope fractionation on Titan.

2. Initial data and models

2C/BC in methane on Titan were measured using
mass spectrometers at the Huygens probe [3] and the

Cassini flybys [2] as well as the CIRS spectra of the
CH, bands:

Table 1. **C/*C in methane on Titan

L2c/8c Instrument Reference
91.1+14  Huygens/GCMS Niemann et al. [3]
88.5+14  Cassini/INMS Mandtetal. [2]
86.5+£8.2  Cassini/CIRS Nixon et al. [1]
89.7+1.0 Weighted-mean

From Nixon et al. [1].
2C/C in the outer Solar System are equal to

Table 2. *C/*C in the outer Solar System

2C/®C  Species  Object Reference

926+43 CH, Jupiter Niemann et al. [4]
91.8+8.1 CH, Saturn  Fletcher et al. [5]
904 CN comets Hutsemekers et al. [6]
91.3+2.7 all weighted-mean

924+54 CH, weighted-mean

Budget of methane in Titan’s atmosphere is given in
Table 3 based on our photochemical model [7]:

Table 3. Budget of methane on Titan [7]

Loss by photolysis  2.69+9 ki./k;3 =0
Loss by C,H + CH, 1.62+9 1.019
Other loss 5.29+9 ?
Total loss 9.60+9
Production 1.1349 ?
Flow from surface  8.47+9

7.09 kg cm™? Byr™
Residence time 32.4 Myr

2.69 +9=2.69x10°cm?s™,

Fractionation of carbon kj,/k 3 was calculated by Nair
et al. [8] for photolysis of methane and by Nixon et al.
[1] for the reaction C,H + CH; — C,H, + CHs.
Nixon et al. [1] adopted no fractionation in all other
processes. Their calculations are based on
comparison of ?C/*3C on Titan with that in the outer
Solar System using the above reaction as the only




fractionation process. Mandt et al. [2] analyzed 30
Cassini/INMS flybys and obtained the isotope
fractionation factor of methane escape at 0.736 *
0.045. Using the Cassini/INMS observations, De la
Haye et al. [9] evaluated the total loss of carbon from
Titan by sputtering and ion escape at (2.8 + 2.1)x10’
cm?s™,

3. Our model

The basic idea of our approach is to use '2C/**C
measured in photochemical products of methane
(Table 4) as a tool to understand the carbon isotope
fractionation.

Table 4. *C/*C in photochemical products on Titan

Species '2C/*C Instrument C+P?

CcO 89.9+34 ALMA [10] -

C,H, 848+32 CIRS [11] 3.12+8°
CHs 898+73 CIRS [11] 2.05+9
C/HH, 908 CIRS [12] 1.98+9
HCN 89.8+x28 ALMA [13] 1.47+8
HC,N 79 +17 CIRS [14] 1.13+9

CO, 84+17 CIRS [15] 1.78+6

All 88.3+1.8  weighted-mean (uncertainties)

All 88.3+3.0  wieghted-mean

# Condensation plus polymerization from table 1 and
4 in [7], in numbers of carbon atoms.

®3.12+8 = 3.12x10% cm?s™.

Usually the measured isotope ratios are weighted by
their uncertainties, and the weighted-mean *2C/*3C is
88.3 + 1.8. However, another important factor is the
contribution of each species to production of the haze
by condensation and polymerization. These data are
taken from the photochemical model [7]. The most
significant reactions of polymerization in the model
are

C4H; + C¢H — polymer; CR = 1.83x10% cm™s™
C4H, + C3N — polymer; 2.98x10°

C4H + HC3N — polymer; 1.49x10’

Here CR is the column rate, and we adopt that
2C/**C in C4H and C;N are equal to those in C,H,
and HC;3N, respectively. The calculated weighted-
mean carbon isotope ratio is 88.3 £ 3.0 in the haze on
Titan. Comparing with the isotope ratio of methane,
the haze is slightly enriched in heavy carbon. This
conclusion is opposite to that in [1] and agrees with
the recent laboratory simulations of Titan’s haze
(Sebree et al. [16]).

A minor correction for sputtering and ion escape
results is *C/3C = 88.5 + 3.0 for a source of methane

that compensate for its loss. That may be outgassing
and/or cryovolcanism of, say, methane clathrate
hydrate CH,*5.75H,0. However, there are some
difficulties associated with this explanation (see for
example [1]).

Another scenario with injection of, e.g., ten times the
present methane abundance ~300 Myr ago and its
gradual decrease by the photochemistry, results in
2C/®c = 87.1 + 7 for the injected methane.
Compared with the permanent outgassing, this
scenario is less favorable in both the assumption and
the result (the greater difference between the isotope
ratio and that in the outer Solar System). Another
scenario with a constant outgassing that started some
time ago is an intermediate case. Evidently its result
is intermediate as well.
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Abstract

Two systems of “Planetary Period Oscillations” (PPO)
are found in Saturn’s magnetosphere, associated with
the Northern (N) and Southern (S) hemispheres. In
all data sets (magnetic, radio, plasma), they display
an m=1 azimuthal wavenumber, rotating in the same
sense as the planet, albeit at subtly different periods
depending on the source hemisphere. Secular changes
in their period and relative amplitude are seen. An-
drews et al., 2010 produced a first “map” of the equato-
rial PPO magnetic field structure, but their results only
reflected the then dominant Southern system. Here, we
revisit this study of the structure of these oscillating
fields in the equatorial magnetosphere, to take account
of improved understanding of PPOs. We show up-
dated, completed “maps” of both the Northern, South-
ern and “Mean” magnetic field oscillation structures.
From these we compute field-aligned current densities.

1. Observations

Using a suitable guide phase, we determine the ampli-
tude and phase of the PPO fields from near-equatorial
Cassini magnetometer data by first removing the inter-
nal magnetic field of the planet, and then applying a
band-pass filter. The data are then grouped into spa-
tial bins on the equatorial plane, and amplitudes and
phases determined in each bin.

Field Amplitude (fit)

B; (Ta 2 t) = BiO(ra (P) CcoS [(I)(t) —p—1; (rv (,0)]

Guide Phase

Azimuth (LT) of Cassini

Spatial Phase (fit)

Framework for description of PPO fields.

In Figure 1 we show results determined using the
southern hemisphere guide phase at a particular instant
in the oscillation cycle. The overall picture is consis-
tent with that obtained by Andrews et al., [2010], with

distributed regions of upward and downward centered
at 12-15 Rg, evidenced by the sense of the curl in the
field vectors.

Figure 1: Plots of Saturn’s equatorial PPO field asso-
ciated with the southern hemisphere system.

In Figure 2 we use instead a guide phase appropriate
to the northern hemisphere system, and independently
obtain the structure of the equatorial PPO fields asso-
ciated with the second system of rotating currents. The
general structure is clearly very similar to that of the
southern system, with the sense of the parallel com-
ponent of the field (blue / red in the figure) reversed
as expected. Regions of upward and downard field
aligned current are found at broadly similar local times
(at this phase of the cycle), but are somewhat less well
resolved.



Figure 2: Plots of Saturn’s equatorial PPO field asso-
ciated with the northern hemisphere system.

2

Summary

. Full picture of the equatorial magnetic field os-

cillations assocaited with the PPO current system
obtained

. Southern hemisphere system essentially as re-

ported previously by Andrews et al., [2010]

. Equivalent northern hemisphere fields are as ex-

pected on the basis of the PPO current system de-
duced from higher-latitude Observations
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Abstract

Cassini, the most distant planetary orbiter ever
launched, arrived at Saturn in 2004. For the next 13
years, through its prime and two extended missions,
and over almost half a Saturnian year, this spacecraft
made astonishing discoveries, reshaping and
fundamentally changing our understanding of this
unique planetary system. Cassini sent back its final
bits of unique science data on 15 September 2017, as
it plunged into Saturn’s atmosphere, vaporizing and
satisfying planetary protection requirements.

