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Development of methods for the global
ephemerides estimation of the gas giant
satellite systems

Summary

The satellite systems of Saturn and Jupiter are complex dynamical systems, with several
interactions happening between the central body, its rings and the natural satellites, such
as orbital resonances, tidal interactions or librations.

During the last two decades, unmanned probes allowed to study the gas giant satellite
systems. The three most relevant spacecrafts to their study have been Galileo, Cassini
and Juno.

Galileo studied the Jupiter system, the primary body and the main moons during 8
years, despite the failure on the deployment of its high gain antenna that limited the
science retrieval. Cassini, analogously, studied during most of the 13 years of its mission,
the natural satellites, paying specific attention to Titan, the biggest moon of the system
and the only one of the solar system with a thick atmosphere. In addition, the probe
studied the most iconic planetary rings of the entire solar system.

Then, in 2017 both Cassini and Juno spacecrafts were used to carry out gravity mea-
surements of Saturn and Jupiter. Both spacecraft were inserted into similar, almost polar,
highly eccentric orbits with low pericenter altitudes. Tracking the motion of the probes
during pericenter passes from the DSN enabled the retrieval of the gravity field of both gas
giants at an unprecedented level of accuracy. These results provide constraints on the in-
teriors of the gas giants, but also, on the satellite system ephemerides which, analogously,
hold information on the properties and evolution of both the satellites themselves and the
central body.

The main aim of this project is to study and characterize the key dynamics that
rule the gas giant satellite systems using an improved gravity field of the central body,
estimated using radio tracking data of deep space probes. To accomplish our objective,
we performed the data analysis of the previously mentioned deep space missions: Cassini,
Juno and Galileo. Being the three probes the very first orbiters of gas giant planets, they
provided, and still provide, precious information which contributes to unveil the gas giant
satellite systems dynamics, their origin and evolution.

This dissertation thesis is organized as follows: Chapter 1 overviews the unique three
missions that ever performed an orbit insertion of an outer planet: Galileo, Cassini-
Huygens and Juno. The chapter explains in detail the main objectives of the missions
and the corresponding radio science subsystems, that allowed the measurement of the
gravity field of the involved bodies and the reconstruction of the trajectories, of both the
probe and the natural satellites. Chapter 2 introduces the mathematical formulation of
the orbit determination problem and presents the different multi-arc approach strategies
used in this work. Chapter 3 reviews the main mechanisms that rule the satellite systems
dynamics, used in the integration of the celestial bodies trajectories, paying specific atten-



viii

tion to the tidal interactions and how they can govern the orbital evolution of a satellite
system. Chapter 4 describes in detail the data analysis performed with the radio tracking
data of Cassini, which allowed to measure the gravity field of Saturn and its biggest moon
Titan. Moreover, we focused on the study of the orbital evolution of Titan, allowed by
the single-satellite global approach, finding constraints on the dissipation of Saturn and
obtaining the first estimation of the quality factor of Saturn at Titan’s frequency using
radiometric observables. Similarly, Chapter 5 is dedicated to the data-analysis of Galileo
and Juno, the two orbiters that studied the Jupiter system. We demonstrate how the
accurate measurements of the gravity field of Jupiter, recently obtained by Juno, together
with the local multi-arc approach, can help to improve the Galilean moon gravity results
obtained by Galileo. This chapter will also focus on the Io plasma torus and the poten-
tial effect that may have on the gravity experiments, proposing methods to improve the
current models and study its time-variability.

Finally, Chapter 6 will present the conclusions and the future work perspectives.
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Chapter 1

The gas giant satellite system
exploration
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1.4.1 The Juno spacecraft . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.1 Introduction
The exploration of the gas giant satellite systems began with simple naked-eye observations
of both Jupiter and Saturn in the ancient times, but was not until the 70’s when our
knowledge of the satellite systems started to grow exponentially thanks to the in-situ
observations acquired by unmanned probes.

Galileo Galilei discovered in 1610 that Jupiter was the primary body of a satellite
system composed by four moons; Io, Europa, Ganymede and Callisto. Subsequently, more
natural satellites have been discovered and nowadays we know that the Jupiter system is
populated by 79 moons [2].

Christiaan Huygens, a Dutch astronomer, discovered Titan the 25th of March, 1655,
revealing that also Saturn had a satellite system. In addition, Huygens intuited that
Saturn had a ring-system. A few years later the Italian astronomer Giovanni Domenico
Cassini discovered Iapetus (1671), Rhea (1672), Dione and Tethys (1684). Hereinafter,
more moons have been discovered and up to the moment, the Saturn system contains 62
moons with confirmed orbits [2].

The very first in-situ exploration of a gas giant satellite system was carried out by
Pioneer-10, during its flyby with Jupiter in December, 1973, that took the first close-up
images of the Galilean moons and Jupiter. It was followed one year later by Pioneer-11,
that subsequently would become the first unmanned probe to arrive to the Saturn system.

After the Pioneers, the Voyager program took up the baton and continued with the
exploration of the outer planets. Voyager-2 acquired observations, not only of Jupiter and
Saturn but also of Uranus and Neptune during its flybys.
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Almost two decades after the Voyagers, Galileo released an atmospheric probe into
Jupiter’s atmosphere and became the first gas giant orbiter, after performing the very
first Jupiter Orbit Insertion (JOI) manoeuvre. In the same way, Cassini has been the very
first spacecraft (S/C) that ever performed a Saturn Orbit Insertion (SOI) manoeuvre.

After the spectacular end of the Cassini mission in 2017, the only mission that is
studying an outer planet is Juno, which is planned to be followed by JUICE and Europa
Clipper in the near future. Table 1.1 provides a list of the different missions that visited
the gas giant satellite systems of Jupiter and Saturn.

Table 1.1 – Missions that explored the gas giant satellite systems of Jupiter and Saturn.

Mission Jupiter system Saturn system

Pioneer-10 Flyby (1973)
Pioneer-11 Flyby (1974) Flyby (1979)
Voyager-1 Flyby (1979) Flyby (1980)
Voyager-2 Flyby (1979) Flyby (1981)
Galileo Orbiter (1995-2003)
Ulysses Gravity-assist (1992 and 2004)
Cassini-Huygens Gravity-assist (2000) Orbiter and lander (2004-2017)
New Horizons Gravity-assist (2007)
Juno Orbiter (2006-2019)
JUICE Planned Orbiter (2030’s)
Europa-Clipper Planned Orbiter (2030’s)

Of all the missions that visited the Jupiter and the Saturn systems, only three of them
were orbiters: Galileo, that studied the system of Jupiter during 8 years, Juno, that has
the objective of unveiling the interior of the gas giant and is currently orbiting around
Jupiter, and finally Cassini, that studied the Saturn system for 13 years.

In this chapter we will introduce this three orbiter missions; the S/C’s, the navigation
processes, the payloads and, in detail, the radio science subsystem that will serve us to our
scope, the study of the gravity and the satellite orbital evolution of the gas giant satellite
systems.

1.2 The Galileo mission
Galileo was launched the 18th of October, 1989 from the Kennedy Space Center and
after 6 years of interplanetary trajectory, known as VEEGA (Venus-Earth-Earth gravity
assist), arrived to the Jupiter system. On April, 1991, Galileo’s umbrella-like high gain
antenna (HGA) failed to deploy. Therefore, the only way to navigate the S/C was through
its low gain antenna (LGA), using the S-band and a reduced set of optical navigation
images. Due to the HGA deployment failure, the data-rate was reduced to 8-16 bps from
134.4 kbps, that were planned with the X-band HGA. On-board software changes allowed
compression and increased the data-rate up to 160 bps. The X-band Doppler data, less
susceptible to the dispersive noise, was expected to have an accuracy of 0.5 mm/s. The
antenna deployment failure downgraded the accuracy to 1.0 mm/s [11].

During its cruise, Galileo became the first probe that acquired close observations of
Gaspra and Ida asteroids, discovering Dactyl, the first discovered moon of an asteroid.
The 7th of December, 1995, Galileo’s atmospheric probe accomplished the most difficult
atmospheric entry to that moment. Shortly after, Galileo completed successfully the JOI
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manoeuvre that placed the S/C on its proper trajectory to tour the Galilean satellites. The
Prime mission included 4 encounters of Ganymede, 3 of Europa and 3 of Callisto. The only
encounter with Io, was a gravity assist that facilitated the JOI manoeuvre, because the
scientists feared that the high radiation environment of Io could affect the S/C. After the
prime mission, Galileo started the Galileo Europa Mission (GEM), a two year extension
that planned 14 more orbits. The GEM was divided in three phases:

• Europa campaign: To search for an evidence of an ocean in the Galilean moon.

• Jupiter water and Io plasma torus study: To study the storms and wind patterns of
Jupiter’s atmosphere and the toroidal cloud of plasma that orbits the gas giant.

• Io campaign: Given the successful Prime mission, some close encounters with Io
were planned.

After the GEM, the mission was extended one more time and the Galileo Millenium
Mission (GMM) was born. The GMM provided additional observations of the Galilean
satellites and Amalthea. Given the amount of radiation received during the GEM, Galileo’s
instruments were not fully operative in the course of the GMM. Finally, the S/C plunged
into Jupiter the 21st of September of 2003.

1.2.1 Galileo spacecraft

Galileo, that took its name from the Italian astronomer Galileo Galilei, who discovered
the Jupiter satellite system, was the first S/C that had a dual-spin attitude stabilization
system configuration.

Given that Galileo did not have reaction wheels the attitude was controlled using only
a set of 10 N thrusters.

The S/C, powered by two radioisotope thermoelectric generators (RTG), held eleven
subsystems and nine scientific instruments on the orbiter:

• Photo-Polarimeter Radiometer (PPR): Analysed the radiant thermal energies emit-
ted by Jupiter.

• Near-Infrared Mapping Spectrometer (NIMS): Determined the Jovian and the satel-
lite chemical compositions.

• Solid State Imaging Camera (SSI): It formed part of the orbiter remote sensing
equipment. It was the main imaging device.

• Ultraviolet Spectrometer/ Extreme Ultraviolet Spectrometer (UVS/EUV): It had
three main scopes: locate and analyse the clouds of Jupiter; Study Jupiter’s high
atmosphere and the surrounding ionized regions; Look for satellite atmospheres.

• Energetic Particles Detector (EDP): This instrument determined the angular dis-
tributions, temporal fluctuations, intensities and compositions of energetic charged
particles in Jupiter’s magnetosphere.

• Dust Detector Subsystem (DDS): It had the objective of measuring the mass and
speed of the Jovian dust.

• Plasma detector (PLS): This instrument aimed to measure densities, temperatures,
bulk velocities and composition of low-energy plasmas.
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Figure 1.1 – Schematic diagram showing the Galileo S/C.

• Plasma Wave Subsystem (PWS): The main objective was to detect the intensity of
the plasma waves in the Jovian magnetosphere.

• Magnetometer (MAG): It had the objective of measure the magnetic field of Jupiter
and the Galilean satellites.

• HIC: Heavy Ion Counter.

• Radio Science Subsystem (RSS): Employed the telecommunications and radio-science
subsystem to perform gravity measurements and relativity experiments.

A collected, and more detailed, treatment of the different scientific instruments and
their objectives can be found in [68].

The S/C was formed by two main sections; a spinning section and a scan platform
(despun section). A schematic diagram of the Galileo S/C is represented in figure 1.1.

The rotor of the Galileo S/C spun at 3 rpm and carried the HGA, the propulsion
module, the flight computers and most of the support subsystems. Attached to the rotors
were two booms, the shortest held the EDP, DDS, HIC and PLS instruments, while the
longest (11 m) held the MAG and the PWS. Finally, the rotor hold the EUV.

The scanning platform, maintained a stable orientation in space an contained the
remote sensing experiments like the PPR, the NIMS, the SSI the UVS and the atmospheric
probe. More information about the S/C configuration can be found in [27].

Galileo RSS, was constructed around two transponders capable to receive and transmit
frequencies at S (2.3 GHz) and X-Band (8.4 GHz). The RSS was designed to support the
following link configurations : S/S, X/X, S/X, (in two-way configuration) and S (only
one-way in downlink).
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The spacecraft transmitted frequency was controlled either by the spacecraft oscillator,
by means of the ultra stable oscillator (USO), by a less-stable crystal oscillator or by the
ground-station in the two-way configuration.

The two transponders were designed to be operated by the HGA or by the two LGA’s
(S-band), but as explained before, due to a problem in the deployment of the HGA, the
mission was only able to operate with the S-band, limiting the capabilities and the link
configurations to S/S and S.

1.3 The Cassini-Huygens mission

The Cassini-Huygens mission to explore the Saturn system was launched on the 15th of
October, 1997. It took its name from the two first astronomers that discovered satellites
of Saturn. During its seven years cruise to Saturn, four gravity assists were employed to
increase the spacecraft velocity and allowed to reach Saturn. They included two Venus
flybys, an Earth flyby and finally a Jupiter flyby. During this last gravity assist, observa-
tions of the Jupiter system were taken, together with Galileo. This was the first occasion
in which two S/C’s took observations of an outer planet at the same time.

The 1st of July, 2004, Cassini performed the SOI setting the beginning of the tour
phase scheduled to last for four years. The 23rd of December, 2004, the Huygens lander
was released into Titan’s atmosphere to acquire data of the biggest satellite of the Saturn
system. After 74 orbits around Saturn, the excellent health of the probe together with the
exceptional results obtained during these four years granted Cassini three further mission
extensions, that carried the mission up to September, 2017. The first was the Equinox
Mission, which lasted until 2010, followed by the Solstice Mission until 2016 and finally,
by the Grand Finale. The Grand Finale lasted 5 months in which the probe acquired
measurements of Saturn and its rings, following highly-eccentric almost-polar orbits. The
mission ended the 15th of September, 2017 when the S/C plunged into Saturn.

1.3.1 The Cassini-Huygens spacecraft

The Cassini-Huygens was formed by the Cassini orbiter and the Huygens Titan lander.
The Cassini orbiter was a three-axis stabilized spacecraft equipped with a HGA, two

LGA’s and powered by three RTG’s, that provided electrical power through the decaying
of an isotope of Plutonium. The attitude was controlled either using the reaction wheels
or a set of small thrusters.

The Cassini-Huygens spacecraft held 18 instruments, 12 of them were on the orbiter.
Following [67], we introduce the experiments held on the orbiter:

• Composite Infrared Spectrometer (CIRS): It consists of dual interferometers that
measure infra-red emissions to determine the composition and temperatures of at-
mospheres, rings, and surfaces.

• Imaging Science Subsystem (ISS): The instrument consisted in a wide angle camera
and a narrow angle camera.

• Ultraviolet Imaging Spectrograph (UVIS): The instrument measured the views in
ultraviolet spectrum.

• Visual and Infrared Mapping Spectrometer (VIMS): The instrument consisted in
spectrometers observing visual and infra-red spectra.
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Figure 1.2 – Schematic diagram showing the Cassini-Huygens S/C [1].
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• Cassini Plasma Spectrometer (CAPS): Measured the flux of ions and electrons.

• Cosmic Dust Analyzer (CDA): The instrument measured directly the physical prop-
erties of the particles in the Saturn system.

• Ion and Natural Mass Spectrometer (INMS): It measured the composition of neutral
and charged particles in Saturn system through mass spectroscopy.

• Dual Technique Magnetometer (MAG): It measured the Saturn magnetic field, its
variation with time and interactions with the solar wind.

• Magnetospheric Imaging Instrument (MIMI): It measured the composition, charge
state and energy distribution of energetic ions and electrons of the Saturn’s magne-
tosphere.

• Radio and Plasma Wave Science (RPWS): It measured the electric and magnetic
fields and electron density in the Saturn system.

• Radar (RADAR): It used the HGA to study the surface composition and properties
of bodies of the Saturn’s system. In particular it allowed to study the surface of
Titan, which is covered by a thick atmosphere layer, opaque in the visible spectrum.

• Radio Science Subsystem (RSS): It studied the compositions of Saturn and Titan
atmospheres and ionosphere, the rings structure and the gravity field of Saturn and
its satellites.

The orbiter instruments were body-fixed, therefore, pointing-turns were required to
acquire observations. For this reason, during the scientific observations the HGA could
not be used to communicate to the Earth, either for transmit the telemetry or for gravity
radio science experiments. Figure 1.2 shows an schematic representation of the S/C.

The main elements of the Cassini RSS were the S-band transmitter, the USO, that
provided an on-board highly stable frequency but failed in 2011, the deep space transpon-
ders (DST’s) and the Ka-band Transponder (KaT), that was designed to support general
relativity tests and failed before the SOI. With them, the RSS was designed to support
the following link-configurations : X/X, X/Ka, Ka/Ka, S, X and Ka.

Due to the problem with the KaT, the two-way radio-link configurations were limited
to X/X and X/Ka, preventing the complete calibration of the dispersive media [20], [66].

1.4 The Juno mission

Juno was launched the 5th of June, 2011 as a part of the NASA New Frontiers program.
After an Earth-flyby, reached the Jupiter system the 5th of July, 2015, being the second
spacecraft that performed a JOI manoeuvre. The S/C was set to complete 33 orbits with a
11-day orbit, but afterwards, the Juno team decided to change its orbital plan to a 14-day
orbit to simplify the navigation. Due to a problem with a valve of the propulsion system,
the probe was left in a 53.5-day orbit. This larger period will not prevent the mission to
reach the science objectives.

The main objective of Juno is to unveil the interior structure of Jupiter, its origin and
evolution by means of the gravity measurements, observations of the magnetic field and
the atmosphere dynamics. This is the reason why the Juno spacecraft took its name from
the Roman mythology, being Juno the goddess that unveiled the true nature of Jupiter.
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1.4.1 The Juno spacecraft

Juno is a spin-stabilized S/C that nominally spins at 30 rpm. Powered by three large
deployable solar panels and high energy density Li batteries. Attitude control thrusters
are used for re-orienting the spin axis, for smaller trajectory/orbit corrections, and spin-
up/down manoeuvres.

The Juno S/C holds nine different scientific instruments:

• Gravity Science: The very first objective of the Gravity Science experiment is to
determine the structure of the gas giant by means of gravity measurements. The
experiment uses the telecommunications subsystem to determine the precise relative
position of the S/C with respect to Jupiter.

• Magnetometer (MAG): It has as objectives the determination of the dynamics that
rule Jupiter’s interior, mapping its magnetic field, and the determination of the
three-dimensional structure of the polar magnetosphere.

• Microwave Radiometer (MWR): It has the objective of measuring the thermal emis-
sions of the gas giant.

• Energic-particles (JEDI): The Jupiter Energetic-particle Detector Instrument will
measure the energy and angular distribution of Hydrogen, Helium, Oxygen, Sulphur
and other ions of the polar magnetosphere.

• Plasma (JADE): The Jovian Auroral Distributions Experiment aims to resolve the
Jovian aurora plasma structure.

• Plasma Waves (Waves): The instrument will measure the radio and plasma spectra
of the aurora.

• Ultraviolet (UVS): Will detect the ultraviolet emissions of the polar magnetosphere.

• JunoCam: The first 3-color images of Jupiter were provided by this instrument.

• Infrared Imager / Spectrometer (JIRAM): Its primary goal is to probe the upper
layers of Jupiter’s atmosphere.

Figure 1.3 evidences the position of the instruments in the Juno orbiter. A more
detailed explanation of the instruments of the Juno S/C can be found in [23].

The gravity experiment is constructed around the on-board KaT, that provides coher-
ent two-way measurements in Ka-Band (Ka/Ka). The Ka/Ka link is less affected by the
dispersive noises than the X/X.

The redundant DST, used for navigation, supports coherent two-way Doppler mea-
surements in the following configurations X/X and X/Ka. However the triple radio link
(X/X, X/Ka and Ka/Ka) is not available.
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Figure 1.3 – Schematic diagram showing the Juno S/C.
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The orbit determination problem
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2.1 Introduction

The gravity science experiments are experiments that aim at shedding some light and
providing constraints on the models of the interior structure of celestial bodies. The gravity
science is a particular application of the orbit determination (OD). This chapter will
introduce the mathematical formulation of the OD, together with the main observations
used in the OD process and the main error sources that may affect the results. Also, the
distinction between local and global approach, that will be used during this dissertation
thesis, will be introduced.

2.2 The orbit determination problem

The OD problem is an iterative process that consist in the estimation of a set of parameters
that define the trajectory of a body. The core of the process is the comparison between
the measured observables and the corresponding computed values obtained by an orbit
determination program, using a set of observational and dynamical models. In what
follows, we will use the JPL’s OD software MONTE (Mission-analysis, Operations and
Navigation Tool-kit Environment) [31].

The high-level schema of an OD process is summarised in figure 2.1.
Given an observational and a dynamical model of our system, we integrate the trajec-

tory of our S/C and the celestial bodies studied in this research. Based on the predicted
trajectory the computed observables are calculated. The differences between the mea-
sured observables and the computed ones form the residuals. In the hypothetical case
that the trajectory of the bodies of study and the models that define our system were
perfectly known, we would obtain zero-mean white noise residuals. However, errors and
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Figure 2.1 – Schematic representation of the OD process [86].

miss-modelling introduce signatures on the residuals that enable adjustments of our state-
parameters by means of a batch weighted least squares estimation filter [22], that defines
the best solution as the one that minimizes the weighted sum of squares of the residuals.
The estimated parameters are, at least, the spacecraft initial state. Other parameters
can be the initial state and the gravity field coefficients of the celestial bodies, or more
generally, any parameter that may affect the trajectory of the S/C.

Given the non-linearity nature of the OD problem, the iterative corrections to our
initial estimate of the solve-for parameters are defined as:

δxc = (ATWA+ Λ̃)−1(ATWy + Λ̃x̃) (2.1)

Where δxc is the least-squares estimate, A represents the matrix of observation partials,W
the matrix of observable weights, Λ̃ the a-priori information matrix, y the set of measure-
ments and x̃ the a-priori state vector. The first part of the equation 2.1 can be represented
as Px.

Px = (ATWA+ Λ̃)−1 (2.2)
Px represents the covariance matrix that provides information about the formal ac-

curacy and correlation of the different estimated parameters. Each element of the main
diagonal Pxii is related to the uncertainty σi as:√

Pxii = σi (2.3)
More details about the mathematical formulation of the statistical orbit determination

can be found in the chapter 4 of [82] and chapter 9 of [87].

2.2.1 Observables

An observable is any measured physical quantity that carries information about the solve-
for parameters. In deep space navigation, the most used observables are:
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• Range: Measured round-trip light time.

• Range-rate or Doppler: The frequency shift of the carrier of the received signal.

• DDOR: Is an angular measurement of the S/C along a baseline formed by two
different ground stations.

• Optical observables: Direct measurement of the S/C angular position relative to a
target body.

The two main observables used in this work are the range and the range-rate in their two-
way radio-link configuration (F2). This choice is done to avoid the error in the stability of
the S/C clock in the one-way case (F1) and the inter-station clock delays in the three-way
configuration (F3). F3 data will be used in particular occasions, to counterbalance the
lack of F2 data during close encounters.

Range observables The range observables are based on the measurement of the prop-
agation time of an electromagnetic wave travelling at the speed of light.

The one-way ranging is based on the transmission of a signal from an emitter to a
receiver. In the classical two-way configuration, the ranging is accomplish by means of
the modulation of a signal in an uplink, in the ground station. The S/C receiver locks to
the carrier, demodulates the signal and modulates it back into a downlink carrier coherent
with the uplink. The ground receiver receives a time delayed signal that represents a
measure of the round-trip propagation time, being proportional to the sum of the uplink
and downlink ranges.

τ = ρu + ρd
c

(2.4)

Where ρu and ρd represents the one-way range, in uplink and downlink respectively, and
c is the speed of light.

Range-rate The range-rate observables are a measurement of the Doppler shift of the
signal that provide a measure of the relative radial velocity. The signal is transmitted
from the ground station at a frequency fT at a given time, t1. This frequency, with a
given Doppler shift due to the relative motion between the S/C and the ground station,
is received at time, t2, by the probe. Then, the probe transmits a coherent signal with
a different frequency, in order to avoid interferences between the up-link signal and the
down-link signal. The transmitted frequency is related with the incoming signal by M2,
the turn-around ratio. Finally, the signal is received in a ground-station at t3.

The received frequency at the ground station, fR, can be expressed in a simplified way
as follows:

fR = (1− ρ̇

c
)fT (2.5)

In practice, the Doppler shift is not measured instantaneously, but by counting the
phase change of the Doppler cycle count, that provides a measure of the range-rate during
the count-time, Tc. In this way the Doppler observables takes the form of:

F = 1
Tc

∫ t̄+Tc/2

t̄−Tc/2
(1− fR

fT
)dt (2.6)

Where t̄ corresponds to an epoch at the midpoint of Tc.
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2.2.2 Noise sources

The accuracy in the OD is limited by a certain number of error sources that may affect
the radio-tracking observables. The main sources of error are:

• Instrumental noise - This noise can be caused by random errors introduced in the
ground station or in the S/C radio science systems like the DST or the KaT.

• Clock instabilities - Errors in the generation of the reference frequency translate
directly into errors in the range-rate measurements. The F2 configuration is used
to minimize the clock instability errors that the F1 can induce, or the inter-station
clock offset present in the F3 configuration.

• Dynamical miss-modelling - Imperfect non-deterministic and non-gravitational mod-
els can introduce errors on the S/C integration and affect the obtained results.

• Transmission media - When a signal propagates through a media, a path delay is
induced on the signal. Depending on the properties of the medium, the induced
delay can be frequency dependent or not. We talk about dispersive media when the
delay depends on the frequency of the signal. Examples of dispersive media are the
Earth ionosphere, the Io plasma torus, and the solar plasma. The induced path delay
decays with the inverse squared of the frequency. We can correct for the dispersive
noise in the signal by means of the multi-frequency link calibrations techniques [66],
[20]. Non-dispersive media, is the not frequency-dependent delay, which is mainly
caused by the Earth troposphere. There are two main components that can affect
the carrier stability: a dry component that provokes large but stable delays and a
wet component that instead provoke small but non-stable delays. The tropospheric
delays can be compensated with the TSAC (Tracking System Analytical Calibration)
and AMC (Advanced Media Calibrations) calibrations.

A more detailed treatment of the different error sources that can interfere in the OD
process can be found in [86].

2.3 Multi-arc approach

The gravity field determination, usually, uses data from different flybys that in the best
case are separated in time by months. The spacecraft dynamics during this period are
difficult to be followed given the complexity of the non-gravitational interactions [70] and
the size of the parameter space. Therefore, to overcome the non-deterministic nature of
the orbit determination problem, we adopt the multi-arc approach. In this approach, the
entire time span of the observations is decomposed in short non-overlapping and non-
contiguous intervals, each one with its own set of observables and its initial conditions.
This subdivision is useful when you cannot exactly follow the evolution of the dynamics.
This method results in over-parametrization, with the additional initial conditions being
able to absorb the dynamical model uncertainties. In the multi-arc approach, we make a
distinction in the parameters that forms our state vector:

• Global parameters: Those parameters that do not vary in time and affect all the
arcs in the same way. As an example, we can consider the spherical harmonics of
the gravitational potential of a celestial body.
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Figure 2.2 – Single-satellite global approach multi-arc strategy.

• Local parameters: Those parameters that only affect a single arc. Theoretically,
any parameter can be a local parameter, but in the multi-arc approach, as a rule,
the S/C state at the beginning of each arc will be a local parameter, just as if they
would be different S/C’s.

2.4 Global vs Local strategies
When using the Multi-arc approach, we can do another distinction that will depend on
the satellite integration type:

• Single satellite global approach.

• Local approach.

• Global approach.

Single-satellite global approach The single-satellite global approach is the conven-
tional method used in the past for all the analysis of the gravity radio science experiments.
Using this approach, when generating new ephemerides, the satellites state is integrated
for the entire time span covered by the data arc, from an epoch prior to the first fly-by,
to an epoch after the last fly-by (See figure 2.2). This approach ensures that the satellite
trajectory is internally coherent [91]. However, following this conventional procedure, a
new state of only one satellite is estimated. Usually the a priori covariance matrix of the
satellite is diagonal, neglecting the correlations with all the other satellites. Moving the
initial state of only one satellite and integrating the equations of motion, the orbits of all
the satellites might change, because of the relative gravitational interactions. This could
in principle change the fit of all the other data. Hence, the updated ephemerides do not
represent an "improved" version of the satellite ephemerides, but the orbits that allows to
better fit only the data under analysis. Moreover, the integration of the updated satellite
ephemerides over a long time span is a long process, and it slows down the analysis.

During the last five years, the radio science (RS) team and the navigation (NAV) team
started experiencing issues to obtain a satisfactory single satellite global fit of all flybys
of Titan, Dione, Rhea, and Enceladus. The problem arose when the satellite ephemerides
had to be integrated and updated over time scales in the order of 10 years. That, could be
an indication of errors in the models or a missing model in the estimation setup interfering
in the propagation of the satellites.
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Figure 2.3 – Local approach multi-arc strategy.

This approach has been used during this dissertation thesis to study the gravity field
of Titan and its orbital evolution during the timespan of the Cassini mission. See section
4.5.

Local approach The current strategy for the analysis of Cassini gravity science data
consists in the multi-arc approach using a local fit. Using this approach, the state of the
satellite is treated as a local parameter of a multi-arc analysis, under the hypothesis that
the gravity field of a body is weakly correlated to the satellite ephemerides and dynamical
properties of its system. Therefore, for each fly-by, not only a different state of the S/C,
but also a different state of each body are estimated. After the estimation, new satellite
"local" ephemerides are generated for each fly-by, integrating from the new states for a
time-span that only covers the corresponding fly-by (See figure 2.3). This approach does
not ensure that the satellite trajectory is strictly coherent but, as for the S/C trajectory
in the classic multi-arc analysis, the deterministic coherence is replaced by a stochastic
coherence. If the differences of the orbits are within the uncertainty of the ephemerides,
the two orbits are compatible from a statistical point of view.

For the purpose of the estimation of the satellite gravity field the local approach can
be considered fully equivalent to the global approach. This technique is used in section
5.3 to provide updates on the gravity field of the Galilean satellites.

Global approach In this case, all the satellites are integrated during all the time span,
taking into account the correlation between all the satellites when fitting the data and using
all the forces that influence the satellite dynamics. Therefore, in this case, the ephemerides
obtained actually represent a potential improved version of them. Given the size of the
parameter space, this approach needs a great amount of observations and is expensive
from a computational time point of view. When adding a large amount of measurements,
it becomes crucial to weight the data properly in order no mask some mismodelling. This
technique is used by the JPL and the IMCCE to generate the ephemerides of satellite
systems [49].

During this work, due to the limited number of available observations, we will use
the single-satellite global approach (Section 4.5) and the local approach (Section 5.3) to
obtain an updated gravity field and improved dynamical models of the bodies involved in
the problem.
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3.1 Introduction

The satellite systems of Saturn and Jupiter are complex dynamical systems, with several
interactions happening between the moons, the rings and the central body, such as orbital
resonances, tidal interaction or librations. In this chapter we will expose the theoretical
background of the main mechanisms that govern the evolution of the planetary systems.

3.2 Gravitational Potential

Deviations in shape and mass distribution of a celestial body from spherical symmetry
manifest themselves in its gravitational field and can provide information about the interior
of the body of study. The gravitational potential energy outside of an isolated body, of any
internal structure, can be described by means of an integral over the mass distribution,
the so called Poisson’s integral:

U(~r) = −G
∫ 1
|~r − ~r′|

ρ(~r′)dV (3.1)

In the particular case of a point massM equation 3.1 gives the classical result U = −GM/r.
Following [56], exterior to a mass distribution, V , it can be shown that the gravitational

potential satisfies Laplace’s equation:

∇2U(~r) = 0 (3.2)
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Using this relation and separating the variables, the potential, U , of an isolated body can
be conveniently expanded in series of spherical harmonics of degree l and order m:

U(~r) = −GM
r

[
1 +

∑
l≥2

l∑
m=0

(
R

r

)l
Plm(sinφ) (Clm cosmλ+ Slm sinmλ)

]
(3.3)

Equation 3.3 provides a representation of the gravitational potential energy per unit mass
produced by the isolated body.

Where G is the gravitational constant, M and R are the mass and equatorial radius,
r is the distance from the body′s center of mass, φ is the latitude, λ is the longitude, Plm
are the un-normalized associated Legendre functions, Clm and Slm are the un-normalized
spherical harmonic coefficients.

We can adopt the normalized harmonics using the following relations:

P̄lm =
√

(2l + 1)(2− δ0m)(l −m)!
(l +m)! = NlmPlm

Clm = NlmC̄lm

Slm = NlmS̄lm

(3.4)

Finally, the gravitational acceleration can be expressed as the gradient of a scalar
potential.

~ag = −∇U(~r) (3.5)

3.3 Tidal potential
When introducing a secondary body B of mass Mb placed at ~rb = (rb, φb, λb) in the body-
fixed frame, the gravitational potential of the primary body will change due to the tidal
perturbation generated by the secondary body. The external perturber will create a tide-
raising potential, W, that will change the shape and the mass distribution on the primary,
as it, its gravitational potential will be modified as well.

At the surface of the perturbed body, the potential W (~R, ~rb), can be expanded into a
sum of terms Wl(~R, ~rb), that will be proportional to the normalized Legendre polynomials
Plcos(γ). Then, in any point ~R(R,φ, λ) on the surface of the primary the potential W
takes the form of:

W (~R, ~rb) =
∞∑
l=2

Wl(~R, ~rb) = −GMb

rb

∞∑
l=2

(R
rb

)l
Plcos(γ)

= −GMb

rb

∞∑
l=2

(R
rb

)l l∑
m=0

(l −m)!
(l +m)! (2− δ0m)× Plm(sinφ)Plm(sinφb)cos(m(λ− λb)) (3.6)

Where G is the gravitational potential, γ is the angle between ~R and ~rb, and δ0m the
Kronecker delta symbol as explained in [54].