During its last year of exploration, Cassini
completed its investigations of the Saturn system,
probed as-yet unsolved mysteries, observed seasonal
and temporal changes, and addressed new questions
that arose during the mission, some of which could
only be answered during the final, unique orbits
plunging between the rings and planet. Science
highlights and new mysteries gleaned from the Ring
Grazing and Grand Finale orbits will be discussed.

1. Key Mission Highlights

Titan, Earth-like world: Less than a year after
arrival, Cassini released Huygens, the European
Space Agency’s parachuted probe built to study the
atmosphere and surface of Titan. The Huygens probe
became the first human-made object to land on an
outer solar system moon. The probe’s descent
provided the first in situ measurements of
atmospheric temperature, pressure and composition,
and provided the first detailed images of the surface.
Huygens revealed Titan’s surface to be remarkably
Earth-like and other Cassini instruments also found
that Titan has many geologic processes reminiscent
of those on Earth. These processes generate methane
clouds and rain, build river channels, form lakes and
seas containing liquid methane and ethane, form
complex atmospheric hydrocarbons, and generate
dunes of hydrocarbon particles. Cassini also detected
a subsurface ocean on Titan.

Enceladus, an ocean world: Cassini’s
revolutionary findings at tiny Enceladus included icy
jets of material shooting from Enceladus’ four south

polar fractures, or “tiger stripes”, and a subsurface,
global, salty ocean containing organics, ammonia,
hydrogen, and silicates, with active hydrothermal
vents on its seafloor.  Cassini revealed an ocean
world that is potentially habitable. These discoveries
have fundamentally altered many of our concepts of
where life may be found in our solar system.
Enceladus is also the source of the E Ring and water
from its jets dominates the Saturnian magnetosphere.

Dynamic Rings: Cassini’s 13 years in orbit made
it possible to observe temporal changes in Saturn’s
dynamic ring system. The orbiter discovered
migrating propeller-like objects and unexpected ring
particle clumping, imaged the possible birth of a new
moon at the edge of the A ring, and observed one of
the most active, chaotic rings in our solar system,
Saturn’s F ring. Ring processes provide a laboratory
for how planets might form.

Saturn’s storms: Cassini discovered hurricane-
like storms centered at each pole. Around the north
polar hurricane is a long-lived hexagonal-shaped jet
stream that is two Earth diameters across. The source
of this six-sided jet stream still remains a mystery.
Cassini also provided multiwavelength coverage of a
great northern storm that began in 2010, the first of
its kind on Saturn since 1990. Within months, this
storm completely encircled the planet with a swirling
band of clouds and vortices, fading away nine
months later, shortly after the main vortex in its head
collided with one in its tail.

Saturn’s Internal Rotation Rate: Saturn’s
Kilometric Radiation (SKR) was first observed by
Voyager in the 1980’s and used to make an initial
calculation of Saturn’s internal rotation period.
However, when Cassini arrived at Saturn and
measured the SKR period, data from the radio and
plasma wave instrument showed that the variation in
radio waves was different in the northern and
southern hemispheres. Clearly the observations of
SKR were not coming from the interior but are an
atmospheric signal. It remained for magnetic field
measurements taken during the Grand Finale orbits to
attempt to solve this puzzle.

Many other fascinating discoveries were made by
the Cassini orbiter and Huygens probe that are the
subjects of numerous papers and books.



2. Cassini’s Final Orbits

Cassini’s ocean world discoveries required a mission
end that would not allow the spacecraft to impact and
potentially contaminate Saturn’s ocean worlds once
Cassini was out of fuel and could no longer navigate
the Saturn system.

Ring Grazing Orbits. In late 2016, a close flyby
of Titan changed Cassini’s trajectory to a series of 20
Ring Grazing orbits with peripases located within
10,000 km of Saturn’s F ring (Figure 1, gray orbits).
These orbits provided some of the mission’s highest-
resolution views of Saturn’s F ring, and A and B
rings, and prime viewing conditions for fine scale
ring structures such as propellers and wispy clumps
in the rings. They also included the closest flybys of
tiny ring moons, including Pan, Daphnis and Atlas,
and remarkable views of the Daphnis-created wave
on the edge of the Keeler gap. Plasma and dust
composition measurements were also conducted in
this region.

Grand Finale Orbits. In late April 2017, a final
close flyby of Titan propelled Cassini across Saturn’s
main rings and into its Grand Finale orbits. The
Spacecraft repeatedly dove between Saturn’s
innermost rings and upper atmosphere for 22 orbits
(Figure 1, blue orbits) attempting to answer
fundamental questions unattainable earlier in the
mission. The Grand Finale represented a brand-new
mission, exploring a region of the Saturn system that
was unexplored by any previous outer planet
spacecraft.

Saturn’s gravitational field was measured to
unprecedented accuracy, providing information from
which constraints on the interior structure of the
planet, winds in the deep atmosphere, and mass
distribution in the rings could be derived. Probing
the magnetic field provided insight into the physics
of the magnetic dynamo, the structure of the internal
magnetic field, the location of the metallic hydrogen

transition region and Saturn’s internal rotation period.

The Grand Finale orbits provided the highest
resolution observations ever of both Saturn’s C and D
rings and Saturn’s atmospheric weather layer. Direct
in-situ sampling of the ring particle composition and
the innermost radiation belts was also achieved. The
ion and neutral mass spectrometer sampled the
exosphere and upper atmosphere for molecules
entering and escaping from the atmosphere and
water-based molecules originating from the rings.

The cosmic dust analyzer directly sampled the
composition of ring particles from different regions
of the main rings for the first time.

Cassini’s Final Half-orbit. The last orbit turned
the spacecraft into the first Saturn atmosphere probe
with all of fields and particle instruments gathering
data as long as the spacecraft remained stable.
Approximately one additional scale height of
atmosphere was probed prior to loss of the radio
signal from the spacecraft.

Figure 1:
Grand Finale (blue) orbits. The last orbit (orange)
plunged Cassini into Saturn’s atmosphere.

Cassini’s 20 Ring Grazing (gray) and

3. Summary

Cassini-Huygens exploration of Saturn has yielded
13 years of unprecedented discoveries and answers to
many scientific mysteries, in addition to revealing
potentially habitable ocean worlds. The final phase of
the mission ended with the first in-situ exploration of
the region between the rings and planet.
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Abstract

Using the latest in-situ measurements of the
Langmuir probe (LP) part of the Radio &
Plasma Wave Science (RPWS) instrument
package onboard the Cassini spacecraft, we
analyse the electron density altitude profiles
of all the proximal orbits from the Cassini
Grand Finale.

Firstly, we study the electron density (n.) al-
titude (h) profile by comparing the northern
and the southern hemispheres. We construct
an average ionospheric profile in the north-
ern hemisphere and show a layered structure.
Similar layers were observed during the Fi-
nal Plunge of Cassini, where the main iono-
spheric peak is crossed at ~ 1550 km alti-
tude [1]. Secondly, from the ring shadow
signatures on the total ion current, we repro-
duce the A and B ring boundaries and con-
firm some of their optical properties. Further-
more, observed variable response of the iono-
sphere to the B ring shadow implies different
proton production rate and plasma transport
from the C-D rings [2].

1. Electron density altitude
profile model

We show in Figure 1-a the consecutive h, n,
profiles of all the proximal orbits measured
by the LP and for some cases estimated from
the plasma wave frequency characteristics
of the RPWS investigation. The black line
represents the averaged topside ionospheric
profile up to 5500 km. As one can see, it
exhibits a layered structure with distinct
regions denoted by P (h > 4000km),
D (2200km < h <4000km) and C
(h < 2200 km). Region P, which we
interpret as the inner part of the plasma-
sphere, is characterized by near-constant
n. values with respect to altitude before it
starts to increase around 4500 km. Region
D represents a diffusive equilibrium region,
it is highly variable and structured. Region
C, which is a chemical equilibrium layer, is
more stable and regular and dominated by
heavy ions [3, 4].