Then, as introduced before, tidal distortion of the primary due to the secondary pro-
vides an additional ∆U(r) to the body’s potential in an exterior point ~r. Assuming the
linear theory, this term can to be shaped by terms of Ul(~r) that are proportional to the
terms Wl(~R, ~rb), that will evolve in time and will have a rich spectrum of frequencies [29].

Due to the Dirichlet boundary condition, each degree l scales with (R/r)l+1 and each
term Wl(~R, ~rb), will introduce a linear deformation on the primary’s body shape [21].
According to where the proportionality factor is inserted, at the degree level or at both
degree and order, two different formalisms can be found in literature.
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Figure 3.1 – Schematic diagram of the geometry angles. Ra represents a point on the
surface of the primary body A, with coordinates ~R = (Ra, φ, λ) . The perturber body, B,
is identified by ~rb = (rb, φb, λb) .

Kaula Formalism (kl) The proportionality factor is inserted at the degree level, being
proportional to the Love number kl. Then, we can set the total change in the exterior
potential as:

∆U(~r) =
∞∑
l=2

kl
(R
r

)l+1
Wl(~R, ~rb)

= GM∗

r∗

∑
l≥2

(
R

r

)l+1
kl

(
R

r∗

)l l∑
m=0

(2− δ0m)(l −m)!
(l +m)!

Plm(sinφ)Plm(sinφ∗)(cosmλ cosmλ∗ + sinmλ sinmλ∗)

(3.7)

IERS Formalism (klm) The IERS formalism appears to be different, because it ex-
presses directly the tidal effect as a change in the body spherical harmonics coefficients.
The Love numbers are function of both degree and order and the change in the exterior
potential takes the form of:

∆U(~r) = GM

r

∑
l≥2

l∑
m=0

(
R

r

)l
P̄lm(sinφ)P̄lm(sinφb)

klm
2l + 1

(
GMb

GM

)(
R

rb

)l+1
(cosmλb + sinmλb)

(3.8)

Then, using the IERS formalism we can express the deviation on the spherical har-
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monics as:

∆C̄lm − i∆S̄lm = klm
2l + 1

GMb

GM

(
R

rb

)l+1
P̄lm(sinφb) exp (−imλb)

= klm
2l + 1

GMb

GM

(
R

rb

)l+1
P̄lm(sinφb) (cosmλb − i sinmλb)

(3.9)

When comparing both formalisms, we see that the IERS formulation is an extension of
the Kaula’s formulation, where kl it is replaced by klm. Kaula then, represents a particular
case of IERS where klm=kl. For example, for the degree 2, Kaula’s formulation becomes
equivalent to IERS under the assumption of k20 = k21 = k22 = k2. That implies that
the linear deformation in the primary body due to the tidal distortion will be the same
in every direction.This kind of assumption is convenient for the long term dynamics when
you do not want to deal with that many parameters. It also can be useful in short term
dynamics if the data set is not really sensitive to the variation of the klm.

Instead, when considering short term dynamics in Jupiter and Saturn the IERS for-
mulation becomes necessary. Their high rotation rate enhances the differences between
the different klm for a certain l, so we can consider different responses for different degrees
and orders.

In the real world, due to the in-elasticity of the celestial bodies, the perturbed body
does not react instantaneously to the mass-redistribution caused by the secondary, a lag
exists between the tide-raising potential and the tidal induced potential. Then, we can rep-
resent the love numbers as a complex number, where the real part Re(klm) represents the
part of the potential aligned with the tide-raising potential, the imaginary part Im(klm)
is related to this lag and describes the dissipation in the interior of the body.

The dissipation factor or quality factor Q is a dimensionless coefficient that gives an
indication of the tidal energy dissipation. For a gas giant, it is expected to be frequency-
dependent, with dissipation-peaks at certain frequencies as suggested by [61] with the
discovery of Saturn’s Qp at Rhea’s frequency. More details will be given in the following
sections.

The quality factor is related with the Im(k2) and to the geometrical lag ε by means
of:

1
Q

= −Im(k2)
|k2|

= tan(2ε) (3.10)

Finally, using the IERS form with the complex number notation we generalize the
deviation on the spherical harmonics due to the tidal distortion as:

∆Jn = −Re(kl0)
2l + 1

∑
j

(GMb

GM

R

rb

l+1
P̄l0(ub)

)
(3.11)

∆Clm − i∆Slm = klm
2l + 1

∑
j

(GMb

GM

R

rb

l+1
P̄lm(ub)(s− it)m

)
(3.12)

3.3.1 Hydrostatic equilibrium

If we consider that a perfectly fluid body is not subjected to secular stresses, its shape
could be described, uniquely, by the spherical harmonics of the second degree, forming
an equipotential surface defined by the gravity of the body, its rotation and the tidal
distortion caused by the primary. This means that the deviations from the spherical
symmetry are only caused by the rotation of the body and the tidal distortion. Then, we
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can introduce kf , the fluid Love number, that describes the complete relaxation of a body
in long time-scales adjusting to the tidal and rotational potentials [42].

Hence, the degree-2 gravity coefficients J2 and C22 assume the following expressions:

J2 = 5
6kf

w2R3

GM
(3.13)

C22 = 1
4kf

w2R3

GM
(3.14)

Where w is the rotational period. One way to evaluate the hydrostaticity of a body, by
means of the gravity measurements, is to measure the ratio J2/C22. The expected value
for a slow-rotating body is 10/3, that corresponds to the ratio between the equations 3.13
and 3.14.

If the body of study is in hydrostatic equilibrium, its moments of inertia will be related
to the C22 through kf .

The moment of inertia of an hydrostatic body can be inferred by means of the Darwin-
Radau equation, [55]:

C

MR2 = 2
3
[
1− 2

5
(4− kf

1 + kf

)1/2]
(3.15)

Also, J2 and C22 coefficients can be expressed in terms of the inertia moments [21]:

J2 = C −A
MR2

C22 = B −A
4MR2

(3.16)

3.3.2 Tidal heating

The tidal interaction is known to be one of the main drivers of the planetary systems
evolution. The major satellites of both Jupiter and Saturn gas giant systems are in a
synchronous state, that means that the satellite’s rotation period around its central body
is the same as its spin period. Due to the gravitational pull of the primary, a bulge
pointing along the line that connects the centres of the satellite and the planet raises on
the satellite.

The height of the bulge created by the gravitational pull, depends on the semi-major
axis of the orbit and the resistance that the satellite present against the raising and
lowering of its own bulge. Given an orbit with eccentricity, this cyclic process results in
tidal heating that progressively circularizes the satellite’s orbit [73]. As a consequence
of the progressive circularization of the orbit, the tidal heating is reduced, until after a
certain time the satellite will follow a circular orbit without tidal heating.

In an alternative case, in which the motion of the satellite is perturbed by a mean
motion resonance, its eccentricity would rise counteracting the tidal eccentricity damping
and the tidal de-heating.

The rate of dissipation in the spin orbit satellite is related to the internal properties
by means of [79]:

Ė = 21
2 Im(k2)R

5
eGM

2n

a6 e2 (3.17)

Where G is the gravitational constant, M is the mass of the planet, n is the mean motion,
a is the semi-major axis and Im(k2), commonly characterized as −k2/Q, describes how
is the response of the interior of the satellite to the applied potential. The Im(k2) is is a
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way of cloaking our ignorance on interior processes and depends on how the mechanical
energy is dissipated into heat [75].

3.3.3 Orbital evolution

The long-scale orbital evolution is dominated by the antagonist effects of the dissipation
on the central body and on the different satellites that orbit around it. While tidal heating
tends to circularize the orbit, the dissipation on the primary results in torques that push
the satellite outward, at the same time, its rotation rate is reduced to keep the angular
momentum of the system constant.

As introduced before, the gravitational pull of a satellite orbiting a primary will create
a tidal bulge on the central body. This bulge, due to the in-elasticity of the body, will
not point directly towards the satellite, a lag between the created bulge and the tidal
generating potential will exist. This lag between the raising potential and the tidal bulge
will cause torques on the satellite and will depend on the dissipation of the primary, taking
the following form:

T = 3
2
Gm2R5

pk2p

a6Qp
(3.18)

A large lag angle implies a small quality factor, Qp, high dissipation rates on the
primary and hence stronger torques that will make the satellite migrate faster.

If the rotation rate of the primary is greater than the mean motion of a satellite, that
is for satellites beyond the co-rotation point, the tidal bulge will be carried ahead of the
satellite creating torques that will cause the satellite to drift away, increasing its semi-
major axis while the rotation-rate of the planet will decrease to conserve the total angular
momentum of the system [73]. This situations is encountered for the most of the Saturn
and Jupiter satellites.

In the opposite case, when the mean motion of the satellite is greater than the rotation-
rate of the planet, the bulge lags behind the satellite causing an inward motion of the
satellite. This situation is encountered in the Martian system, in which Phobos is moving
inward toward Mars.

We can define a characteristic time-scale to describe the outward migration of a moon
due to the tidal energy dissipation.

ttide = a

ȧ
(3.19)

Then, the effect of the tidal dissipation in the primary at a certain frequency can be
expressed as:

Qp = 3k2
Mm

Mp
(Rp
am

)5nttide (3.20)

Combining 3.20 and 3.19 we arrive to the following formula, that defines the instantaneous
outward evolution of a satellite:

ȧ

a
= 3k2
Qp

Mm

Mp
(Rp
am

)5n (3.21)

The torques 3.18 are a strong function of a, the semi-major axis. Assuming a constant
k2/Q ratio, the inner moons migrate faster than the outer moons. Then, due to this
outward orbital migration, the satellites may have encountered certain orbits or locations,
in which the ratio of two different orbital frequencies would be an integer. This kind of
situation is a mean motion resonance (MMR) and is the case of Tethys and Mimas, Dione
and Enceladus or Titan and Hyperion in the Saturn system, or Io-Europa-Ganymede in
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Figure 3.2 – Outward migration of Mimas, Enceladus, Tethys, Dione and Rhea for different
cases. a) Outward migration using the classical tidal theory considering a constant Qp =
16000 (dashed lines) against the expected outward migration using the recent Qp estimated
values [61] (solid lines). b) Outward migration under the resonance-locking mechanism
[33] using the values estimated using astrometric measurements. This figure has been
taken from [75].

the Jovian system. This kind of resonance perturbs the orbits making the eccentricities of
the satellites grow and as a consequence, boosting the tidal heating.

These resonances provide a way to excite orbital eccentricities creating a long term
heat source. It exists a particular case in which there is an equilibrium eccentricity value
when the eccentricity excitation due to the MMR and the eccentricity damping due to the
tidal heating counteract their effect. When this situation is encountered, the total rate of
dissipation in the satellites is then independent of the satellite structure and only depends
on the rate of dissipation in the primary.

Recently, using astrometric observables, measurements of the dissipation of Jupiter
and Saturn at different satellite frequencies has been retrieved, [60], [62], [61]. For the
Saturn system, this studies confirmed a Qp compatible with 2000 for Enceladus, Tethys
and Dione. Rhea instead, presented a completely different value, 300, not compatible with
the other values and evidencing the frequency-dependent nature of the quality factor Qp.
The retrieved values lead to an important consequence: if we consider Qp constant, the
satellites would be younger than the age of the solar system, that is, the moons must
have formed billions of years after the formation of Saturn, an incompatible result with
the classical formation theory, in which the satellites were formed from the same proto-
planetary disk.

This result is evidenced in the first sub-plot of the figure 3.2, retrieved from [75]. The
figure shows, using dashed-lines, the outward evolution of the different Saturnian satellites,
considering a constant Qp of 16000 for all the satellites and, in solid-lines, the outward
evolution considering as Qp the retrieved values from [61].

These obtained Qp values at different frequencies are in agreement with [26] that
proposes that Mimas, Enceladus, Tethys, Dione and Rhea may have been formed with
the debris of a primitive massive ring. This different formation theory actually places the
moons in its current positions.

3.3.4 Resonance locking

An alternative explanation has been proposed in [33]. The theory proposes that Qp is
frequency dependent and not constant in time, being controlled by the evolution time-
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scale of Saturn’s interior. That means that the low Qp retrieved values do not imply young
satellites. The second sub-plot of figure 3.2 shows the hypothetical outward evolution of
the Saturn satellites under the resonance-locking mechanism using the present-day Qp
obtained from [61].

The resonance locking mechanism works as follows: during a resonance lock, the out-
ward migration is reinforced by the resonance between the moon’s tidal forcing and an
oscillation mode. This oscillation mode can be a gravitational mode or an inertial wave.

Due to the internal structure evolution of the primary, the frequency of the mode
changes. When the frequency of the mode crosses one of the tidal forcing frequencies, the
moons can enter in a resonance and migrate to a rate comparable to the planetary evolution
time-scale. When the frequency is approaching the tidal forcing frequency, dissipation in
the primary enhances the torque on the satellite, as evidenced in equation 3.18, provoking
an outward migration. This outward migration moves the satellite away from the frequency
of the mode, therefore the outward migration is reduced, until the dissipation peak catches
the tidal forcing again. In other words, the moons can "surf" the dissipation frequency
peaks.

It is noteworthy that the resonance locking mechanism may provide a way to explain
the values obtained with astrometry, while keeping the old moon formation scenario as a
possibility.
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4.1 Introduction

The Saturn system is a complex dynamical system. The satellites, the central body and the
rings, interact between them by means of the gravitational forces giving raise to interesting
phenomena like the MMR of the Saturn system 1:2 Dione-Enceladus, 2:4 Tethys-Mimas
or the 3:4 Hyperion-Titan.

Cassini is the only S/C that so far performed a SOI and for 13 years studied the Saturn
system in-situ, performing 293 orbits around Saturn, most of them dedicated to the study
of the satellites of the system, especially Titan and Enceladus. During the last year of its
operational life, Cassini orbited Saturn in a highly eccentric low-pericenter orbit with a
period of 6.4 days that allowed to measure the gravity coefficients of the gas giant to an
unprecedented accuracy.

This chapter will be dedicated to the data-analysis procedure followed to retrieve the
gravity field of Saturn and its biggest satellite Titan. In addition, the chapter will focus on
the study of Titan’s orbital evolution using the single-satellite global approach introduced
in the section 2.4.
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4.2 Dynamical Model - Cassini data analysis

This section introduces the dynamical model used in our studies, both the measurement
of the gravity field of Saturn and the study of the orbital evolution and the gravity of
Titan, that we will describe in section 4.4 and 4.5.

The dynamical model that we used in our study included all the forces that acted on
both the Saturn system bodies and the Cassini spacecraft: gravitational forces, that affect
the propagation of all the bodies in the solar system and non gravitational forces that only
affect the motion of the S/C. Mathematical details of the implementation of these models
in MONTE can be found in [30], [72] and [71].

4.2.1 Gravitational accelerations

The Cassini dynamical model used in this study included the gravitational forces of all
the main bodies of the solar system, the sun, planets of the solar system, Saturn satellites
and the rings of Saturn. In particular, the following effects were activated:

• Relativistic point-mass gravity acceleration from the Sun, the planets, the Moon and
Pluto. The state vectors were obtained from JPL planetary ephemerides DE435.

• Relativistic point-mass gravity acceleration from Saturn. The state vector was ob-
tained from JPL’s Saturn ephemerides SAT389.

• Relativistic point-mass gravity acceleration from the Saturn’s satellites Mimas, Ence-
ladus, Tethys, Dione, Rhea, Titan, Hyperion, Iapetus, Phoebe and Helene. The state
vectors were obtained from the SAT389.

• The gravity field of Saturn and its planetary rings, represented by the standard
spherical harmonic expansion of its gravitational potential up to the tenth degree
retrieved from the JPL saturn system ephemerides SAT389.

• The gravity field of the main Saturn satellites, represented by means of the spherical
harmonic expansion, retrieved from the last publications of the RS team.

• Tides risen on Saturn by its satellites.

• Tides risen on Titan by Saturn.

• The self-oblateness of Saturn’s satellites, that is the acceleration on a body due to
its own deviations from the spherical symmetry.

In addition, the effect of Saturn’s large oblateness (J2), was taken into account when
computing the Doppler observables.

Rotational models The major satellites of Saturn are supposed to be in synchronous
rotation around its central body, with its rotation axis normal to the orbital plane and
prime meridian always oriented towards the empty focus. For that reason, we adopted a
dynamically defined, perfectly synchronous, rotational model pointing to the empty focus
of the orbit.
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For Saturn we used the rotational model of the ephemerides set SAT389, that is defined
as:

α(deg) = 40.582523383744423− 0.03099714786916873T (4.1)
δ(deg) = 83.537769990273958− 0.007584170141686378T (4.2)
W (deg) = 38.8999 + 810.79390237033704d (4.3)

Where:

• α: right ascension of the north pole with respect to EME2000.

• δ: declination of the north pole with respect to EME2000.

• W : angle measured easterly along the body’s equator between the prime meridian
and the ascending line of nodes.

• T : time measured in Julian centuries (36525 days) past J2000.