In Figure 1-b, we present the “Final
Plunge” orbit. One can clearly relate the three
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Figure 1: (a) The averaged h, n. profile (dark
blue curve) over all the proximal orbits (pur-
ple curves) in the northern hemisphere. (b)
The h, n. profile of the Final Plunge or-
bit. The color code shows the corresponding
magnetic L-Shell values.

different ionospheric regions highlighted in
the averaged profile. The color code corre-
sponds to the magnetic L-Shell values and
shows that region D maps well inside the in-
ner edge of the D ring. This implies that
the observed irregularities density profiles in
layer D not connected to features in the rings.
The red lines represent the estimation of the
plasma scale height by fitting with an expo-
nential curve for each of the regions P, D and
C. Last but not least, during the Final Plunge
orbit the LP have revealed a density peak of
~ 1.5 x 10* cm ™ around 1550 km, which we
interpret as the “main peak” of the Kronian
ionosphere.

2. A and B ring shadowing
effects

As Saturn’s northern hemisphere experienced
summer during the Grand Finale, the planet’s
northern dayside hemisphere and its rings
were fully illuminated by the sun. However

the southern hemisphere was partly obscured
because of the shadows cast by the A and B
rings, which are opaque to the Extreme Ul-
traviolet (EUV) solar radiation. As a con-
sequence, this caused noticeable decrease in
the amount of ionization in the southern por-
tion of the ionosphere which was clearly ob-
served by a decrease in the total DC ion cur-
rent (Ipc4t) collected by the LP (blue curve
in Figure 2).

Z[Rs]

VX2 +Y? [Rs]

Figure 2: Example of one proximal orbit
(Rev 276) passing between Saturn (in black)
and the rings (green rectangles). The blue
curve represents the total DC current for neg-
ative bias voltage projected on the orbit.

As is shown in Figure 2, considering a so-
lar elevation angle of 26.3°, we project the
outbound slant passes (larger for local times
away from noon) onto the ring plane, and
compare the observed projected boundaries
of the shadowed regions (blue dots) with the
ring boundaries.

In Figure 3 we summarize the distances
from Saturn of the observed starting and end-
ing points of the shadows compared with the
A and B ring boundaries (black dashed lines).
The color code represents the total DC cur-
rent. Based on the current values, we con-
sider the LP in complete shadow when the
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Figure 3: Summary of the observed inner and
outer edges of the shadows casted by the A
(triangle and square respectively) and the B
rings (circle and diamonds respectively). The
dashed black lines represents the inner and
outer boundaries of the A and B rings.

collected current is below the photoelectron
level (< 0.7 nA) or around the noise level
(0.1nA). As one can see, the observed edges
of the shadow cast by the A ring (squares
and upward triangles) match very well with
its boundaries. Regarding the B ring, the ob-
served outer edges of the shadow (Diamonds)
match the outer edge of the ring consistently
from one flyby to another. However this is
not the case for the inner edges of the shadow
(circles), they are neither uniform nor match-
ing the B ring inner boundary. For each orbit,
we represent by a downward triangle the dis-
tance at which Ipc . starts to decrease and
by a circle the distance at which the LP is
shadowed by the B ring (Ipc ot ~ 0.1nA).
For most the flybys, Ipc o Starts to decrease
around the inner edge of the B ring.

The observed variations in the starting point
of the B ring shadow around 4000 km, for
distances outside 1.65 R;, could be related to
the changes of the proton production rate re-
sulting in different responses of the molecular
hydrogen to the shadowing effect. Further-

more, plasma transport processes from/to the
rings could also inhibit the shadowing signa-
ture from the B ring.

3. Summary

This study has provided detailed analysis of
the Kronien topside ionosphere by evidenc-
ing a layered structure with at least a diffusive
and chemical equilibrium regions. Moreover,
based on the observed A and B ring shad-
ows we could study the reponses of the iono-
spheric plasma in the absence of the sunlight
as an ionization source.
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Abstract

The Cassini Orbiter measured the upper atmosphere
and ionosphere of Saturn in 2017. Molecular
hydrogen and helium were the major neutrals seen by
the Ion and Neutral Mass Spectrometer (INMS) but
important minor species were also seen including
water, methane, ammonia, and organics. INMS in its
ion mode measured light ion species (H', H2*, Hs™,
He") and the Radio and Plasma Wave Science (RPWS)
instrument measured electron densities in the
ionosphere. The spacecraft (s/c) velocity with respect
to Saturn during the proximal orbits was 31 km/s,
which corresponds to 25 times higher kinetic energy
per nucleon for incident molecules than during the
Titan encounters. Heavier neutral species, or even
grains, break up in the closed source antechamber at
these speeds and INMS ion measurements were
limited to species with mass numbers less than 8
Daltons (i.e., only lighter ions). The chemistry and
dynamics of Saturn’s ionosphere will be discussed
using Cassini data and simple theory.

1. Photochemical Analysis

Photochemistry plays a key role in the main
ionospheric layer of Saturn. Analysis shows that
photoionization of molecular hydrogen is the main
source of plasma. The Hz" ions produced react with
H: to produce Hs* and Hs" ions can dissociatively
recombine. But theoretical H* and Hs" densities
greatly exceed the measured densities unless another
chemical loss process is operating. A quantitative
explanation of the measured H" and Hs* densities
requires that they chemically react with one or more
heavy neutral molecular species that have mixing
ratios of about of 100 parts per million (Cravens et
al.,2018, and Moore et al., 2018). This is consistent
with the neutral measurements made by INMS
showing the presence in the upper atmosphere of

neutral species (e.g., methane) and/or grains thought
to originate in the rings (Waite et al.,2018 and Perry et
al., 2018).

A photochemical analysis of the INMS and RPWS
data indicates that the major ion species near the
ionospheric peak must be heavy and molecular with a
short chemical lifetime (e.g.,CH3").

2. Dynamical Analysis of the

Tonosphere

Photochemical lifetimes increase with increasing
altitude in the ionosphere whereas ion transport times
become shorter. Understanding the distribution of
ionospheric plasma requires the inclusion of transport
effects. INMS data shows that H* is the major ion
species in the topside Saturn ionosphere at high
altitudes, and RPWS data shows interesting structure
associated either with altitude and/or latitude. During
one of the Cassini proximal orbits energy scans were
performed using the INMS ion optics which allowed
H" flow speeds along the spacecraft track to be
measured. This data will be presented and shows a
flow along the magnetic field from the northern
hemisphere to the southern hemisphere.

A simple numerical dynamical model of the
ionosphere is used to interpret INMS and RPWS data.
Single species fluid equations are numerically solved
along magnetic field lines and the model includes
chemical production and loss, and ion-neutral
collisions. The effects of ring shadowing (Hadid et al.
2018) are included in the model and are necessary to
explain the data.
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Abstract

Titan, the enigmatic large moon of Saturn, is the
unique satellite of the solar system surrounded by
a dense atmosphere. In polar regions, lakes and
seas of liquid hydrocarbons have been discovered by
Cassini/Huygens mission. Thanks to the analysis of
radar data, acquired during numerous flybys, it has
been recently demonstrated that several liquid bodies
have their surfaces at the same equipotential. These al-
timetric determinations suggest strongly the existence
of a kind of subsurface connection between some lakes
or maria. In the present work, we investigate the prop-
erties of a possible alkanofer, made of a cryogenic lig-
uid mixture, trapped into a porous icy crust. We pay
particular attention to the fate of ethane, the main prod-
uct of atmosphere chemistry, in such a context.

1. Introduction

Titan, the main satellite of Saturn, is the only satel-
lite of the solar system possessing a dense atmosphere.
The latter, which composition is dominated by nitro-
gen and methane, habors a complexe chemistry ini-
tiated by the photolysis of these species. Among a
plethora of molecules, ethane dominates the products
of the atmosphere chemistry. Since the Voyager flyby,
the existence of liquid bodies at the surface of Titan
has been suspected. Thanks to its radar, which had
the capability of imaging the surface through the at-
mosphere opaque to visible light, the Cassini orbiter
instruments have revealed a collection of dark features
dotting the polar regions (Stofan et al., 2007; Turtle
et al., 2009). These geomorphological characteristics
are interpreted as lakes or seas (depending on their
size) of liquid hydrocarbons. These structures were
found at both poles and involve diameters up to more
than hundreds of kilometers.