• d: time measured in days past J2000.

Note that the values are given in double precision, which is sufficient for replication
purposes.

The rotation rate term corresponds to 10◦39′22′′ and was calculated by the planetary
radio astronomy experiment of the Voyager 1 [28].

4.2.2 Non gravitational accelerations

The non-gravitational forces acting on the spacecraft are forces that only affect the prop-
agation of the trajectory of the spacecraft. In our estimation-setup, the following acceler-
ations were active:

• The solar radiation pressure (SRP).

• The acceleration product of the RTG’s.

• Orbital trim maneuvers (OTM) used to change the trajectory of the spacecraft.

• Unbalanced thrust during attitude and reaction wheel desaturation manoeuvres im-
plemented with the thrusters (SMFDV).

• Drag caused by Titan’s atmosphere.

Instead, other non gravitation accelerations like the albedo and the thermal emission
were neglected.

Solar radiation pressure Solar radiation can generate an acceleration above Cassini’s
sensitivity. The value of these accelerations depends in the S/C geometry and the thermo-
optical properties of the surface provided by the NAV team.
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Radioisotope thermal generators Three RTG’s provided electrical power to the
Cassini S/C through the decay of a radioactive isotope of Plutonium. The RTG-induced
non isotropic acceleration is modelled using an exponential model:

~A(t) = ~A0e
−β(t−t0) (4.4)

Where ~A(t) is the thermal acceleration vector at time t, ~A0, provided by the NAV team,
is the spacecraft thermal acceleration vector at a given reference epoch t0, and β is the
time scale of the exponential law, which derives from the 87.7-year half-life of the isotope
of Plutonium used as nuclear fuel in the RTG’s. The main effect of this acceleration is
along the spacecraft Z body-fixed axis.

Orbital manoeuvres and Small Forces Any perturbation that may affect the tra-
jectory of the S/C should be estimated during the orbit determination. To increase the
accuracy of our estimation, we avoided, when possible, to introduce OTM or SMFDV in
our estimation filter to avoid the introduction of biases in our solution. This was possible
in all the flybys but T110 in which two SMFDV were performed before and after the close
encounter with the satellite.

Drag We took into account also the effect of the drag in the Cassini S/C, due to the
atmosphere of Titan, that perturbed, in a non-negligible way, the motion of the S/C during
at least three encounters; T22 (December, 2006), T68 (May, 2010) and T99 (March, 2014).

4.3 Data-Selection and data-calibration
During the different encounters performed by Cassini, range data at X (8.4 GHz) band and
Doppler data at X and Ka (32.5 GHz) bands were acquired by the antennas of NASA’s
Deep Space Network (DSN) at the main complexes of Goldstone, Madrid and Canberra,
and in a few occasions by the ESA’s ESTRACK complexes in Malargue and New Norcia.

The main observable used in gravity determination is the spacecraft range-rate, which
provides a direct measurement of the variation of the radial velocity of the spacecraft. In
addition, to study the orbital evolution of the Saturn satellites, we also used range data,
that despite its minor contribution to the gravity field determination is really useful to
constraint better the ephemerides of the system of study.

During the Cassini-era, the expected accuracy of the Doppler observables using the X-
band can be about 0.03 mm/s, while for the ranging systems, limited by the interplanetary
plasma and the delays in the ground station and spacecraft electronics, can be about 2 m
[86].

The analysis took into account all the data available in a 24 hours window centred
around the C/A during the Saturn encounters and 48 hours before and after the C/A dur-
ing the satellite flybys. The additional data, non acquired during the pericenter, allowed
an improvement of the orbit determination, in particular the estimation of ephemerides
and the GM of the satellites of Saturn and Saturn itself, due to the stronger constraint
that impose on the relative trajectories of the bodies of the problem.

For the most part we used coherent F2 data, compressed to a 60 s integration interval
during the satellite flybys. During Saturn encounters we used a different strategy and
compressed the data to a 30 s interval in order to retrieve more information, given that
the ring occultations caused some data-retrieval issues.

When F2 Doppler was unavailable, situation encountered when the round-trip light-
time prevented the tracking station that transmitted the link to receive the coherent link
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back, we used F3 Doppler, adding in our filter the necessary bias to correct for possible
DSN inter-station clock offsets. F1 Doppler was never used due to early failure of Cassini’s
ultra stable oscillator (USO) and the possible instability of the spacecraft clock due to the
environment.

When available, X/Ka was preferred over X/X to be less sensitive to the dispersive
effects, like the ionosphere or the solar plasma. We corrected the tracking data for the
Earth media effects, the troposphere and the ionosphere, using TSAC, based on a com-
bination of weather data and dual frequency GPS, and AMC calibrations. The last ones
were only available during the radio science flybys and were obtained with advanced water
vapour radiometers.

Data whose elevation was lower than 15 deg, were cut in order to avoid errors due to
inaccurate calibration of the tropospheric and ionospheric induced delays.

An additional effect was included when analysing the data. The S/C on-board transpon-
der measures a frequency of the incoming signal which is shifted since it is in a rotating
reference frame. In addition, when the signal is retransmitted back to the Earth, it expe-
riences an additional Doppler shift [65]:

∆fspin = (st +M2)ws2π (4.5)

Where ws is the projection along the line of sight of the S/C angular velocity, M2 is the
turn-around ratio, st and sr are coefficients that define the sign of the frequency shift,
respectively on transmission and reception. They can only be +1 or -1. Then the sign of
the frequency shift depends upon the sign of the spin rate with respect to the sign of the
polarization of the signal.

4.4 The gravity field of Saturn - Cassini data analysis

Saturn, predominantly composed by hydrogen and helium, is the sixth planet from the
Sun and the second biggest planet of the solar system after Jupiter. It has an oblate shape
and its equatorial radius is about 60330 km. The gas giant is in a near 5:2 mean-motion
resonance with Jupiter.

Together with its characteristic ring system and its more than 50 moons it gives raise
to a really complex planetary system.

This section will explain in detail the process followed to estimate the gravity field of
Saturn by means of the trajectory reconstruction of the Cassini probe during six gravity-
dedicated orbits during the last months of the deep space mission.

During the Grand Finale phase, Cassini orbited Saturn in a highly eccentric, low-
pericenter, 6.4-day orbit. Of the twenty-two proximal orbits, six were dedicated to Saturn’s
gravity field determination with its pericenter between 2600 and 3300 km over Saturn,
passing trough the gap between the inner D-ring and the cloud level of the gas giant.

Doppler measurements were acquired by the DSN, approximately 12 hours before and
after the close encounter. During these encounters ring-occultation experiments were also
performed. Due to the relative position of Saturn, the Earth and the S/C, the transmitted
radio signal crossed the ring-plane producing data gaps. These data gaps were found in the
vicinity of the C/A, (approximately 10 minutes gap) and way after, during the so-called
distant ring-occultation.

Of the six planned encounters, Rev275, did not have data during the close encounter,
due to an acquisition problem at the Malargue complex. Table 4.1 summarizes the main ge-
ometrical and data-quality parameters of the six flybys, while figure 4.1 provide a schematic
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Figure 4.1 – Ground tracks of the six close flybys performed by Cassini over Saturn during
the Grand Finale orbits. Note that Rev275 followed practically the same orbit as Rev273.

view of the ground-track of Cassini during the encounters. Note that Rev273 and Rev275
followed a very similar orbit probing almost the same zone of the body.

4.4.1 Multi-arc setup

The acquired radio tracking data of Rev273, Rev274, Rev275, Rev278, Rev280 and Rev284
were pre-processed and the residuals were weighted on a pass-by-pass strategy using the
RMS of the residuals itself.

We used a local multi-arc strategy, integrating locally the trajectories of the satellites
during the time-span of the arc. Our multi-arc filter solved for:

• State of Cassini at the begining of each arc.

• Cassini RTG’s acceleration.

• Saturn GM and zonal harmonics up to 20th degree.

• Saturn non-zonal harmonics up to 2nd degree.

• Saturn Re(k22).

• Saturn pole position at J2000.

• B-Ring mass.
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• Solar radiation pressure scale factor.

• Station position offsets.

Initial state of Cassini The state vector of the Galileo S/C is estimated at the be-
ginning of each arc, approximately 12 hours prior to the C/A. The a-priori values are
obtained from the trajectory, reconstructed by the Cassini navigation team, whose last
reconstructed trajectory can be found in the PDS site [19]. We used a conservative ap-
proach to set the a-priori uncertainties, using a diagonal covariance matrix with 1-σ of
1000 km in position and 0.001 km/s in velocity.

Cassini’s RTG accelerations The a-priori values of the RTG’s acceleration were taken
from the GINFILE provided by the Cassini navigation team, that contained the values of
the thermal acceleration of the S/C at 6-OCT-1997 00:00 ET. As uncertainty, we used the
10% of its value in every direction.

GM of the Saturn barycentre The GM of Saturn’s barycentre is retrieved from the
SAT389 ephemerides set with a large a-priori uncertainty of 10 km3/sec2.

Saturn gravity field coefficients In absence of internal dynamics, the gravity field of
a gas giant can be expressed by its even-zonal harmonics. In our setup we included all the
zonal harmonics up to the 20th. The quadrupole coefficients (C21, S21, C22, S22) were set
to zero. They were added to take into account possible deviations between the rotation
axis and the principal axis of inertia.

Saturn tidal response The tidal response was set to the values found in [89], and only
the real part of the Love number k22 was estimated, with a large a-priori uncertainty of
0.8.

Pole position The pole position, right ascension and declination, has been estimated
at a reference epoch (J2000), using 0.013 deg as a-priori uncertainty for both terms.

B-Ring mass The rings are assumed to be co-planar with Saturn’s equator and to have
a constant density. The dynamical model contained the A, B, C-rings and the Cassini
division, whose values were retrieved from a presentation of R.A. Jacobson at the Cassini
Project Science Group. We considered that the only ring capable to infer a perturbation
on Cassini was the ring B whose uncertainty was set to 0.5 km3/sec2.

Solar radiation pressure A scale factor of the solar radiation pressure was included
as a consider parameter with an uncertainty of the 20% of its value.

Station position offsets In addition, a possible position offset in the ESTRACK sta-
tions of Malargue and New Norcia was estimated. We used cylindrical coordinates with
an a-priori uncertainty of 3 · 10−4 km for the cylindrical-radius and the Z direction and
3 · 10−6 deg in longitude.



4.4. The gravity field of Saturn - Cassini data analysis 33

4.4.2 Results

We reached a satisfactory single-arc fit estimating the previous parameters. The single-arc
solutions are reported in the figure 4.2, showing a great agreement between the estimated
even-zonal coefficients and a slightly worse concordance between the odd zonal coefficients.

(a) Saturn J2 − J4 estimate (b) Saturn J3 − J5 estimate

(c) Saturn J4 − J6 estimate (d) Saturn J5 − J7 estimate

Figure 4.2 – Single arc solutions of different pairs of low-degree harmonics, even and odds,
with the corresponding 3-σ error ellipses.

When combining the data of all the encounters in a multi-arc fit, we found that the
set of parameters was not sufficient to achieve a robust multi-arc solution, finding strong
signatures in the vicinity of the C/A. That, lead to the assumption that there was a
missing effect on the Cassini dynamical model.

To overcome this problem we followed two different strategies:

• High degree non-zonal field with a new rotation rate (CASE-A).

• Acoustic modes (CASE-B).

High degree non-zonal field with a new rotation rate As a first approach, we
found that using a high-degree non-zonal field of 12x12, using the rotation-rate found by
Voyager-1 [28], we could fit the data, but such a high-degree field is difficult to be explained
for a gas giant.
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The interior of a gas giant is almost certainly in hydrostatic equilibrium, making diffi-
cult to explain the existence of fluid mountains fixed in the rotating reference frame that
could be represented by a high-degree non zonal field.

From a physical point of view, a high-degree non-zonal field can be caused by an
irregular longitudinal mass distribution in the deep interior or in the outer shell, if the
uneven distribution is caused by the winds.

If we consider strong differential rotation, a high degree non-zonal field is not directly
applicable to a planet like Saturn, that is because the winds move at different speed in
function of the latitude, so their gravity disturbances cannot be associated to a solid body
rotating frame.

Instead, the use of a high-degree non-zonal field becomes valid if the uneven mass
distribution is caused by strong-deep convection disturbances that did not change during
the Grand Finale orbits.

The non-zonal components of the gravity field induced by the deep-interior distur-
bances, that is the sectorial and tesseral components, are strictly related to the rotation
period of the solid body due to its non-axisymmetric nature. The rotation rate of Saturn
is not well known, actually, there are available several estimations of the rotation-rate of
Saturn, [41], [28], [38], [35] and [64] spanning from 10◦32′45′′, to 10◦47′06′′.

Therefore, with the objective of understanding which is the best Saturn’s rotation
period to associate the non-zonal gravity field, we decided to add the rotation-rate of
Saturn as a solve-for parameter of our estimation filter. However, due to the non-linearities
of the model, it is not possible to estimate the rotation-rate of Saturn using MONTE. As
an alternative procedure we performed multiple estimations using different rotation rates
values. To check the quality of the fit we used the sum of squares (SOS) of the residuals,
centred in a 4-hour window around the C/A, and the root mean square of the estimated
non-zonal field coefficients. We tried all the possible values from 10◦27′00′′ to 10◦55′00′′
with a 6′′ step. The very same analysis was performed using different gravity field degrees,
trying to obtain a proper fit using the lowest non-zonal field degree.

We found that the lowest gravity field degree capable to absorb the signatures around
the pericenter was a 7x7 field.

Figure 4.3 evidences the obtained SOS of the residuals normalized with the minimum
of all the tested periods, representing a measure of the goodness of the fit. Also, evidences
the RMS of the non-zonal field together with the RMS of the non-zonal field sigmas. When
the RMS of the field is smaller than the RMS of the sigmas, statistically the non-zonal
field is compatible with zero. For clarity, we added the intervals of the different published
values using different colors. The normalized SOS profile present different local minima
and one clear global-minima. The global minima, minimum-1 in the figure, corresponding
to 10◦46′58′′, is inside the interval reported in [35] and pretty close to the one reported by
[38]. Then, there is a clear local-minima at 10◦35′12′′ that is in absolute agreement with
the recent value found in [64]. In this case, the RMS of the tesseral field is compatible with
zero within 1-σ. It is interesting to notice that, also, [28] seems to lay in a local minima.

Finally, the value published in [41] does not correspond to a local-minima and, more-
over, the rotation-rates associated to that interval provided non-convergent solutions in
the filter.

For clarity, we also present the different estimated values of the J2, the B-ring mass
and k22, with its associated 3-σ uncertainty, in figures 4.4, 4.5 and 4.6 respectively. Only
the best convergent solutions (normalized SOS< 1.008) are shown in the figures, together
with the retrieved mean, evidencing that in the best convergent solutions, minimum-1 and
minimum-2, the obtained values are all compatible within 3-σ.
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Figure 4.3 – Normalized SOS and corresponding RMS of the non-zonal field and its asso-
ciated uncertainty for the different solutions retrieved with different rotation rates. The
plot evidences four different published values of the rotation-rate of Saturn and the two
global-minima obtained.

Figure 4.4 – Obtained J2 of the best solutions (normalized SOS< 1.008) and its corre-
sponding 3-σ, evidencing the values found in the two global-minima.
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Figure 4.5 – Obtained ring-B GM of the best solutions (normalized SOS< 1.008) and its
corresponding 3-σ, evidencing the values found in the two global-minima.

Figure 4.6 – Obtained k22 of the best solutions (normalized SOS< 1.008) and its corre-
sponding 3-σ, evidencing the values found in the two global-minima.
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The retrieved residuals, of the six arcs used in our analysis, with the rotation rate
associated to the minimum-1, are reported in figure 4.7.

We obtained a compatible solution capable to absorb the signatures, (CASE-A), us-
ing a lower degree gravity field. Even tough, there are still 50 gravity field coefficients
that cannot be explained using a "better" rotation-rate of Saturn. Moreover, appear to
be several local-minima which provided similar quality fits, obtaining minor differences
between the obtained results, making impossible to draw a definitive conclusion about the
real rotation rate of Saturn. Further analyses will be required.

Acoustic modes An alternative assumption was that the residual signatures were caused
by acoustic modes. This modes correspond to periodic perturbations in the planet that
affect the external gravitational field. However, the inclusion of this time-varying gravity
field coefficients in the estimation filter is not straightforward because there are multiple
combinations of oscillations capable to fit the data. Moreover, we cannot estimate the
frequencies of the different modes due to the non-linearity nature of this model. Then,
the choice of the relevant frequencies and the corresponding amplitudes is not unique and
the not-continuous amount of data, acquired during the proximal orbits, is not enough
to disentangle the relevant modes from the not relevant ones doing a frequency-study, by
means of a power spectral density.

In our analysis, we used combinations of different frequencies of the theoretical free
oscillation modes, computed by numerical simulations in [36] using the Sa8 interior model.
The chosen frequencies correspond to the fundamental and gravitational modes acting
on the zonal harmonics of the gravity field. The frequencies used in our analysis are
summarized in tables 4.2 and 4.3.

In addition, we used six different fundamental modes measured studying the spiral
patterns of Saturn’s C-ring, which are created by periodic gravitational perturbations
[40]. We considered this fundamental modes to act in the sectorial coefficients of the
gravity field (See table 4.4).

Given the chosen frequencies, an additional issue arises: a small error on the frequencies
of the modes accumulates over the time, so that, after a few flybys the phase of the
oscillation mode could be completely different. To overcome this problem, we decided
to treat the included modes as a local parameter of a multi-arc, keeping the amplitude
of the estimated mode constant between the different encounters, introducing an over-
parametrization that increases the uncertainty of the results but avoiding errors due to
inconsistencies.

Table 4.2 – Periods of the fundamental acoustic oscillations acting on the zonal coefficients
of Saturn (in min) [36].

J2 J3 J4 J5 J6 J7 J8

Period (min) 173.2 131.9 113.0 100.9 92.18 85.44 80.01

We used the following combinations of acoustic modes:
• Fundamental acoustic modes (degree 2 to 6) + Gravitational modes (degree 2 and
3)

• Fundamental acoustic modes (degree 2 to 8)

• Fundamental acoustic modes (degree 2 to 8) + Gravitational modes (degree 2 and
3)
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Figure 4.7 – X-band residuals of the close encounters of the Cassini S/C with Saturn
during the proximal orbits (CASE-A). The RMS of the residuals can be found in the table
4.1. The vertical line corresponds to the closest approach with Saturn.
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Table 4.3 – Periods of the gravitational modes acting on the zonal coefficients of Saturn
(in min) [36].

J2 J3

Period (min) 381.5 279.6
264.8 206.9
114.2 89.32
148.5 115.3

Table 4.4 – Periods of the measured acoustic oscillations acting on the sectorial coefficients
of Saturn (in min) [40].

Wave name l,m Period (min)

W80.98 (4, 4) 312.2
W82.00 (3, 3) 298.5
W82.06 (3, 3) 298.8
W82.21 (3, 3) 299.6
W84.64 (2, 2) 278.6
W87.19 (2, 2) 291.3

• Fundamental acoustic modes (degree 2 to 6) + C-ring fundamental modes (degree 2
and 4) [40]

The choice of the a-priori uncertainty for the acoustic modes is non trivial, because if
it is too large, the combination of the different modes would absorb the signal of other
parameters. To avoid this situation, we set their value to zero and constrained the uncer-
tainty of the free oscillations to 3 ·10−8 while the ones found by Hedman were constrained
to 3 · 10−9.

All the presented combinations were able to fit the data properly, obtaining good qual-
ity residuals similar to the ones reported in figure 4.7 and obtaining compatible zonal-fields
as figure 4.8 evidences. As a reference case, we have chosen the solution that contains both
the fundamental modes up to the 8th degree plus the fundamental modes found in [40]
(CASE-C).

Comparison A comparison between the low-degree zonal coefficients obtained for CASE-
A and CASE-B is shown in 4.9. The plot evidences the good-agreement between the esti-
mated coefficients. Figure 4.10 reports the zonal estimated gravity coefficients up to the
13th degree and its associated 3-σ uncertainty, evidencing the values that are estimated
with good accuracy. As can be seen, the even-zonal harmonics, up to J12, are almost the
same for the two reference solutions (CASE-A, CASE-B). The odd-zonal harmonics are
in good agreement as shown also in 4.9. J7 might seem different at first sight, but that is
because the estimated value is smaller than the associated uncertainty in both cases.

Prior to this analysis, only J2 ,J4 and J6 were properly estimated [49]. The proxi-
mal orbits allowed for an estimation of the even zonal-coefficients up to the 12th degree.
The estimated coefficients are compatible within 1-σ with the previous estimated values.
In addition, this analysis permitted to estimate for the first time the odd-zonal gravity
harmonics. The obtained results deviate from the rigid body models, suggesting a strong
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(a) Saturn J2 − J4 estimate (b) Saturn J3 − J5 estimate

(c) Saturn J4 − J6 estimate (d) Saturn J5 − J7 estimate

Figure 4.8 – Obtained low-degree zonal coefficients, and its 3-σ error ellipses, using different
combinations of acoustic modes.

differential rotation with deep winds reaching up to 9000km [53].

Table 4.5 summarizes the values of the obtained zonal coefficients for the two baseline
solutions.

Concluding, using two completely different approaches we found a common zonal grav-
ity field, up to the 12th degree. Even though, a common zonal gravity field was found,
a non-zonal or time dependent field remains with several possible explanations. More
investigations will be carried out to unveil the origin of this anomalous coefficients.

An independent approach has been followed by [43], where in addition to the high-
degree non-zonal field and the acoustic modes, they used stochastic accelerations unrelated
to any specific physical model to detach the zonal coefficients from the unmodeled accel-
erations, retrieving full compatible solutions, within 3-σ, with the results presented in this
chapter.
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(a) Saturn J2 − J4 estimate (b) Saturn J3 − J5 estimate

(c) Saturn J4 − J6 estimate (d) Saturn J5 − J7 estimate

Figure 4.9 – Obtained low-degree zonal coefficients with its 3-σ error ellipses obtained in
CASE-A and CASE-B.

4.5 Titan gravity and orbit evolution

4.5.1 Introduction

Titan, discovered by Christiaan Huygens in 1655, is the second biggest moon of the en-
tire Solar system after Ganymede and the only moon that has more than a trace of an
atmosphere.

Previous to the work exposed in this thesis, two different analysis of the Titan gravity
field were published. The first of them used data acquired in four flybys, T11 (February,
2006), T22 (December-2006), T33 (June, 2007) and T45 (July, 2008), and considered a
purely 3x3 static gravity field [47]. Subsequently, [46], analysed the obtained data of two
more flybys, T68 (May-2010) and T74 (February-2011), providing the first measurement
of the variable tidal field exerted by Saturn, by means of the k2 coefficient, evidencing the
presence of a global ocean under the surface.

The gravity field of Titan, its tides and its orbital evolution are one of the outputs of
the analysis carried out in this thesis. The Doppler data used to obtain this results were
obtained during ten gravity-dedicated flybys that Cassini performed over Titan during
its entire mission. Figure 4.11 presents the ground track of the Cassini S/C during its
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Figure 4.10 – Un-normalized coefficients estimated using the two different exposed ap-
proaches with its associated 3-σ uncertainty. In addition the figure shows the difference
between both solutions, CASE-A and CASE-B.

Table 4.5 – Non-zonal coefficients of the gravity field of Saturn obtained using two different
approaches: CASE-A and CASE-B.

Apriori CASE-A CASE-B

GM (km3/s2) 37940577±10 37940568.7±6.8 37940573.3±6.0
J2 (×106) 16291±30 16290.580±0.017 16290.579±0.013
J3 (×106) 0±36 0.051±0.011 0.0487±0.0084
J4 (×106) −934±41 −935.289±0.019 −935.320±0.014
J5 (×106) 0±45 −0.305±0.027 −0.263±0.015
J6 (×106) 89±49 86.341±0.030 86.273±0.037
J7 (×106) 0±52 0.079±0.035 0.016±0.032
J8 (×106) −10±56 −14.610±0.053 −14.754±0.070
J9 (×106) 0±59 0.247±0.059 0.187±0.069
J10 (×106) 1±62 4.600±0.091 4.43±0.12
J11 (×106) 0±65 −0.524±0.095 −0.57±0.10
J12 (×106) 0±68 −1.18±0.14 −1.37±0.17
J13 (×106) 0±70 −0.41±0.13 −0.44±0.13
C21 (×106) 0.000±0.013 −0.0021±0.0067 −0.0011±0.0031
S21 (×106) 0.000±0.013 −0.0059±0.0035 0.0012±0.0024
C22 (×106) 0.0000±0.0065 0.0055±0.0021 −0.0032±0.0023
S22 (×106) 0.0000±0.0065 0.0037±0.0031 −0.0018±0.0018
GMRingB (km3/s2) 0.78±0.5 1.144±0.358 1.137±0.374
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Figure 4.11 – Ground tracks of the flybys performed by Cassini over Titan.
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encounters with the satellite. The geometrical parameters and the quality of the data
acquired during the encounters are summarized in the table 4.6.

These flybys were properly distributed along Titan’s orbit around Saturn, being an
optimal configuration to detect the variations of the tidal stresses.

4.5.2 Single-satellite global approach

Given the large number of Titan observations scattered during the timespan of the Cassini
mission and with the objective of studying not only the gravity of the ocean-world, but
also its orbital evolution, we used the single-satellite global approach.

As introduced in section 2.4, the single-satellite global approach is the classical ap-
proach used in the past for the gravity experiments. In the analysis we integrated the
orbit of Titan, uniquely, for the timespan in which the gravity-dedicated Titan flybys
were performed. The orbits of the other satellites were taken from the satellite system
ephemerides of reference, released by the JPL, SAT389.

The latest Saturn ephemerides set, SAT389, is obtained fitting all the available data,
that is, radio tracking data of several deep space missions, like Pioneer, Voyager and
Cassini, and astrometric data, using a global-fit. The result is a satisfactory orbital-fit,
even though, the models that generate the ephemerides may not be perfect. For example,
it is known that the relativity and tidal interactions are not included in the global-fit
that generated the reference ephemerides set [50]. While fitting the data, an error in the
observational model or a missing model used to generate the ephemerides may be absorbed
in the initial conditions of the satellites or in the gravity parameters of Saturn, without
affecting the goodness of the fit.

So, with the objective of obtaining the best possible fit of Titan’s orbit we included in
our dynamical model:

• The zonal gravity field of Saturn, result of the Proximal orbit analysis, see section
4.4.

• Saturn Love numbers, Re(k22) and Im(k22), at Titan’s frequency.

The inclusion of the tidal parameters at Titan’s frequency and the decision of integrat-
ing only Titan, while neglecting the effect of Saturn’s Love numbers at Titan’s frequency
on the other satellites, is justified. As explained in [61], the major secular effect due to the
planetary tides is caused when the tide generated in a primary by a secondary is acting
back on the secondary. Also, [73] reasons that the effect of the indirect tidal interactions,
that are the effects on a secondary body due to the tide generated in a primary body by
a third body, average to zero on comparatively short time-scales.

With the objective of testing the indirect tidal interactions, to see if the single-satellite
global approach can be applied, we performed the following numerical simulations:

• The orbits of the main satellites of Saturn were integrated using the models that
define the SAT389 ephemerides, with the very same initial conditions. In addition,
the real part of Saturn Love number k22 at Titan’s frequency was added to the
dynamical model, setting its value to the one reported in [89].

• Then, we integrated all the satellites with the same model explained in the precedent
step, adding Im(k22) = −125.8 · 10−5. The Imaginary part of the Love number k22
corresponds to Saturn’s dissipation at Rhea’s frequency, recently reported in [61].
The value was chosen because is not compatible with the estimated terms for the
other satellites, suggesting a frequency-dependent nature of Saturn’s dissipation.
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• We evaluated the differences in the position of each satellite in a RTN (Radial,
Transverse, Normal) frame.

• Finally, for comparison purposes, we evaluated the expected numerical errors of the
integration process. To do so, we integrated forward and then backwards, measuring
the obtained differences in position at the initial conditions.

Figure 4.12 reports the obtained results, showing the radial, transverse and normal
secular differences, that is, averaged with the corresponding orbital period. The figure
evidences that the biggest differences caused by the imaginary part of Saturn’s love number
at Titan’s frequency are induced on both Titan and Hyperion transverse direction. Also,
Enceladus and Mimas seem to present small deviations, due to their proximity to Saturn,
while the mean for the other satellites is zero. This big difference in the Hyperion orbit is
not surprising, since Titan and Hyperion are locked in a 4:3 resonance. It is interesting to
note that Saturn’s dissipation also induces a small secular component in the radial direction
of both satellites, that corresponds to the expected radial drift described by equation 3.21,
but this perturbation is two orders of magnitude smaller than the transverse direction.

Figure 4.21 presents the expected numerical error of the integration process. The
highest error is found in the satellites that are closer to Saturn, Mimas and Enceladus.
Actually, the expected numerical noise for both satellites and the obtained secular differ-
ences are in the same order of magnitude. The expected numerical error for Titan and
Hyperion is negligible when is compared against the obtained secular differences.

Taking into account the presented results, we conclude that the indirect tidal interac-
tions are negligible. Therefore, we can safely study the effect of Saturn’s Love numbers at
Titan’s frequency neglecting the other satellites.

4.5.3 Multi-arc setup

In this section we will address the setup used to estimate the gravity field and orbital evo-
lution of the biggest satellite of the Saturn system, Titan. Radio tracking data obtained in
ten different gravity-dedicated encounters, were analysed using MONTE after performing
the necessary pre-processing. The residuals were weighted on a pass-by-pass basis using
their own RMS and the a-priori weights were chosen on the basis of mathematical models
of the expected noise [44].

The least squares information filter solved for the following parameters:

• Initial state of Cassini at the begining of each arc.

• Initial state of Titan at 01-OCT-2010 00:00 ET.

• Titan’s gravity field.

• Tidal response of Titan.

• Saturn’s gravity field.

• Saturn’s tidal response.

• Titan’s atmosphere corrections (Only T22, T68 and T99).

• Cassini’s RTG accelerations.

• LGA possition (Only T110).



4.5. Titan gravity and orbit evolution 47

Figure 4.12 – Expected secular differences of the main satellites of the Saturn system due
to the dissipation in Saturn at Titan’s frequency, using the value of Rhea, in the RTN
frame. The dashed lines correspond to the different Cassini gravity-dedicated encounters
of Titan.
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Figure 4.13 – Expected numerical error in the integration of the satellites.
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• Small forces attitude corrections (Only T110).

• F3 bias.

• SRP.

Initial state of Cassini The state vector of the Cassini S/C is estimated at the begin-
ning of each arc, approximately one day prior to the C/A. The a-priori values are obtained
from the last reconstructed trajectory by the Cassini NAV Team. For the a-priori uncer-
tainty, we used a pretty conservative approach, using a diagonal covariance matrix with
1-σ of 20 km for the position and 0.2 m/s for the velocity. This values are way larger than
the uncertainties provided by the Cassini navigation team in order to not constrain the
solution in any sense.

Initial state of the Satellite The reference epoch was chosen at the halfway point of
the mission, to reduce the numerical errors. The a-priori values of the state vector of Titan
were retrieved from the last Saturn ephemerides set released by the JPL, SAT389. The
a-priori uncertainties were also set using a conservative approach, 300 km for the position
and 30 m/s for the velocity.

Atmosphere corrections To take into account the possible variability of Titan’s at-
mosphere, we estimated small corrections for it. They were introduced in T22, T68 and
T99 flybys in form of small trajectory manoeuvres in the direction of the velocity of the
S/C. The a-priori value was set to zero, while the a-priori uncertainty was 1 · 10−7 km/s.

LGA position The motion of the LGA phase center with respect to the center of mass
of the S/C induces a Doppler shift on the signal. During T110, Cassini obtained, for the
first time, gravity data using its LGA. Its a-priori position in the S/C frame was retrieved
from the navigation files. The a-priori uncertainty was set large enough in order to not
constraint the analysis.

Small Forces - attitude corrections During T110 two different attitude manoeuvres
occurred. Its values were retrieved from the Navigation gin-file. An a-priori uncertainty
of 0.5 m/s was used.

F3 biases F3 biases were added to prevent errors due to the possible DSN inter-station
clock offset. The values were set to zero with an a-priori sigma of 0.05 Hz.

Saturn’s gravity field Using a single-satellite global approach we are sensitive to Sat-
urn’s gravity field due to Titan’s orbital motion. We estimated the low degree zonal
harmonics up to 6th degree. As a-priori values we used the zonal coefficients retrieved in
the grand-finale analysis. The uncertainty was set to 5 times the obtained formal sigma.

Saturn’s tidal response The single satellite global approach allows us to study the
effect of the tidal response of a satellite at a certain frequency. We set the Re(k22) to the
value retrieved in [89] with a large a-priori uncertainty. The Im(k22) was set to zero with
an a-priori sigma of 0.005.



50 Chapter 4. Saturn system data analysis

Titan’s gravity field The a-priori values of the GM, J2, C22 and k2 were retrieved from
[46] while the values that correspond to other coefficients were all set to zero. The a-priori
uncertainty was set to 50 times the published formal uncertainty for the 2nd degree. For
higher coefficients we used the Kaula’s rule, which gives a bound on the RMS of the gravity
coefficients of each order, using Ak = 6.67.

4.5.4 Results

The figures 4.14, 4.15, 4.16 and 4.17 displays the Doppler and the two-way range post-fit
residuals obtained in the analysis of the radio tracking data, acquired during the flybys
that Cassini performed over Titan during its mission. We ran eight iterations to assure
the solution stability. A 4x4 gravity field was sufficient to fit the data adequately without
evident signatures around the C/A. Moreover, the residuals obtained in all the performed
test, described in 4.5.5, were all similar. The RMS of all the arcs are comparable but for
T45, T74 and T122 in which the SEP was lower than 50 deg, increasing the plasma noise.