Recently, Titan’s surface altimetry investigations have
shown that several Maria share the same equipoten-
tial for their free surface (Corlies et al., 2017; Hayes
etal., 2017). These new measurements suggest the ex-

istence of some local subsurface connectivity between
liquid bodies. The concept of alkanofer, analog of ter-
restrial aquifer, has been already proposed in the lit-
erature (Mousis et al., 2014, 2016). Such alkanofer
consists of a mixture of liquid hydrocarbons trapped
in a porous icy crust.

On the Earth, beside already mentioned aquifers,
“alkanofers” also exist and are called “hydrocarbon
reservoirs”, they contain petroleum and gases. For
many decades, field measurements have revealed a
wide range of compositional variation in these reser-
voirs. These variations are most of the time vertical
(Metcalfe et al., 1988), while horizontal cases are also
observed. In general, lighter hydrocarbon are found at
the top of the reservoir, while the heaviest molecules
are buried at the bottom of the system. The analysis
and modeling of such compositional grading is of pri-
mary importance for the oil and natural gases industry.
In the context of Titan, one may wonder whether such
a chemical stratification could appear within an alka-
nofer mainly composed by a liquid mixture of methane
and ethane, under Titan’s cryogenic conditions and
low gravity.

2. The Diffusion of Species through
Titan’s Alkanofer

Since the convection is often inhibited in hydrocarbon
reservoirs, the transport process at work is based on
diffusion processes. In the general case, the total dif-
fusion mass flux j; (kg m~2 s—1) of one of the two
components making a binary mixture, may be written
(Bird et al., 1960; Ghorayeb & Firoozabadi , 2000)
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Figure 1: Red line: the ethane mole fraction as a func-
tion of depth (z in m) for a semi-ideal model. Blue
line: the same thing for a non-ideal model based on
the equation of state PC-SAFT.

the Fickean diffusion coefficient (m? s~1) of species
(1) in a “bath” of species (2), M; and My the re-
spective molecular weights (kg mol~!) of involved
species (here: (1) CoHg and (2) CHy), while M is
the average molecular weight of the system: A =
z1My + (1 — x1)Ms. The fugacity, which mea-
sures non-ideal effects for a real gas, is represented
by fi. Adopting an usual notation, x; and V; are the
mole fraction of species (1) and its molar volume (m®
mol™1), P and T are respectively the local pressure
(Pa) and temperature (K). In the last term, the thermal
diffusion ratio k71 o (pure number) is a function of
a7 1,2 (pure number) the thermal diffusion coefficient
kri2=ari2zi(l—x1).

If in a first approach we neglect the effect of thermal
diffusion (third term in the right hand side of Eq. 1),
at the equilibrium (i.e. when X = 6)), the system to
be solved becomes

Olnfi|  Om _ o (o M)
Olnzy|py Oz TR\ ! P P gTitan @
oP
= —PYJTitan

9z

where Ox1/0z is the vertical gradient of ethane, and
gTitan the Titan gravity. The results of this first ap-
proach are gathered in Fig. 1, while the semi-ideal
model, i.e. neglecting almost all intermolecular in-
teractions, shows a massive enrichment in ethane 600
meters below the surface; the non-ideal model, based
on the equation of state PC-SAFT produces outputs
in which the mixture remains well homogeneous. By
adding a certain amount of dissolved nitrogen, we do
not change this result at all. The explanation of the
uniformity of ethane concentration could be the inter-
molecular interaction that “force” the molecules to re-
main mixed, letting the gravity having a purely negli-
gible influence.

3. Summary

In this presentation, we will discuss the influence of
factors that could alter the vertical gradient of ethane
in the possible Titan’s alkanofer. We will particularly
focus on the influence of temperature. Other species
will be also reviewed.
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Abstract

Throughout the Cassini mission, the Cassini
Composite InfraRed Spectrometer (CIRS) has
acquired thermal infrared spectra in limb viewing
geometry that we analyzed to map the temperature
and the meridional distribution of five hydrocarbons
from the lower to the upper stratosphere (10 mbar —
10 microbar). The exceptional longevity of the
Cassini mission enabled us to uniquely investigate
the seasonal and temporal changes over almost half a
Saturn year to reveal the dynamical and chemical
processes that govern Saturn’s stratosphere.

In this abstract we review our most important
findings: 1) the discovery of an equatorial oscillation
in temperature and thermal wind, along with the
study of its evolution ; 2) thermal and chemical
signatures of the meridional circulation in the
middle/upper stratosphere and 3) the detection of
benzene and hydrocarbon aerosols in the polar
regions, likely produced by ion chemistry in the
auroral regions.

1. Cassini/CIRS limb observations

The Composite InfraRed Spectrometer (CIRS)
recorded spectra of the thermal emission of Saturn’s
atmosphere in nadir and limb-viewing geometry [1].
We exploited data acquired by Focal Planes 3 and 4
(FP3 and FP4), which covered the spectral range
580-1400 cm™ with a spectral resolution varying
between 0,5 and 15 cm™. In limb viewing geometry,
the 2x10 detector arrays of FP3 and FP4 were set
perpendicular to the limb of the planet, so that each
detector probed a different tangent altitude. The
projected field of view of one of these detectors was
typically 50 to 90km, which is of the order of the
atmospheric scale height (~60 km). Hence, the
strength of the limb observations was to probe the
atmosphere with a much greater vertical coverage
and resolution than the nadir-viewing data.

Furthermore, in limb geometry, the long atmospheric
path favored the detection and measurement of trace
species in the middle stratosphere.

2. Data analysis

We employed the forward radiative transfer model
coupled to the bayesian inversion method described
in [3] to retrieve vertical temperature profiles from
the analysis of the v4 methane band (1200-1370 cm™)
and of the H,-H, and H,-He collision-induced
emission (590-660 cm™). These temperature profiles
are constrained between 20 mbar and a few pbar.
Secondly, vertical profiles of the volume mixing ratio
of various hydrocarbons can be retrieved from the
analysis of their emission bands, such as ethane
(centered at 822 cm™) and acetylene (730 cm™).

3. Results

In the equatorial regions, we have discovered an
Equatorial Oscillation [2,5,9] where the mechanical
forcing by upward propagating waves induces
temperature anomalies of up to =20K in the thermal
structure and =200 m/s in the zonal wind field. Our
studies show that this oscillation has a temporal
period of about 15 terrestrial years (half a Saturn
year) and resembles the terrestrial Quasi Biennal
Oscillation (QBO) that affects Earth’s stratosphere.
Outside the equatorial regions, our survey of the
thermal structure [3,10] reveals that the seasonal
warming and cooling trends observed by CIRS are, to
first order, consistent with the predictions from a
radiative equilibrium climate model [6]. One notable
exception is that the region under the ring's shadow is
found warmer than expected from the radiative
model, both in 2005 and 2015.

We also studied the spatial distribution of
hydrocarbons, by-products of the methane
photochemistry, which also undergo significant
seasonal change in the upper stratosphere [3,4,10] In



2005, a local maximum of hydrocarbons was
observed at 20°-30°N, at odds with the low
photochemical production in this region (under the
ring's shadow at that time). Together with the high
temperature anomaly, we had interpreted this result
as the signature of a downwelling branch of the
meridional circulation. In 2015, not only has this
local maximum vanished, but a new maximum was
building in the opposite hemisphere, at 15°-25°S. We
suggest that the hydrocarbon and temperature
anomalies observed in 2015 in Saturn's upper
stratosphere reflects the reversal of a seasonal
circulation cell.

Finally, in the we detected stratospheric benzene
and hydrocarbon aerosol signatures in both polar
regions [7,8]. The amount of benzene and its vertical
profile are clearly at odds with predictions from
neutral photochemical models and strongly suggest
production by ion chemistry. The spectral signatures
of Saturn’s polar aerosols most strikingly mimic the
signatures of Titan’s stratospheric aerosols [11]. We
assigned the detected vibration modes to aromatic
and aliphatic hydrocarbons. The aerosol mass loading
was estimated to lie in the range 1-4 x 107° g cm ™2,
an order of magnitude less than on Jupiter, which is
consistent with the order of magnitude weaker
auroral power at Saturn. Nevertheless, we
demonstrated that the radiative effects of aerosols is
important in the polar regions and could at least
partly explain the large seasonal temperature
variations observed in these regions.
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Abstract

The Cassini spacecraft made 23 flybys of Enceladus,
of which 11 passed through the plume above the
moon’s south pole. Plasma densities measured during
those encounters are a key piece of information in
understanding the density of gas and dust in the
plume, interaction between Enceladus and the
magnetosphere of Saturn and Enceladus’ role as the
main source of plasma in Saturn’s magnetosphere.

Unfortunately, despite six types of independent
measurements by the Cassini Plasma Spectrometer
(CAPS) and the Radio and Plasma Wave Science
(RPWS) instruments, there is no clear or consistent
picture of what the plasma density within the plume
actually is.

The CAPS electron spectrometer only observed a
fraction of the ambient electrons when the spacecraft
is charged negatively, as was the case during the
Enceladus encounters. It did, however, detect
negative ions on at least one encounter, but not on
others. To avoid time aliasing, the CAPS instrument
did not actuate during the Enceladus encounters,
providing 2 and 4 second time resolution, as opposed
to ~200 second resolution, but at the expense of only
obtaining 2-D cuts through velocity space rather than
3-D coverage. This limits the assumption-
independent results to ion flux rather than density.

The RPWS instrument provided three relevant
measurements. Close to, but not within, the
Enceladus plume, emission at the upper hybrid
resonance were used to determine the electron
density. However, within the plume itself, impacts
from dust particles produced enough “shot noise” to
preclude these measurements. Surprisingly, impacts
on the RPWS antennas themselves did produce an
oscillation in the instruments’ wide band data, which
has been interpreted as an oscillation at the local
plasma frequency. When available, this produces an
additional measurement of electron density. Finally,
the RPWS instrument’s Langmuir probe provided
current-voltage curves, which can be fit to determine

ion and electron densities. However, the measured
current also depends on the density of charged dust,
the density of negative ions, the secondary electron
current from energetic particles, and a number of
other parameters. As a result, the fits to these data are
non-unique and the derived ion and electron densities
have high correlated uncertainties.

While all these measurements are in partial
agreement at some times, the overall agreement is
poor. In many cases, the different techniques give
results which disagree by an order of magnitude. In
this presentation, | will present the various published
results, describe the strengths and weaknesses of
each technique, and attempt to reconcile these
measurements.
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While it was initially designed to examine the
surface of Titan through the veil of its optically-
opaque atmosphere, the Cassini Radar was
occasionally used to observe airless Saturn’s icy
moons, generally from long ranges. In this paper,
we give an overview of the Cassini radar and
radiometry distant observations of Mimas,
Enceladus, Tethys, Dione, Rhea, Iapetus and
Phoebe and describe what they have taught us
about the geological history of these objects and
their interaction with Saturn and its rings.

1. Introduction

For more than 13 years, the Cassini spacecraft has
explored the Saturnian system and revealed the wealth
of Saturn’s moons providing dramatic images of their
surfaces. The mission, which ended less than a year
ago, has revolutionized our understanding of these icy
objects and taught us that they cannot be regarded as
frozen worlds anymore (e.g., [1,2]).

However, the collective formation of these moons
and subsequent evolution remains an outstanding
problem. All of them are composed largely of water
ice [3] but their respective history and near
environment have led to different regolith
composition and structure.

Microwave observations can provide unique
insights into the endogenic and exogenic processes
that have affected Saturn’s moons by putting
constrains on the thermal, physical and compositional
properties of their subsurfaces. In particular, the
Cassini radar, by operating at a wavelength of 2.2 cm
[4,5], has expanded the observation of the Saturnian
icy satellites to a new and revealing length scale,
complementary to that probed by the Cassini’s
Composite Infrared Spectrometer (CIRS) instrument
and ground-based radar systems such as the 12.6-cm
wavelength Arecibo observatory.

2. Cassini radar and radiometry
distant observations of icy moons

Typical distant Cassini radar observations of
Saturn’s moons occur at ranges between 50,000 km
and 500,000 km where the antenna beamwidth is
comparable to or greater than the apparent angular
extent of the target’s disk. These experiments were
designed largely for disk-integrated albedo (measured
in the instrument active mode) and average brightness
temperature albedo (measured in passive mode)
calculation.

Ostro et al. (2006, 2010) [6,7] report on the distant
observations of Saturn’s major airless satellites
measured at the beginning of the mission. Since then
the observational database has significantly increased
to a number of 80 active radar distant observations and
40 distant radiometry observations.

Though unresolved, Cassini distant radar and
radiometry observations have revealed intra- and
inter-satellites variabilities which bring clues on what
is common and what is specific to the history of each
of Saturn’s airless icy satellites.

3. Results

The near-surface emissivity, and the microwave
albedo, of Saturn’s moons are primarily controlled by
the degree of purity of the water-ice regolith [6,7].

At first order, the satellite-to-satellite variabilities
and the hemispheric dichotomies shown in Fig. 1 thus
reflect subsurface contamination variations resulting
from the competition between several effects,
including (i) the coating effect of the E-ring (by clean
ice) (ii) the coating effect of the vast debris ring from
Phoebe (by non-ice compounds) (iii) the geological
history of the satellite; and (iv) the efficiency of space
weathering at its position within Saturn’s
magnetosphere.



For instance, around Enceladus, the E-ring
guarantees the deposition at the surface of extremely
clean water ice that may also be structurally complex
and thus very favorable to volume scattering. The
decrease in radar brightness and concurrent increase in
emissivity from Enceladus outward would then be due
to the outward decrease in E-ring flux [8] and hence
the endowment of the satellite surface with less ultra-
clean ice.
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In this paper, we will examine the microwave
signature of each Saturnian moon at 2.2 cm as a
testimony of its individual evolution. When possible,
these observations will be analyzed in light of
observations at other wavelengths or by comparison
with radio observations of other icy objects. Our
overarching goal is to investigate the age and
evolution of Saturn’s system which is still a much-
debated subject (e.g., [9]).
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Figure 1: Radar albedo and emissivity of Mimas, Enceladus, Tethys, Dione, Rhea, Iapetus and Phoebe derived from Cassini
radar and radiometry unresolved observations at 2.2-cm wavelength. The emissivities were estimated dividing the measured
disk-integrated brightness temperatures by an equilibrium temperature as described in [5]. For each satellite, when available,
values are shown separately for the leading and trailing sides. The locations of the E-ring and the vast debris ring from Phoebe

are indicated.
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Abstract

The Cassini spacecraft observations close to Saturn
have revealed that 1-100 nm-sized dust grains
precipitate from the D-ring into the atmosphere.
RPWS Langmuir probe ion number density
measurements suggest that the charged dust has a
profound effect on the ionospheric structure,
enhancing the ion number density well above
photochemical equilibrium levels, while the electrons
tend to become attached to the dust population. We
present model calculations of Saturn’s equatorial
ionosphere and include the effect of charged dust
grains that break down into smaller grains/clusters
deeper in the atmosphere at an altitude near the
ionospheric peak. The model is constrained as far as
possible by input from Cassini INMS, RPWS and
INCA/CHEMS measurements, and then compared
with observed electron and ion number densities by
RPWS. From these dust-ionosphere  model
calculations it is clear that a layer of small singly
negatively-charged sub-nm-sized dust grains can
explain the RPWS Langmuir probe measurements.