The figure 4.18 shows the obtained values of the J2 and C22 in the J2−C22 plane, along
with their 3-σ error ellipses. The results are compared with the ones published in [46] and
against the last estimation of the RS Team, obtained following a local-approach, (Personal
communication of Daniele Durante). The solution retrieved in this study corresponds to
an hydrostatic gravity field, fully compatible with the last estimation of the RS Team.
However, it is different by more than 4-σ with respect to [46]. Figure 4.18 displays the
obtained result, together with the solutions used for comparison purposes, in the 3-σ
J2 − C22 plane. This difference could be caused by the addition of the 4th gravity field
degree. The estimated gravity coefficients together with Titan’s Love number are exposed
in table 4.7.

Figure 4.19 reports on the degree-4 gravity field anomalies together with their asso-
ciated uncertainties. The gravitation anomalies are refereed to the equipotential surface
defined by the gravity coefficients J2, C22 and Titan’s rotation. Note the correlation
between the ground-tracks of the Cassini over Titan, in figure 4.11, and the associated
uncertainty of the figure 4.19. The uncertainty is lower in the zones that are covered by
the flybys, principally the equator and the sub-saturnian point.

As introduced before, the global coverage of the flybys in the orbital frame of Titan
together with the non-negligible eccentricity, allowed to estimate the real part of the Love
number k2 of Titan. The estimated value of the Re(k2) is compatible with the previous
published value and with the last estimation of the RS Team, within 1.7-σ and 0.5-σ
respectively. The obtained value confirms that the satellite is highly deformable over
its orbital period, about 16 days. The addition of the imaginary part did not provide
substantial changes in the solution. The retrieved value was compatible with zero at less
than 1-σ, that is why the value was not introduced in the parameter space of the baseline
solution. Even tough, it provided the following lower limit Im(k2) = −0.148 at 3-σ.

In addition, the stability of the estimated gravity field coefficients has been tested
against another rotational model. The rotational model given in [69], estimated using
SAR images of Titan, returned a gravity solution statistically compatible within 3-σ.

4.5.5 Orbital evolution

The single satellite global approach allows us to study the orbital evolution of Titan.
The Saturn gravity solution and tidal parameters that define the outward motion of

the satellites are reported in table 4.8. All the estimated gravity coefficients are compatible
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Figure 4.14 – Doppler residuals for the first six gravity-dedicated flybys of Cassini over
Titan. The vertical line corresponds to the closest approach with Titan.
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Figure 4.15 – Doppler residuals for the last four gravity-dedicated flybys of Cassini over
Titan. The vertical line corresponds to the closest approach with Titan.
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Figure 4.16 – Two-way range residuals for the first six gravity-dedicated flybys of Cassini
over Titan. The vertical line corresponds to the closest approach with Titan.
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Figure 4.17 – Two-way range residuals for the last four gravity-dedicated flybys of Cassini
over Titan. The vertical line corresponds to the closest approach with Titan.
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Figure 4.18 – Titan’s single-satellite global approach solution, RS multi-arc local approach
(Personal communication of Daniele Durante) and last published solution [46], in the
J2 − C22, 3-σ plane.
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Figure 4.19 – Obtained Titan gravity anomalies and their associated uncertainty.
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Table 4.7 – Estimated gravity field coefficients of Titan

Apriori Global solution

GM (km3/s2) 8978.14±0.25 8978.13798±0.00015
J2 (×106) 33.59±17.5 33.91±0.28
J3 (×106) 0±15 −0.58±0.47
J4 (×106) 0.0±8.1 −0.04±0.94
C21 (×106) 0.0±5.0 0.10±0.16
S21 (×106) 0.0±5.0 −0.17±0.19
C22 (×106) 10.12±1.5 10.354±0.053
S22 (×106) 0.0±2.5 −0.024±0.042
C31 (×106) 0.0±5.9 1.33±0.12
S31 (×106) 0.0±5.9 −0.16±0.23
C32 (×106) 0.0±1.9 0.22±0.10
S32 (×106) 0.0±1.9 0.037±0.035
C33 (×106) 0.00±0.77 −0.2103±0.0085
S33 (×106) 0.00±0.77 −0.2401±0.0096
C41 (×106) 0.0±2.6 −0.35±0.13
S41 (×106) 0.0±2.6 −0.09±0.30
C42 (×106) 0.00±0.60 0.255±0.047
S42 (×106) 0.00±0.60 0.150±0.034
C43 (×106) 0.00±0.16 −0.020±0.013
S43 (×106) 0.00±0.16 −0.006±0.013
C44 (×106) 0.000±0.057 −0.0088±0.0019
S44 (×106) 0.000±0.057 −0.0106±0.0015
k22 0.589±1.0 0.648±0.034
J2/C22 3.32±11.7 3.275±0.039
corr J2-C22 +0.00 −0.58
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within 3-σ with respect to the a-priori solution. It is interesting to note, that the obtained
uncertainty for the J2 is in the similar order of magnitude than the one retrieved in the
proximal orbit analysis. This is a clear indication that the orbits of the satellites are
sensitive to the J2 at about the same level than the proximal orbits. A future global-
approach could improve this value.

Table 4.8 – Estimated gravity field coefficients of Saturn and its Love numbers, using the
single satellite global-approach

Apriori Global solution

GM (km3/s2) 37940585±5 37940585±0.3
J2 (×106) 16290.57±0.107 16290.56±0.025
J3 (×106) 0.059±0.038 0.061±0.038
J4 (×106) −935.31±0.061 −935.31±0.056
J5 (×106) −0.22±0.09 −0.22±0.09
J6 (×106) 86.34±0.144 86.33±0.143
Re(k22) 0.39±0.12 0.353±0.108
Im(k22) (×103) 0.0±5 −3.06±0.207

One of the most notable parameters, estimated with the single-satellite global ap-
proach, is the value of the Im(k22) and its corresponding uncertainty. This value is a
promising result, being the first estimation of this term using radiometric observables.
Moreover, this value, together with the estimated term at Rhea’s frequency [61], provides
a second evidence of the frequency dependent nature of Saturn Love’s numbers.

The estimated k22 can be linearly mapped to the quality factor, obtaining Qp =
115.35 ± 36.15. This value is difficult to explain under classical tidal theory, because the
satellite outward migration, which can be described by 3.21, is proportional to (1/Qp),
implying a really young Titan.

Alternatively to the classical tidal theory, the resonance locking theory [33] provides
a plausible mechanism to explain the low present-day values of the Saturn satellites, as
the one of Titan obtained in this work. The figure 4.20, generated by J. Fuller, shows our
estimated Qp with its associated 1-σ, compared against the resonance locking expected
value. Both values are compatible at 3-σ.

In addition, an independent estimation of this value, retrieved using a combination of
long-baseline Earth-based observations and Cassini astrometric data, has been performed
by V.Lainey, obtaining also a low-present day Qp compatible with the result presented in
this dissertation thesis (V. Lainey personal communication).

As can be seen from figure 4.20, under resonance locking, with the observed Qp, Ti-
tan’s migration time-scale would be about of 10 Gyr, implying that Titan’s formation is
compatible with the age of the solar system.

To assure the obtained result we first had to understand where the sensitivity to the
parameter came from, and then, test the robustness of the obtained results.

Sensitivity of Im(k22) With the objective of retrieving the origin of the sensitivity to
the Im(k22) parameter, we studied the differences on the retrieved Titan trajectory with
respect to the last published Saturn satellites ephemerides set SAT389.

As show in figure 4.21, we obtained secular differences of about 4 m in the radial
direction, 450 m in the transverse direction and 10 m in the normal direction. To get an
idea of the meaning of the presented result, we compare it against the obtained uncertainty
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Figure 4.20 – a) Measured Qp at different frequencies against the expected value for the
resonance locking mechanism. b) Expected migration time-scale for Saturn satellites.
Note: The result does not take into account the mean-motion resonances. Values of Qp at
other satellites frequencies, other than Titan, were retrieved from [61]. Credits: J. Fuller.

of Titan’s position in the radial, transverse and normal directions, with respect to Saturn
during the Cassini mission. The result is displayed in figure 4.22.

This comparison indicates that our sensitivity in the radial direction is about 4 m, just
the obtained difference of our Titan trajectory with respect to SAT389. The uncertainty
in the normal direction is higher than the obtained difference, indicating that we are not
sensitive to the normal differences. Finally, we realize that the transverse differences are
higher than the obtained uncertainty concluding that our sensitivity to the Im(k22) comes
from the secular differences in the Titan transverse direction.

Once concluded that our parameter comes from the sensitivity to the transverse di-
rection of Titan, during the Cassini-mission, we ran different robustness test to assess the
stability of the obtained Im(k22).

Gravity fields of Titan and Saturn The obtained results provided gravity fields for
both Titan and Saturn compatible with the last estimations of the RS team, as demon-
strated by tables 4.18 and 4.8.

Stability with respect to different satellite ephemerides The single satellite global
approach takes the position of the other satellites, that may influence the motion of the
satellite of study, directly from the satellite system ephemerides of reference. To assess the
stability of the solution and check the dependency to the other satellites orbits of reference
we used the following different ephemerides sets: SAT389, SAT375 and SAT365 obtaining
solutions compatible within 1-σ.

Stability with respect to different Re(k22) Even though the Re(k22) is not observ-
able, its value may influence the orbital evolution of Titan and the estimation of the
Im(k22). Hence, we used two different strategies to study the stability of the solution to
the change of Re(k22) of Saturn at Titan’s frequency.

• Re(k22) = 0.4137 ± 0.5. The a-priori value was retrieved from [89], obtained from
theoretical models. We used a large a-priori uncertainty. We followed two different
strategies, add the parameter as a solve-for parameter and as a considered parameter.
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Figure 4.21 – Obtained radial, transverse and normal secular differences between the
estimated orbit of Titan and the reference ephemerides SAT389. The dashes black lines
represent the gravity-dedicated encounters of Cassini with Titan.
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Figure 4.22 – Obtained radial, transverse and normal uncertainties for Titan trajectory
with respect to Saturn.
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The consider parameters are useful to take into account the uncertainty of a certain
parameter into the analysis, even if the used data is not sensitive to it.

• Re(k22) = 0.39 ± 0.12 [61]. The a-priori uncertainty was set to 10 times the one
provided in the publication. Just as the previous case, we estimated and considered
the parameter.

In all cases the solution was full-compatible within 1-σ demonstrating the stability of
the retrieved coefficient.
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5.1 Introduction
As the Saturn system, the Jovian system is a complex dynamical system that involves
complex interactions between the satellites and the central body.

These interactions comprise the 1:2:4 Laplace resonance between Io, Europa and
Ganymede, and the tidal interactions between Jupiter and Io that result in volcanic ac-
tivity which creates the Io Plasma Torus, a toroidal cloud of plasma that orbits around
Jupiter at Io’s orbital distance.

As explained before, the gravity determination can provide constraints, not only on the
interior of the gas giant but also on the satellite-system dynamics. With the objective of
acquiring measurements of the gravity field of Jupiter, the Juno S/C has been performing
several close encounters with the gas giant since August 2016.

In this dissertation thesis, we will address the data pre-processing and the performed
data-analysis, that have as objective the determination of an updated gravity field of
Jupiter. The work done in this thesis contributed to two different publications [32] and
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[45]. Subsequently, two different papers extrapolated conclusions about the interior of the
gas giant using the measured gravity field coefficients [52] and [37].

This chapter, will also focus on the Galilean satellites, by means of the re-analysis of
the radio tracking data of the Galileo mission, 15 years after the probe plunged in Jupiter.
The main purpose is to obtain new estimates of the gravity fields of the main moons of
Jupiter, using the local multi-arc approach, and to study the potential effect of the IPT
in the gravity experiment.

5.2 The gravity field of Jupiter from Juno data analysis
Jupiter is the biggest planet in the Solar system. Before the arrival of Juno to the Jovian
system, the planet was visited by Pioneer, Voyager and Galileo. Juno’s trajectory has
been specifically designed to acquire measurements of the gravity and magnetosphere of
the gas giant in order to unveil its interior. Tracking the motion of Juno, perturbed due to
the attraction of the gas giant during the perijoves, can be used to infer the accelerations
that the S/C is exposed to. In that way, solving the OD problem, we can measure, at an
unprecedented level, the coefficients that define the gravity field of Jupiter, which is an
indispensable input to model the interior of the gas giant.

5.2.1 Juno Dynamical Model

The dynamical model used in our analysis takes into account multiple forces acting on
both the celestial bodies and the S/C: gravitational forces that act indifferently on all the
bodies in the solar system, and on the spacecraft, and forces of non-gravitational origin,
that only affect the S/C motion. Mathematical details of the implementation of these
models in MONTE can be found in [30], [72] and [71].

Gravitational accelerations

In our dynamical model, the sources of the gravitational forces are all the main bodies of
the solar system, the sun, the solar system planets and the Jovian satellites. In particular,
the following effects were included:
• Relativistic point-mass gravity acceleration from the Sun, the planets, the Moon and
Pluto. The state vectors were obtained from JPL planetary ephemerides DE435.

• Relativistic point-mass gravity acceleration from Jupiter. The state vector was ob-
tained from JPL’s Jupiter ephemerides JUP310.

• Relativistic acceleration from the Jupiter’s satellites Adrasthea, Amalthea , Io, Eu-
ropa, Ganymede, Callisto, Methis and Thebe. The state vectors were obtained from
the JPL Jupiter system ephemerides JUP310.

• The gravity field of Jupiter, represented by the standard spherical harmonic expan-
sion of its gravitational potential retrieved from Jupiter system ephemerides JUP310.

• The gravity field of the main Galilean satellites, Io, Europa, Ganymede and Callisto,
represented by means of the spherical harmonic expansion, retrieved from the last
publications of the RS Team.

• Tides arisen in Jupiter by its satellites.
In addition, the effect of Jupiter’s large oblateness (J2) was taken into account when

computing the Doppler observables.
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Rotational model For Jupiter the model adopted is the rotational model of the ephemerides
set JUP310, defined by:

α(deg) = 268.0570781451590− 0.006554328185586419T (5.1)
δ(deg) = 64.49582320291580− 0.002476496988122852T (5.2)
W (deg) = 284.95 + 8.70536d (5.3)

Where:

• α: right ascension of the north pole with respect to EME2000.

• δ: declination of the north pole with respect to EME2000.

• W : angle measured easterly along the body’s equator between the prime meridian
and the ascending line of nodes.

• T : time measured in Julian centuries (36525 days) past J2000.

• d: time measured in days past J2000.

Non gravitational accelerations

In addition to the gravitational accelerations, the only non-gravitational acceleration we
took into account was the solar radiation pressure.

5.2.2 Data selection and calibration

During the close encounters range-rate measurements acquired by the DSN antennas in
Goldstone at X (8.4GHz) and Ka (32GHz) bands have been used to determinate the
gravity field of Jupiter. The only exception was PJ01 in which the data was acquired by
the Madrid complex instead. In addition to the close encounter data, shortly after the
C/A, data were acquired by the DSN antennas in Canberra during PJ03, PJ06, and PJ08.

The tracking data were corrected for the Earth media effects, the troposphere and
the ionosphere. Also, AMC corrections, available during all the radio science dedicated
perijoves were applied. The AMC corrections have proven to be a great tool to reduce the
noise and provide a big improvement on the RMS of the residuals (see table 5.1).

Table 5.1 – Multi-frequency link calibration and AMC improvements in the different Juno
flybys in terms of % of the RMS.

Encounter Calibration Type Calibration imprv. AMC imprv.

PJ1 (Rj) Single-link calibration −2.7% w.r.t X/Ka
PJ3 (Rj) Dual-link calibration −6.9% w.r.t Ka/Ka −50% w.r.t TSAC
PJ6 (Rj) Dual-link calibration −3.6% w.r.t Ka/Ka −40% w.r.t TSAC
PJ8 (Rj) Dual-link calibration +5.0% w.r.t Ka/Ka −62% w.r.t TSAC
PJ10 (Rj) Dual-link calibration +10% w.r.t Ka/Ka −41% w.r.t TSAC
PJ11 (Rj) Dual-link calibration −9.5% w.r.t Ka/Ka −13.3% w.r.t TSAC
PJ13 (Rj) Single-link calibration −2.0% w.r.t X/Ka) −13.5% w.r.t TSAC

Furthermore, since the transmitted and received signals are circularly polarized and
Juno spins at 30 rpm, we corrected the data to take into account the expected additional
frequency shift, explained by equation 4.5.
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The DSN antennas received two downlink signals at X and Ka bands coherent with X
and Ka bands respectively, allowing the calibration of the dispersive effect of the plasma
using the dual-link calibration technique [66], [20]. The dual-link calibration technique
allows to reduce the dispersive noise by about 75% when compared to the non calibrated
Ka/Ka link.

During PJ1 and PJ13 the dual-link calibration technique could not be applied, due
to the unavailability of the Ka-uplink in the DSS-55 and DSS-26 respectively. In both
cases, we used instead the single link calibration, which allowed to solve for the downlink
contribution of the dispersive media and provided a unique opportunity to probe the IPT
during both flybys.