1. Introduction

The Cassini spacecraft in-situ  measurements
monitored the ring material, Saturn’s ionosphere and
thermosphere. The Radio and Plasma Wave Science
(RPWS) observations of ionospheric electron
densities [1-4] are determined to high accuracy with

two independent measurement methods and showed
an ionospheric peak electron density of 4000-12000
cm® just above 1500 km altitude. The positively
charged ion density was greatly enhanced with Ne/N;
around 10-20% toward the lowest altitudes. These
large ion densities (10*-10° cm3) were clearly not in
agreement with photochemical equilibrium models.

2. Dust lonosphere Model

We compare here the RPWS Langmuir probe (LP)
measured electron and ion densities in Saturn’s
ionosphere with an ionosphere model, calculating the
ionization production (q) directly from Cassini INMS
measurements, using measured electron temperatures
for rate constants, and including a dust component,
based on MIMI and CDA estimates, that we self
consistently charge up according to the surrounding
plasma. The results show that a greatly enhanced ion
number density can be reproduced with similar
amounts as RPWS LP observes. We conclude from
the model comparison that the equatorial ionosphere
of Saturn can be dominated by sub nm-sized
grains/cluster ions, probably similar to those
encountered in the Earth’s polar mesosphere (Figure
1). Our ionosphere model follows the theory/methods
employed by [5-7] and solves a set of coupled
continuity equations for the temporal evolution of
electrons, ions, singly positive charged grains, and up
to 10 charge states of negatively charged grains until
equilibrium is reached.



Dust ionosphere model comparison with RPWS/LP data
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Figure 1: Example model runs with negatively-
charged grains of 6A size, where Hs* ions are
dominant (solid green and red), but CHs* is also
important below an altitude of 2300 km (dashed
green and red). The peak total grain number density
(No, solid black) is 13,000 cm= at 1700 km.

3. Summary and Conclusions

We have identified a valid natural explanation for the
observed electron and ion number densities by
RPWS/LP in Saturn’s ionosphere. A “rain” of nm-
sized ring-dust deposited in the equatorial region can
accumulate a dense layer of sub-nm-sized
grains/clusters with a number density of 10,000-
15,000 cm® near 1700 km altitude. This particulate
ring rain is different from that predicted previously
by Connerney and Waite (1984), originating instead
from the D-ring and its strong interaction with the
enveloping, co-rotating ionosphere. The dropout in
the electron density by a factor of 10 below 2000 km
is also not due to electron loss via the H cycle, but
instead it is due to electron attachment to the aerosol
congregation in the ionosphere. The impact of the
electrons from the H cycle is actually diminished due
to this electron loss via this aerosol attachment. Such
a dust layer, we show, becomes pre-dominantly
singly negatively charged when immersed in the
ionospheric plasma, and significantly alters the
electron and ion number densities from their
photochemical equilibrium values. Electrons will
become partly attached to the grains and the
relatively stable negatively-charged grain population
causes the ion number density to increase, resulting
in an N¢/Nj-ratio to approach 10-20% in the deeper
observed parts of Saturn’s ionosphere (1500-2000
km altitude above 1-bar level).
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Abstract

Saturn’s moons are the focus of two new online
visualization and analysis tools produced by NASA.
The Solar System Treks family of online portals
provides a suite of interactive visualization and
analysis tools. These enable mission planners, lunar
scientists, engineers, students, and the general public
to access mapped data products from past and current
missions for a growing number of planetary bodies.
They integrate data from a variety of instruments
aboard a number of missions. This presentation will
introduce two new portals in the Solar System Trek
suite. Titan Trek highlights Saturn’s largest moon,
and IcyMoons Trek features a number of Saturn’s
other moons as studied by the Cassini mission.

1. Introduction

This presentation will provide an overview of the
uses and capabilities of NASA’s Titan Trek and
IcyMoons Trek online mapping and modeling portals,
new additions to a web-based suite of data
visualization and analysis tools designed to support
mission  planning, scientific  research, and
education/outreach.

2. An Integrated Family of Online
Web Portals

Titan Trek and IcyMoons Trek are two of the newest
portals produced and released by NASA’s Solar
System Treks Project. The project is managed by
NASA’s Solar System Exploration Research Virtual
Institute and developed at NASA’s Jet Propulsion
Laboratory. These tools enable mission planners,
planetary scientists, and engineers to access mapped
data products from a wide range of instruments
aboard a variety of past and current missions, for a
growing number of planetary bodies. Other Solar
System Trek portals have been implemented for

bodies including the Moon, Mars, Vesta, and Ceres.
Additional portals are in development, including a
portal for Mars’ moon Phobos.

The Cassini mission conducted multi-instrument
investigations of the Saturn system. It sent back a
valuable collection of data about those worlds. The
Cassini  mission commissioned NASA’s Solar
System Treks Project to implement two new online
portals  enabling integration, access, and
dissemination of data gathered through the mission’s
investigations of Saturn’s moons.

As web-based toolsets, the Titan Trek and Icy Moons
Trek portals do not require users to install any
software beyond current web browsers. They provide
analysis tools that facilitate measurement and study
of terrain including distance, height, and depth of
surface features. They allow users to easily find and
access the geospatial products that are available. Data
include imagery from the VIMS and ISS cameras, as
well as the RADAR synthetic aperture images,
topography, derived physical parameters and
community-sourced geological and hydrological
mapping products.

Users have the ability to drill down to find the PDS
data used to produce the geospatial products. Data
products can be viewed in 2D and 3D, and can be
stacked and blended together rendering optimal
visualization that reveals details that no single data
set can show. Data sets can be plotted and compared
against each other. In addition to keyboard and
mouse control, standard gaming and 3D mouse
controllers allow users to maneuver first-person
visualizations of flying across the moons’ surfaces.
The portals also provide users the ability to specify
any area of terrain for generation of STL/OBJ files
that can be sent to 3D printers to make 3D models.
3D prints and the data visualization capabilities of
these portals are particularly valuable in engaging
students, educators and general public to personally



explore the moons. In addition to the web portals,
standard Application Programmable Interfaces (API)
are available to facilitate access and dissemination of
the data products to external applications and use.

3. Summary and Conclusions

Investigators of Saturn’s moons have powerful new
visualization and analysis tools available to them
with the release of the new Titan Trek and IcyMoons
Trek portals. Individually, these portals enable
detailed study of Saturn’s moons by researchers,
mission planners, educators, students, and the general
public. As components of the Solar System Treks
Project, with its growing number of planetary bodies
represented, these new portals also facilitate
comparative planetology studies between and among
Saturn’s moons, and between these moons and other
bodies.
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Abstract

A global picture of Saturn’s upper atmosphere is nec-
essary to understand the dynamics, energy balance and
minor species composition in the thermosphere. Oc-
cultation data from Voyager/UVS and Cassini/UVIS
have been used to study this poorly known region
of the atmosphere. The previous data, however, are
largely concentrated at low to mid-latitudes and were
obtained sporadically at different times, complicating
the separation of temporal and spatial trends. The
Grand Finale occultations overcome these limitations
as the data were obtained within six weeks in the sum-
mer of 2017. Together with the observations from
2016, they provide a vital new look at meridional
trends in Saturn’s thermosphere. We present tempera-
ture and density profiles retrieved from these occulta-
tions, including a first look at the polar thermosphere.

1. Introduction

Despite recent advances enabled by the Cassini mis-
sion, our understanding of Saturn’s upper atmosphere
is still relatively poor. In particular, the higher than ex-
pected temperatures in the thermosphere, that are also
observed on Jupiter, Neptune and Uranus, remain a
major problem that has evaded a clear solution. The
leading mechanisms to explain these temperatures i.e.,
the dissipation of upward-propagating gravity waves,
auroral heating followed by the redistribution of en-
ergy to lower latitudes, and low-latitude electrody-
namics, depend on atmospheric dynamics [1]. Circu-
lation in the thermosphere, however, is unknown on
global scales due to the lack of observations that could
constrain it. The density and temperature profiles
retrieved from the occultations that we will present
probe the thermosphere from low latitudes to the poles
(see Figure 1). They provide a snapshot of Saturn’s up-
per atmosphere at the end of the Cassini mission. The
results constitute the most extensive observations of a

giant planet upper atmosphere to date. The meridional
gradients evident in the data provide the first global
constraint on the redistribution of energy and dynam-
ics in the thermosphere.
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Figure 1: Half-light latitude and longitude of the oc-
cultations observed in 2016 (purple) and 2017 (black).

2. Methods

We retrieve the Hy density and temperature in the ther-
mosphere from the 20162017 occultations observed
in the EUV channel of the Cassini/UVIS instrument
[2]. The cross section of Ho depends on temperature
and we use an iterative method to retrieve the density
and temperature profiles, assuming hydrostatic equi-
librium. Our method accounts for the change in tem-
perature along the line of sight and the oblateness of
Saturn’s atmosphere. Details of the retrieval and error
analysis are given in Koskinen et al.[3].



3. Summary and conclusions

Our results constrain the shape of the density levels in
the thermosphere and temperature as a function of lati-
tude and height. Superimposed on the expected oblate
shape of the atmosphere, we confirm that pressure lev-
els are more extended at high latitudes than at low lati-
tudes, indicative of polar heating. Meridional trends in
temperature, however, point to surprising high-latitude
features that have not been predicted by previous mod-
els. We also find evidence of atmospheric waves in
many of the occultations that have implications for the
momentum and energy balance of the thermosphere.
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Abstract

The first in situ measurements of Saturn’s upper
atmosphere were obtained by the Cassini spacecraft
from proximal orbits (spanning April — September
2017) during the Grand Finale phase of the 13-year
mission. These data find definitive evidence for a
strong influence of Saturn’s rings on its equatorial
upper atmosphere, manifesting as an influx of grains
and related material [1-5].

An influx of ring-derived water was expected, as that
would act as a quenching agent in Saturn’s
ionosphere, reducing modeled electron densities to
observed values. Water was indeed found, but the
bulk of the gaseous species detected appear to be
methane and other organics. The first-order impact
of these more complex molecules on Saturn’s
ionosphere is similar to that of water, in that they
reduce the modeled electron density by converting
long-lived ions to short-lived ions. However, they
also significantly complicate the ionospheric
chemistry.

Here, we present model comparisons with in situ ion
and electron density measurements. While some
model-data discrepancies remain, we are able to
demonstrate that:

(1) based on lon Neutral Mass Spectrometer (INMS)
measurements, the light ions (H*, H,", Hs", and
He") are broadly consistent with the makeup of
the observed neutral species [5-6]; and

(2) molecular ions dominate Saturn’s low altitude
equatorial ionosphere, with H;O" playing a
major role, even for the reduced levels of water
influx [6].

Other important heavy ions are uncertain, but are
likely to include HCO®, HCO,", N,H", CH5", C,H5",
and other hydrocarbon ions [6]. The dominance of
such heavy ions is a surprise, as expectations based
on previous model-data comparisons were that H*
and H;" would be the only major ions above the
homopause, with H;0" becoming more prominent in
regions of enhanced water influx. Future Earth-
based observations of some of these ion species may
help to track the evolution of Saturn’s rings as they
lose mass to its atmosphere.
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Abstract

Cassini has orbited Saturn for over thirteen years.
During this Saturn half-year, the ring shadow has
moved from covering a relatively large portion of the
northern hemisphere (Figure 1a) to covering a large
swath of territory south of the equator as solstice
approaches. At Saturn Orbit Insertion on July 1, 2004,
the sub-solar point was ~24° South. At this time, the
projection of the optically thick B-ring onto Saturn
reached as far as 40°N at the central meridian (~52°N
at the terminator). At its maximum extent, the ring
shadow can reach as far as 48°N/S (~58°N/S at the
terminator). The net result is that the intensity of both
ultraviolet and visible sunlight penetrating into any
particular latitude will vary greatly depending on both
Saturn’s axis relative to the Sun and the optical
thickness of each ring system. In essence, the rings act
like semi-transparent Venetian blinds (Figure 2) over
the atmosphere of Saturn.

Figure 2. The optical depth of Saturn’s rings in the
ultraviolet (Josh Colwell, pers. comm.) The rings act
like a periodic Venetian blind that will shield
atmospheric molecules from solar photons.

Figure 1. Saturn’s atmosphere changes in response
to the changing inclination of the ring plane relative
to the Sun: (a) December 14, 2004, (b) March 16,
2006, (c) April 23,2008, (d) July 6,2011, (e) July
29,2013, (f) November 24, 2014. Images are
courtesy of NASA/JPL/Space Science Institute.

Previous work [1,2] examined the variation of the
solar flux as a function of solar inclination, i.e. ~7.25
year season (Figure 3) at Saturn. Beginning with
methane, phosphine and ammonia, we investigate the
impact on production and loss rates of the long-lived
photochemical products leading to haze formation at
several latitudes over a Saturn year. Here, we report
on how the oscillating ring shadow modifies the
photolysis and production rates of hydrocarbons in
Saturn’s  stratosphere and upper troposphere,
including acetylene, ethane, and propane. The
magnitude of reflected UV sunlight from the rings on
the atmosphere illuminated by ringshine is also
explored in this work. Similarly, we assess the impact
of these effects on phosphine abundance, a
disequilibrium species whose presence in the upper
troposphere is a tracer of convection processes in the
deep atmosphere. Comparison to the corresponding
rates for the clear atmosphere and for the case of



Jupiter, where the solar insolation is known to be
insignificant (~3° inclination), will also be presented.
Our ongoing analysis of Cassini’s CIRS, UVIS, and
VIMS datasets that provide abundances of key
molecules and estimates of the evolving haze content
of the both hemispheres is updated.

Figure 3. This plot illustrates the fraction of Saturn’s
day that is illuminated by the Sun as a function of
solar declination, i.e. season. The curves correspond
to sub-solar points of 26.7°S (solid), 19.6°S (dotted),
10.7°S (dashed), and 3.5°S (dot-dashed). Ultimately,
this will determine the flux of photons allowed to
enter the atmosphere relative to those of a clear, un-
shaded atmosphere.

The implications for dynamical mixing on the
transport of molecules and haze is explored. In
particular, we will examine how the now famous
hexagonal jet stream (Figure 4) acts like a barrier to
transport, isolating Saturn’s north polar region from
outside transport of photochemically-generated
molecules and haze. Future research will explore the
role to which increasingly intense sunlight plays in the
buildup of hydrocarbon hazes in the polar region and
determine exactly how isolated polar region is
unaffected by transport from more southerly latitudes.

November 2012

September 2016

Figure 4. One of the aims of this exercise is to
characterize the haze content Saturn’s atmosphere.
Several Cassini data sets from ISS (above) and VIMS
(below) are being used to meet this goal.
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Abstract

After more than 13 years spent orbiting about Saturn,
the Cassini spacecraft ended its mission on
September 15, 2017 with a deliberate plunge into
Saturn’s atmosphere. In its final phase, the Grand
Finale, Cassini provided the most detailed insights on
Saturn’s rings, atmosphere, and interior. Out of the
22 proximal orbits, six pericenter passes have been
devoted to the determination of the gravity field of
the planet. Previous determination was carried out by
studying the motion of the satellites. Current
observations are far more accurate for determining
Saturn’s gravity field since the spacecraft passes very
close to the cloud tops. In addition, the first
gravitational measurement of the rings’ masses has
been made.

During each of the six passes, Cassini was tracked
for about 24 hours by the antennas of both NASA’s
Deep Space Network and ESA’s ESTRACK network,
providing high quality Doppler measurements at X-
band. The RMS noise level is as low as 0.02 mm/sec,
at 30 s integration time, which, together with the
favorable orbital geometry, allow a good
determination of Saturn’s gravity field.