5.2.3 Io Plasma Torus

The volcanic eruptions of Io launch ionized particles with a velocity high enough to start
orbiting around Jupiter, interacting with its strong magnetic field. The result is a toroidal
cloud of plasma, centred in the centrifugal equator of Jupiter at Io’s orbital distance, that
introduces a path delay and a carrier frequency shift on radio frequency signals. This
phenomenon was first detected by ground-based observations [59].

The Io Plasma Torus is composed mainly of different ion species : S+, S2+, S3+, O+,
and O2+, with ∼ 10% of protons [15], [74].

Classically, the torus has been divided in three different regions, the cold torus, the
ribbon and the warm torus [17], that are coincident with the three peaks of the radial
profile measured by in-situ observations of the electron density by the Voyager 1. The
first peak, which corresponds to the cold torus, is found at about 5.3 RJ from Jupiter,
where RJ corresponds to one Jupiter radius. Another peak is located at about the Io-
Jupiter radial distance and corresponds to the ribbon. Finally, at 6 RJ we find the last
peak, that can be attributed to the warm torus. The electron density decreases with both
radial and transverse distance from the centrifugal equator as is reported in figure 5 of
[15].

The available measurements has been used by [80] to develop a parametric model of
the IPT, fitting its electron density distribution with four Gaussian shapes, one for the
cold torus, one for the ribbon and two for the warm torus, given that the contribution of
the warm torus cannot be represented with a single Gaussian curve. Then, the model was
extended beyond the centrifugal equator with another Gaussian shape, obtaining:
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(5.4)

whereNi is the electron central density, Ci the peak location,Wi the width andHi the scale
height of the IPT and i=1 · · · 4 corresponds respectively to the cold torus, the ribbon, the
warm and the extended torus. The model assumes longitudinal electron density symmetry
and Norh-South symmetry in the centrifugal equator.

Figure 5.1 shows a visual representation of the IPT model, described by the equation
5.4, with a minor modification that forces the electron density distribution to follow the
Jupiter’s magnetic field lines.

Being a dispersive medium, the IPT induce a non-dynamical Doppler shift on the
radio frequency signals. Due to the orbital geometry of Juno, the radio frequency signals
crosses the IPT, yielding an increased path delay, that, if not properly calibrated, can be
a potential source of bias in the Jupiter estimated gravity field coefficients.
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Figure 5.1 – Radial section of the Io plasma torus generated using the values of [80]. In
the plot the four different zones of the IPT can be easily identified.

The first perijove pass, PJ1, procured a unique opportunity to study the IPT. A direct
measurement of the downlink plasma contribution was possible by transmitting downlink
signals at X and Ka-band coherent with a common X-band uplink [66]. This particular
configuration has been encountered again during PJ13, when the DSS-25 was down for
maintenance an the Ka band in uplink was not available.

For the other perijoves, the dual-frequency calibration has been applied extracting the
dispersive contribution. While for PJ01 the IPT shape is really clear, during the other
perijoves the path delay signal is not returning to zero, and more over, in some perijoves
the calibration was not able to reduce the noise, see table 5.1, suggesting that there is an
unknown dispersive effect different on X/X and Ka/Ka that is displayed using the dual-
frequency calibrations. Most likely, this effect is an uplink station delay in the Ka band
in the DSS-25. Currently, more investigations on the origin of this problem are ongoing.

In order to determine how accurate is the correspondence between the extracted path
delay of the different perijoves and the expected path delay due to the IPT model defined
by equation 5.4, we followed the next steps:

The electron density computed using the model described by 5.4, has been integrated
along the line-of-sight of the S/C in order to extract the total electron content (TEC).

TEC =
∫
Ndl (5.5)

Once the TEC was obtained, the path delay follows:

∆l = −kTEC
f2 (5.6)

Where k = 40.3 m3/s2 and f , in Hz, is the transmitted frequency. Finally, we computed
the dispersive effect of the IPT in terms of Doppler-shift as:

∆F = (1 + 1
M2

2
)M2

f0∆̇l
c

(5.7)
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Where M2 represents the turn-around ratio of the S/C and c the velocity of the light.
Figure 5.2 shows the comparison between the extracted path delay and the computed

path delay using the IPT model. The obtained path delay in PJ1 and PJ13, extracted
using the single-calibration link, seems to follow approximately the IPT model computed
by means of [80]. This suggests that the IPT can be effectively calibrated removing the
residuals signatures, and therefore, the model can be improved. In the other perijoves
we do not see a clear correspondence between the model and the obtained path delay,
implying an already cited unexplained dispersive effect.

Estimation technique

With the objective of obtaining a better estimation of the IPT shape and density for each
perijove and study its variability in time, an estimation procedure using MONTE capable
to tune the parametric model of [80] has been developed. To do that, we used a batch
weighted least squares estimation technique, introduced in section 2.2, that minimizes the
sum of squares of the residuals, computed as the difference between the measured plasma
in downlink, extracted using the single-frequency-link technique during PJ1 and PJ13,
and the plasma computed using the model defined in [80].

The solve-for parameters are:

• Electron central density of the cold torus, the ribbon, the warm and the extended
torus.

• Peak locations of the central density for the four zones that conform the model.

• Widths of the torus zones.

• Scale heights.

• Right ascension and declination of the centrifugal equator frame.

The results are summarized in the table 5.2, while figures 5.3, 5.5, 5.4 and 5.6 report
the results obtained for PJ1 and PJ13 respectively. However, the associated uncertainties,
not shown, are pretty large mostly due to the large non-linearity of the reference model and
the large number of the estimated parameters. Further studies could improve the obtained
results using better models and applying constraints between the estimated parameters.

PJ1 The tuned model seems to follow the extracted plasma better than the original
model. In the path delay plot, we see an increasing trend starting from 0 mm and finishing
about 120 mm superposed to the IPT signature, that can be explained by the solar plasma.

Using the best estimated values of the IPT parameters and introducing them in equa-
tion 5.4 we can generate a radial profile of the IPT. When comparing the estimated profile,
figure 5.5, with figure 5.1 that corresponds to the original model, computed with data ob-
tained by Voyager 1 in 1979, a major difference is displayed, pointing that during PJ1 the
cold torus got merged with the ribbon. Also we noticed a slightly electron density increase
in the warm torus.

PJ13 For PJ13, the agreement between the tuned model and the extracted plasma is
slightly worse than in the PJ1 case, see figure 5.4. The extracted plasma shows a collapse
that cannot be absorbed by the model.
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Figure 5.2 – Path delay of the different PJ’s obtained using the multi-frequency link
calibration. The red line corresponds to the model defined by equation 5.4
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Figure 5.3 – Plasma noise and path delay extracted during PJ1 (black) compared against
the expected values using the reference model (red) and the computed ones using the
estimation technique (green).

Figure 5.4 – Plasma noise and path delay extracted during PJ13 (black) compared against
the expected values using the reference model (red) and the computed ones using the
estimation technique (green).
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In the extracted path delay, we see a strange plateau close to the minimum, not
predicted by the model. The path delay remains at 40 mm after the signature caused by
the IPT, this last effect could be also explained by the solar plasma.

The IPT shape, shown in figure 5.6, is not only different with respect to the original
model profile but strong differences stand out when compared against the IPT shape
generated with the estimated coefficients during PJ1. The four regions of the torus are
clearly differentiated, the cold torus can be identified, the warm torus is 1 RJ larger than
in the PJ1 case and the electron densities of the different torus zones are more diffuse.

Table 5.2 – IPT, nominal and estimated parameters. i=1 indicates the cold torus, i=2 the
ribbon, i=3 the warm torus and i=4 the extended torus.

Parameter Phipps-2017 Juno-PJ1 Juno-PJ13

Data acquisition March 1979 August 2016 May 2018
C1 (Rj) 5.23 5.84 5.15
C2 (Rj) 5.60 5.62 5.61
C3 (Rj) 5.80 5.93 5.98
C4 (Rj) 5.53 5.70 7.09
N1 (Rj) 1710 1297.19 1505.52
N2 (Rj) 2180 2249.68 2143.24
N3 (Rj) 2160 2312.38 2137.87
N4 (Rj) 1601 2059.80 1545.76
H1 (Rj) 0.1 0.111 0.107
H2 (Rj) 0.6 0.555 0.601
H3 (Rj) 1.0 1.012 1.00
H4 (Rj) 1.0 1.134 0.85
W1 (Rj) 0.2 0.199 0.199
W2 (Rj) 0.08 0.08 0.080
W3 (Rj) 0.32 0.320 0.320
W4 (Rj) 1.88 1.887 1.877
Raceq (deg) 159.2 159.2 159.1
Decceq (deg) 83.6 82.95 83.99

This seems to evidence the variability of the IPT and suggests that the model developed
by Phipps works well as a first approximation, but could be improved taking into account
the time and the longitudinal variability. Another major input will be data from other close
encounters with Jupiter, that will be available once the issue of the dual-link calibration,
in the gravity perijoves, will be figured out.

5.2.4 Juno data analysis, multi-arc setup

Juno is currently orbiting Jupiter in a highly eccentric, 53.5-day orbit, with a perijove
altitude of about 4000 km, after 5 years of cruise from the Earth. During each perijove pass,
Doppler measurements between Juno and the Earth are acquired at the DSN for about
eight hours centred around Jupiter’s closest approach. Reconstructing Juno’s trajectory
during its close encounters with Jupiter, allowed us to retrieve a measure of the gravity
field of the gas giant.
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Figure 5.5 – Io plasma torus radial section shape using the estimated values for PJ01.

Figure 5.6 – Io plasma torus radial section shape using the estimated values for PJ13.
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Figure 5.7 – Ground tracks of the flybys performed by Juno over Jupiter.
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Multi-arc setup

The radio tracking data of PJ1, PJ3, PJ6 and PJ8 were pre-processed, multi-frequency
link calibrations were applied to prevent for the plasma noise, and the residuals were
weighted on a pass-by-pass strategy using the RMS of the residuals themselves.

The least-squares information filter solved for:

• Initial state of Juno at the beginning of each arc.

• Initial state of Jupiter barycentre at the beginning of the first arc (PJ1).

• GM of the Jupiter barycentre.

• Jupiter’s zonal harmonics up to degree 24th.

• Jupiter’s quadrupole.

• Jupiter’s tidal response (Re(k22)).

• Jupiter’s pole position and rate.

• Additionaly, the solar radiation preassure was considered at 20%.

Initial state of Juno The state vector of Juno at the beginning of each arc, approx-
imately one day prior to the C/A, is a local parameter of the multi-arc approach. The
a-priori values are obtained from the trajectory reconstructed by the Juno Navigation
team. In order to obtain an unconstrained solution we set the a-priori uncertainties for
position and velocity to 1000 km and 0.01 km/sec, respectively.

Initial state of Jupiter Barycentre Given the high accuracy of the Doppler observ-
ables, we integrated, and updated, the Jupiter planetary ephemerides to take into account
possible errors on Jupiter’s position. The a-priori values were taken from the planetary
ephemerides DE435 and as a-priori uncertainty we used 1000 km in every direction and 1
km/s respectively.

GM of the Jupiter barycentre The GM of Jupiter’s barycentre is retrieved from the
JUP310 ephemerides set, estimated, mainly, by the study of the orbit evolution of the
Galilean satellites, with a large a-priori uncertainty of 2.8 km3/sec2.

Jupiter gravity field coefficients The gravity field of a gas-giant is expected to be
dominated by the even zonal harmonics. In our multi-arc setup, we included all even and
odd zonal harmonics up to the 24th degree, to take into account for the possible zonal
winds. The a-priori uncertainties were set using large values in order to not constraint
the solution. The quadrupole coefficients (C21, S21, C22, S22) were set to zero with large a-
priori uncertainties. These parameters were added to take into account possible deviations
between the rotation axis and the principal axis of inertia.

Jupiter’s tidal response Jupiter’s tidal response was estimated, with an a-priori un-
certainty of 0.8. Higher order Love numbers were set to the values reported in [88]. The
imaginary parts of the love numbers were set to zero due to the low number of passes,
subsequent perijoves might report information about the imaginary part of the k22.
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Table 5.3 – Main orbital, geometrical and quality data characteristics of the Juno flybys
used in the gravity experiment. These values are referred to the C/A.

PJ1 PJ3 PJ6 PJ8

Date (ERT) (ET) 27-08-16,
12:51

11-12-16,
17:04

19-05-17,
06:01

01-09-17,
21:49

Altitude (km) 4140.73 4103.89 3385.52 3334.89
Relative Velocity (km/s) 59.27 59.36 59.88 60.17
Latitude (deg) 3.78 5.66 8.49 10.38
Longitude (deg) −95.77 −5.50 −139.84 40.95
SEP Angle (deg) 22.63 61.57 135.41 42.53
Inclination (deg) 102.77 103.03 104.00 105.09
Number of points 441 661 658 487
RMS (µm/s) 112.2 19 31.5 20.9

Pole position and rate The pole position, right ascension and declination and its
variation in time, has been estimated at a reference epoch (J2000) with large a-priori
uncertainties.

5.2.5 Results

Solving the orbit determination problem using range-rate data from four different encoun-
ters, PJ1, PJ3, PJ6 and PJ8 allowed us to measure the gravitational coefficients of Jupiter
up to the 10th degree. Nevertheless, the quadrupole and zonal coefficients up to the 24th
degree, both statistically zero, were added to the estimation process in order to obtain a
satisfactory fit without signatures in the vicinity of the C/A.

Figure 5.8 report the obtained Doppler residuals at an integration time of 60s, ev-
idencing the low RMS of the solution, being 19µm/s the lowest RMS obtained in PJ3
and 112µm/s the highest RMS obtained during PJ1. This RMS value during PJ1 can be
explained due to the low SEP of the pass, in addition to the lack of Ka-band in uplink.
Table 5.3 summarizes the characteristics, both data and geometry, of the different flybys
used during our analysis. The estimated gravity coefficients along with their associated
uncertainty can be found in table 5.4.

The integration of the planetary ephemerides allowed to take into account possible
errors in Jupiter’s position. This iterative process allowed to retrieve a quadrupole field
compatible with zero within 2-σ, as expected for a gas giant. In addition, the estimation
of the Love number k22 retrieved a value compatible with the theoretical values [88].

The solution confirms that, as expected, the gas giant gravity field is dominated by the
even zonal coefficients. The analysis allowed to measure, for the first time, the odd zonal
coefficients, being an indication of the hemispherical gravity field asymmetry, probably
due to the dynamical signatures of the zonal winds. The measured odd zonal coefficients
suggest that the zonal winds extend down to 3000 km [52]. In addition, an analysis of the
even zonal harmonics indicate that the interior of Jupiter rotates nearly as a rigid body
[37].

Figure 5.10 reports the gravity spectra of the solution, showing the value of the different
coefficients and its 1-σ associated uncertainty, showing the great accuracy obtained in the
estimated low degree harmonics, up to the 10th degree.

To assess the stability of the solution, the final multi-arc solution has been compared
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Table 5.4 – Jupiter gravity field estimated from PJ01+PJ03+PJ06+PJ08 compared
against [45].

Apriori Iess-2018 This work
PJ3+PJ6 PJ1+PJ3+PJ6+PJ8

GM (km3/s2) 126712764.1±2.8 126712764.14±2.8 126712764.2±2.8
J2 (×106) 14697±30 14696.5722±0.0047 14696.5664±0.0017
J3 (×106) −0±18 −0.0424±0.0032 −0.0480±0.0018
J4 (×106) −587±41 −586.6092±0.0013 −586.60748±0.00078
J5 (×106) −0±23 −0.0690±0.0027 −0.0717±0.0015
J6 (×106) 34±49 34.1980±0.0030 34.2002±0.0020
J7 (×106) 0±27 0.1239±0.0056 0.1192±0.0037
J8 (×106) −2±56 −2.4258±0.0082 −2.4230±0.0061
J9 (×106) −0±30 −0.106±0.015 −0.108±0.011
J10 (×106) 0±62 0.172±0.023 0.171±0.018
J11 (×106) −0±33 0.033±0.037 0.043±0.030
J12 (×106) 0±68 0.047±0.059 0.018±0.049
J13 (×106) −0±36 −0.005±0.087 0.045±0.072
J14 (×106) −0±73 −0.02±0.13 −0.12±0.11
J15 (×106) −0±38 0.01±0.17 0.14±0.14
C21 (×106) 0±100 −0.0127±0.0050 −0.0064±0.0031
S21 (×106) 0±100 −0.0027±0.0086 −0.0004±0.0018
C22 (×106) 0±50 −0.0004±0.0027 0.0027±0.0013
S22 (×106) 0±50 −0.0002±0.0036 0.00104±0.00071
k22 0.559±0.8 0.625±0.021 0.57610±0.0149
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Figure 5.8 – Calibrated X-band Doppler residuals of PJ1, PJ3, PJ6 and PJ8. The vertical
line corresponds to the closest approach.
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(a) Jupiter J2 − J4 estimate (b) Jupiter J3 − J5 estimate

(c) Jupiter J4 − J6 estimate (d) Jupiter J5 − J7 estimate

Figure 5.9 – Multi-arc solution (PJ1+PJ3+PJ6+PJ8) compared against the last published
solution [45] with the 3-σ error ellipses for the different pairs of the low degree gravity
harmonics.

against the single-arc solutions, obtaining gravity coefficients compatible with them with
less than 1-σ. Further more, we compared the obtained results against the last published
result [45], as displayed in figure 5.9, evidencing the full agreement between the obtained
results. As expected, the solution presents smaller uncertainties due to the addition of
data of two more perijoves.