The analysis of the Doppler data is complicated by an
unexpected non-zonal and/or non-static component
of the gravity field. In fact, for a rotating fluid planet
in hydrostatic equilibrium, only zonal gravity
coefficients are expected. Non-zonal components
may arise from different mechanisms. One of the
possible explanations is to suppose a time-varying
gravity field, related to Saturn’s normal modes. The
presence of normal modes inside Saturn has already
been proved with ring seismology [1, 2], and used to
constrain the interior structure of the planet [3].

In general, the inclusion of normal modes in the
analysis of the Doppler data allow us to obtain a
satisfactory solution. However, the discrimination of
the relevant modes is almost impossible due to the
limited temporal coverage. The data analysis has
shown that different combinations of gravity and/or
acoustic modes can be employed to obtain a good fit
of the residuals, and many more combinations are
surely possible. We report on the analysis of the
gravity data by means of several subsets of normal
modes to explain the non-zonal component of
Saturn’s gravity field.
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Abstract

During December 2016-April 2017, the Cassini
spacecraft performed 19 orbits with periapses just
outside Saturn’s main rings. These ring plane
crossings allowed magnetic field lines threading the
outer regions of the main ring system to be sampled
close to the equatorial plane. Trapped energetic
particles have been previously shown to provide
valuable information on the presence of moons,
rings, and incomplete ring arcs that complements the
data provided by remote sensing instruments. We
report on observations of this region by the LEMMS
sensor of Cassini’s Magnetospheric Imaging System,
MIMI. We concentrate on results relevant to the
region surrounding the moons Janus and Epimetheus
at 2.4 to 2.8 Saturn radii from the planet’s centre. We
present the inferences that can be drawn about this
region from absorption signatures due to those moons
plus the ring material that orbits near to them,
slightly complicated by the northward offset of
Saturn’s magnetic equator.
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Abstract

The Cassini spacecraft orbited the planet
Saturn from July 2004 — September 2017,
and its varied orbital trajectory took it across
the magnetopause and bow shock
boundaries multiple times, at varying radial
distances, local times, latitudes, and phases
of the solar cycle. Here we present a
complete list of these boundary crossings,
derived primarily using data from the
Cassini magnetometer instrument. In this
work, we use the list to select intervals when
Cassini spent time in Saturn’s
magnetosheath and in the upstream solar
wind. We statistically examine these
intervals over the full solar cycle of
Cassini’s exploration and examine local
time asymmetries in the sheath, as well as
the processing of the interplanetary
magnetic field from the solar wind through
the bow shock to the magnetopause,
quantifying the impact of features such as
Saturn’s polar flattening on the
magnetosheath properties.

Furthermore, we combine this list with a
recently published dataset of magnetosheath
parameters to establish the link between the
magnetosheath parameters and the upstream
solar wind dynamic pressure, which allows
us to explore the response of the

magnetosphere to solar wind dynamic
pressure variations.
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Abstract

Several data sets acquired by the Cassini-Huygens
mission are combined with petrological models of
hydrated silicates and numerical simulations of heat
transfer through the different layers to provide a
model of Titan’s interior structure. The gravity data
are interpreted for different models of mass
distribution to explain the topography. The preferred
model has a moment of inertia 3% smaller than that
predicted by the Radau-Darwin equation. This study
suggests that Titan’s moment of inertia is 3% smaller
than predicted by the Radau-Darwin equation. The
interior structure would be composed on an inner
silicate core of 1885 km overlaid by a 690 km thick
hydrosphere composed of a convective high-pressure
ice layer, a salty ocean, and a convective icy crust
that includes a thin outer layer made of ethane-
clathrates at the poles.

1. Introduction

Titan is the only large icy moon with a dense
atmosphere, organic molecules, and liquid reservoirs
at the surface. The Cassini mission has revealed Titan
as being a complex world with a methane cycle that
requires exchange processes between the interior and
the atmosphere. It is also an ocean world with the

presence of a salty water ocean below an icy crust [1].

The combined analysis of gravity and topography
data can help constrain its interior structure and
dynamics (section 2). Implications for the size and
density of the silicate core are then described in
section 3 before describing the different layers of the
hydrosphere in section 4 and the potential for
transport of surface organics to the ocean and the
transport of salts and volatiles from the deep interior
to the surface.

2. Interior models

Titan’s shape has been measured by radar altimetry,
synthetic-aperture radar topography and stereo
radargrammetry [1]. It is turned into a topographic
map by substracting an ellipsoid that contains the
rotational and tidal potentials. The difference
between this ellipsoid and an equipotential surface
calculated with the gravity coefficients up to degree 4
[3] is less than 25 m. The data are inverted into a
spherical harmonics model up to degree 8 (Fig. 1).
The inversion puts more weight on the altimetry data
which have a better precision. The topographic map
shows a strong degree (2,0) corresponding to the
polar depressions, but no obvious equatorial degree
(2,2).

-180°-150"-120" -90° -60" -30° 0" 30" 60" 90" 120" 150" 180

90°

-180°-150"-120" -90° -60" -30° 0" 30° 60" 90" 120" 150" 180"

Figure 1: Titan’s topography obtained from the
spherical harmonics decomposition up to degree 8.

The interior model consists of four nested shells
characterized by their density and outer and inner
radius: icy crust, ocean, high-pressure ice layer, and
silicate core. The position of each interface is
calculated by solving the Clairaut equations. The
ratio of J, to Cy, is close to 10/3, suggesting
hydrostatic ~ equilibrium. However,  surface
topography generates mass anomalies at the surface
whose influence on the values of the degree 2 gravity
coefficients can be large [4]. We assess the effect of
topography by using a 3D spherical code where



lateral mass anomalies can be included at each of the
four interfaces. The effect of topography at the pole
is investigated for both Airy and Pratt models based
on geodynamical processes [5, 6, 7]. We also
investigate the effect of non-compensated equatorial
topography.

Results are summarized in Fig. 2 for the J, gravity
coefficient. The nominal model assumes that both the
polar depressions and the equatorial topography are
compensated. For 100% compensation of the
equatorial topography the Pratt model and the Airy
model explaining the polar depressions provide
slightly different values of J2 because the Airy model
is compensated at the icy crust / ocean interface
whereas the Pratt model is compensated within a few
kilometres below the surface. The value of J;
decreases very rapidly with decreasing degree of
compensation. On the other hand, a non-compensated
equatorial topography (red points and curves)
increases the value of J, suggesting that non-
compensated polar topography could be hidden by
non-compensated equatorial topography. Another
possibility would be to have a smaller value of the
moment of inertia (smaller value of J2). The
parameter space of interior models is large but
however bounded as we cannot change these three
parameters independently from each other. In
addition, the value of C,2, not shown here, provides
additional constraints.
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Figure 2: Value of the J; gravity coefficient for
different degrees of compensation at the pole and at
the equator. The right panel shows the values of J,
inferred from different inversions [2, 3].

3. Implications for the composition
of the silicate core

The nominal isostatic model leads to a large silicate
core with a low density that corresponds to that of
Mg-antigorite. It would imply that there is no iron in
the silicate core. This seems difficult to accept. So a
model with a smaller and denser core (smaller value
of J,) is appealing. This is possible with a non-
compensated equatorial topography which leads to a
silicate core 125 km smaller and 270 kg/m3 denser
leading to a Fe# much closer that that of
carbonaceous chondrites.

4. Structure of the hydrosphere

The present structure is very simple with constant
density for each layer. Ongoing work is investigating
the effect of more realistic equations of state (EoS)
on the value of the Mol. With the present model, the
thicknesses of the icy crust, ocean, and HP ice layer
are 75, 250, and 365 km, respectively. The HP-ice
would be convecting in a regime that allows for the
transfer of volatiles from the silicate core to the
ocean [8].

5. Summary and Conclusions

Now that the Cassini mission ended, it is possible to
use the available data sets to infer the most probable
interior structure. However, major questions remain
such as the size of the silicate core, the thickness of
the HP ice layer, and the dynamics of the icy crust.
Future landed missions equipped with seismometers
and orbiter missions acquiring more precise
topography and gravity fields would provide the
missing data to understand the interior structure and
dynamics of this complex organic world.
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