5.3 The Galilean satellites - Galileo data analysis

5.3.1 Why?

Galileo was an old mission that studied the Jupiter system for 8 years. The mission
experienced several problems, as explained in [11] and [68], and despite that, it overcame
them and provided a lot of new information of the Jupiter system that was unveiled by
then, like the evidence of an ocean deep inside in Europa [25], the discovery of Ganymede’s
magnetic field [57] or the active volcanism in Io [63].

One of the questions that the reader may ask is, why would anyone want to do a
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Figure 5.10 – Estimated non normalized zonal harmonics, both even and zonal, showing
the great accuracy obtained for the low-degree harmonics.

re-analysis of the entire radio tracking data set of the Galileo mission?
There are several reasons that redeemed this analysis necessary:

New knowledge of the gravity field of Jupiter As made clear before, the gravity
field of a central body defines the orbits of its satellites. An updated gravity field, po-
tentially, constrains better the ephemerides of the satellite system. Thanks to the gravity
science experiment of the Juno mission, a new updated gravity field solution is available.
See section 5.2.4, [32], and [45].

Hydrostatic equilibrium In the published analyses of the gravity field of the Galilean
satellites [4], [7], [3], [48] the hydrostatic equilibrium constraint, J2/C22 = 10/3, was
imposed due to the geometry of the flybys and the low data quality. Subsequent flybys,
not analysed in the original analyses, may improve the global coverage allowing to retrieve
a not-constraint gravity field.

Multi-arc method In some of the previous analysis of the gravity field of the Galilean
satellites, the authors did not adopt a multi-arc method, but they provided a simple
weighted mean of the single-arc results of the different flybys. This approach provides
larger uncertainties because it doesn’t take into account correlations between different
parameters. The multi-arc method offers a new way to analyse the data and provide
updates in the gravity solutions.

New models of the Io plasma torus Recently, re-analysis of the voyager data pro-
vided new models of the Io plasma torus, a source of dispersive noise that can potentially
introduce a bias in the orbit determination results [80], [14].
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All together conform a weighty reason to do a reanalysis and study the Jovian system.
This study, was carried out during a six-months research sojourn in the Jet Propulsion

Laboratory, NASA, Pasadena, USA, under the supervision of Kamal Oudrhiri, group
supervisor of the Radio Science group.

5.3.2 Galileo Dynamical Model

Gravitational accelerations

In our dynamical model, the sources of the gravitational forces are all the main bodies of
the solar system, the sun, the solar system planets, the Saturn satellites and the rings of
Saturn. In particular, the following effects were activated:

• Relativistic point-mass gravity acceleration from the Sun, the planets, the Moon and
Pluto. The state vectors were obtained from JPL planetary ephemerides DE435.

• Relativistic point-mass gravity acceleration from Jupiter. The state vector was ob-
tained from JPL’s Jupiter ephemerides JUP310.

• Newtonian point-mass gravity acceleration from the Jupiter’s satellites Amalthea,
Io, Ganymede, Europa and Callisto. The state vectors were obtained from the JPL
Saturn’s system ephemerides JUP310.

• The gravity field of Jupiter, represented by the standard spherical harmonic expan-
sion of its gravitational potential up to the twentieth degree. Result from the gravity
analysis of Juno. See section 5.2.

• The gravity field of the main Galilean satellites, represented by means of the spherical
harmonic expansion, retrieved from the last publications of the RS Team.

• Tides risen on Jupiter by its satellites.

• The self-oblateness of Jupiter’s satellites.

Rotational models Just as we did for the satellites of the Saturn system, we adopted a
dynamically defined, perfectly synchronous, rotational model pointing to the empty focus
of the orbit. For Jupiter we used the rotational model of the ephemerides set JUP310,
defined by 5.1, 5.2 and 5.3.

Non gravitational accelerations

As explained before, the non-gravitational forces acting on the S/C are forces that only
affect the propagation of the trajectory of the spacecraft. The following accelerations were
active in our setup:

• The solar radiation pressure, function of the thermo-optical coefficients of the S/C.

• The acceleration product of the radioisotope thermal generators (RTG’s).
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Missing data

While doing our analysis, we encountered several data availability problems and a general
lack of information on the models used almost two decades ago to perform the navigation
of the Galileo S/C. Specifically:

• Atmospheric calibrations.

• OTM’s, SMFDV and mass history.

• Details of the S/C shape and the thermo-optical properties of their surfaces.

• Information on the RTG’s non-gravitational acceleration.

• Some C/A missing data due to the S/C entering in safe modes.

• Ranging data.

• Missing data in the Galileo attitude kernels.

• IPT calibrations used during the original analysis.

Missing atmospheric calibrations The ionospheric calibrations, S/C dependent, gen-
erated by dual frequency GPS measurements, were not available during the time period
between October of 1999 and December of 2002, potentially introducing dispersive noise
in the results affecting the following flybys: I24, I25, I27, I31, I32, and I33, E4 and E6,
G28 and G29, and C30.

Missing OTM, SMFDV, and mass history To perform the navigation of Galileo,
three OTM were planned for each orbit around Jupiter, to account for small adjustments of
the orbit. The manoeuvres were designed to be executed three days before and after each
C/A and covered by eight hours of continuous F2 tracking data [11]. Due to the HGA
failure and the need of science data return, this optimal situation was not consistently
available. Data of the performed manoeuvres were only available up to the 10th flyby
of the mission [39]. To overcome this issue, we cut all the data around 30 hours before
and after the C/A of each encounter looking for sudden steps in the pre-fit data, which
could indicate the presence of a SMFDV. Given that the Galileo S/C did not have reaction
wheels, all the attitude manoeuvres were performed using the thrusters, so some of them
could be retrieved looking at the attitude data, when it was available.

The absence of a mass history was overcome using a linear interpolation between the
estimated mass that the S/C had after the Jupiter orbiter insertion (1612kg) and the final
mission mass (1298kg) [18], [68].

S/C shape The lack of general input navigation file (GINFILE/GINLOCK) entailed
the issue of not having a precise S/C model. We developed our own S/C model using
photos and schemes found in the literature [68]. The adopted model, summarized in the
figure 5.11, is the following:

• S/C Dish of 2.37 m of radius and 0.99 m of depth.

• The main body and the scan platform was modelled using a cylinder of 3.8 m of
length and 1 m of radius.
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Figure 5.11 – Schematic diagram of the S/C shape in the S/C frame used in our analysis.
The Y direction is coincident with the magnetometer boom while the -Z direction coincides
with the antenna pointing to the earth.

• The magnetometer boom was modelled using a cylinder of 11.678 m of length and
0.14 m of radius.

For all the components we considered a specular reflection of 0.00245 and a diffusive
reflection of 0.0258, [11].

RTG Not having a GINFILE implied that we did not have an a-priori estimation of the
RTG non-gravitational acceleration that affected the S/C during its mission. [11] reports
that the Galileo navigation-team detected the RTG acceleration induced on Galileo, to be
consistent with 0.4 nm/s2, before the tour began. The problem was surpassed adding to
the estimation filter the acceleration on the three components X,Y,Z in the S/C frame,
modelled using the exponential model 4.4.

Range data After the HGA deployment failure, it was found that the S-Band signal
was not able to support ranging data, so range data was not available during the whole
mission [84].

Missing data in the attitude kernels While checking the coverage of the Galileo
attitude kernels, numerous intervals without data were found. No more information about
this issue were available, but it was probably caused by the reduced downlink data-rate
caused by the HGA failure. This issue was resolved interpolating the data of the attitude
files with a step capable to cover the missing-data intervals. The following flybys were
affected by this issue: G1, G7, G28 and G29, E4, E6, E11, E12, E14, E16 and E19, C3,
C9, C20, C22 and C30 and I24, I25, and I31.

Io plasma torus original corrections During our analysis we found that the Io plasma
torus can potentially bias the OD solution, see section 5.3.4. The original calibrations of
the IPT, that the NAV team used (personal communication of R.Haw, former navigator
of Galileo), were not available. As we explain in the section 5.3.4, this fact became an
issue in some encounters with Io.
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5.3.3 Data-Selection and Calibration

During the flybys of Galileo of the natural satellites of the Jupiter system, Doppler data at
S band (2.3 Ghz) were acquired by the 70-m antennas of the DSN at the three complexes
of Madrid, Goldstone and Canberra. Just as we did with Cassini, we used all the available
data, up to 30 hours before and after the close encounter. For the same reasons explained in
section 4.3, we preferred F2 over F3, when available. When F3 were used, we added a bias
in the estimation filter to take into account the possible inter-station clock offset. All the
data were compressed to 60s and we only used data above 15 degrees of elevation. When
available, calibrations of the ionosphere and troposphere effect were used. As explained
before, ionospheric calibrations were not available for all the close encounters. In addition
to the Earth ionosphere and troposphere, and the solar plasma, the Galileo tracking data
were highly affected by a huge source of dispersive error, the IPT. Unfortunately, the
original IPT corrections were not available and due to the HGA-deployment failure, the
multi-frequency link technique could not be applied. To overcome this issue a numerical
simulation has been carried out to unveil the potential effect of the IPT during the Galileo
mission. (See the following section 5.3.4).

5.3.4 Io Plasma Torus during the Galileo mission

While doing the pre-processing of the Galileo data, we found non-modelled signatures
in the flyby residuals, which could be explained by the IPT. To validate our hypothesis,
we generated the expected frequency shift in the Doppler data, acquired during the close
encounters with the Galilean satellites, due to the induced dispersive signature of the IPT,
as previously explained in section 5.2.3. Then, the predicted signatures were compared
against the un-modelled artifacts found in the residuals.

As can be seen in the figures 5.12, 5.13, 5.14, 5.15, 5.16, 5.17, 5.18 and 5.19, the
signatures follow approximately the parametric model of the IPT, but not precisely. In
some flybys the model follows better the signatures, just like I31 and I32. Instead, others
encounters present a less accurate correspondence between the model and the signatures,
like I24. For the sake of understanding better the geometry that the Galileo S/C followed
during the encounter, the figures also show the trajectory of Galileo in the centrifugal
frame, a projection in the centrifugal equator and in a radial section of the IPT, together
with the tracking passes of the S/C.

The fact that the signatures do not follow exactly the model can be explained by errors
in the parametric model. The model is a simplification and assumes a longitude-symmetry
in the electron density distribution. Could also be explained by the IPT time variability,
in density and ion composition, due to the highly variable volcanic activity of Io [76], [85].
It is reported in [13] that during the first Io encounter, the plasma densities observed by
Galileo were approximately a factor of two higher than the voyager values, indeed the
model used was built fitting the data acquired by Voyager 1 in March of 1979 [17].

However, the residuals of the Io encounters might be partially explained by the lack
of ionospheric calibrations, another dispersive noise that affect especially the data at low-
elevations.

We conclude that the un-modelled signatures found in the arcs are caused mainly by
the non-dynamical dispersive signature of the IPT and that the model limitations prevent
us from generating corrections of the IPT in order to complete the gravity analysis.
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Figure 5.12 – IPT during I24: a) Centrifugal equator projection in EME2000. b) Radial
section of the IPT. c) Found signatures against the expected Doppler-shift induced by the
IPT, evidencing a poor agreement between the model and the retrieved signatures.
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Figure 5.13 – IPT during I25: a) Centrifugal equator projection in EME2000. b) Radial
section of the IPT. c) Found signatures against the expected Doppler-shift induced by the
IPT, evidencing a poor agreement between the model and the retrieved signatures.
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Figure 5.14 – IPT during I31: a) Centrifugal equator projection in EME2000. b) Radial
section of the IPT. c) Found signatures against the expected Doppler-shift induced by the
IPT, evidencing a good agreement between the model and the retrieved signatures.
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Figure 5.15 – IPT during I32: a) Centrifugal equator projection in EME2000. b) Radial
section of the IPT. c) Found signatures against the expected Doppler-shift induced by the
IPT, evidencing a great agreement between the model and the retrieved signatures.
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Figure 5.16 – IPT during I33: a) Centrifugal equator projection in EME2000. b) Radial
section of the IPT. c) Found signatures against the expected Doppler-shift induced by the
IPT, evidencing a great agreement between the model and the retrieved signatures.
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Figure 5.17 – IPT during E26: a) Centrifugal equator projection in EME2000. b) Radial
section of the IPT. c) Found signatures against the expected Doppler-shift induced by the
IPT, evidencing a good agreement between the model and the retrieved signatures.
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Figure 5.18 – IPT during G29: a) Centrifugal equator projection in EME2000. b) Radial
section of the IPT. c) Found signatures against the expected Doppler-shift induced by the
IPT, evidencing a good agreement between the model and the retrieved signatures.
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Figure 5.19 – IPT during C21: a) Centrifugal equator projection in EME2000. b) Radial
section of the IPT. c) Found signatures against the expected Doppler-shift induced by the
IPT, evidencing a good agreement between the model and the retrieved signatures.
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Effects of the IPT on Galileo gravity experiments

The parametric model doesn’t fit perfectly the signatures but it gives us an idea of the
effect that this phenomena can cause on our data. Following this idea and knowing that
the HGA deployment failure prevented any dual-frequency calibration of the radio link,
that could have corrected or reduced the dispersive signal induced by the IPT, we ran
numerical simulations to evaluate the potential effect that the torus could have had on the
radio science experiment results. The following steps were ensued to perform numerical
simulations of the Galileo gravity science experiment:

• Simulated Doppler observables were generated starting from a-priori values of the
solve-for-parameters.

• Gaussian noise with a realistic standard deviation was added to the data. The
realistic standard deviation was obtained from the real data post-fit residuals, in
which the IPT signatures were treated as outliers.

• A deterministic signature of the IPT, computed using the IPT model [80], was
implemented on the simulated observables.

• The data were analysed in a local multi-arc fit, see section 2.4.

• We evaluated the estimation bias with respect to the a-priori values.

The results of the simulations are summarized in figure 5.20, that shows the error
caused in the un-normalized gravity coefficients by the IPT, with respect to the reference
solution. The error is compared against the obtained formal uncertainty. We conclude
that, the effects of the non dynamical Doppler shift induced by the IPT, in the gravity
analysis of Europa, Ganymede and Callisto are negligible. However, the dispersive signa-
ture caused by the IPT creates unbridgeable biases in the analysis of Io, not only in the
gravity coefficients but also on the S/C and Io ephemerides. Moreover, despite the biases
induced in the solution, big signatures remain in the data, being the state-parameters
not able to fully absorb the Doppler shift caused by the IPT. This remains the case even
including the gravity coefficients up to the full 5-degree. The biases found in the gravity
coefficients are summarized in the table 5.5, which shows the potential effect of the IPT
in the gravity analysis of the different Galilean satellites, in terms of how many σ’s the
solution is biased.

Table 5.5 – Bias induced in the gravity coefficients, in terms of σ, due to the dispersive
signature induced by the IPT.

Parameter Io Europa Ganymede Callisto

GM (∆/σ) 48.77 0.0 0.13 0.0
J2 (∆/σ) 11.27 0.01 0.23 0.04
C21 (∆/σ) 0.05 0.02 0.25 0.02
S21 (∆/σ) 14.47 0.01 0.24 0.0
C22 (∆/σ) 18.63 0.0 0.22 0.04
S22 (∆/σ) 5.59 0.01 0.31 0.02

Given the negligible effect of the IPT on the Ganymede, Europa and Callisto gravity
experiments, we will proceed to re-analyse the radio tracking data of the Galileo encoun-
ters, using a local multi-arc approach.
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(a) Ganymede gravity experiment. (b) Europa gravity experiment.

(c) Callisto gravity experiment. (d) Io gravity experiment.

Figure 5.20 – Results of the IPT simulations for the different satellites. evidencing the
negligible effect of the IPT in the Galileo gravity experiment of Ganymede, Europa and
Callisto and the non-avoidable errors induced in the gravity coefficients, up to 18-σ in the
C22.

Regarding the Io gravity analysis, all the data corrupted by the IPT will be treated as
an outlier and cut out of the filter. We will proceed with a preliminary analysis, leaving
the final analysis by when we will have proper calibrations for the IPT.

5.3.5 Ganymede data analysis

Introduction

Ganymede, the biggest satellite of the entire solar system, was discovered by Galileo
Galilei in 1610. Before the Galileo mission, apart from its mean density discovered from
the analysis of Pioneer 10 and Voyager data [24], we did not know much about its interior.
The Galileo mission, between other things, brought to light that the Jovian moon is one
of the few solid bodies in the solar system that has an internal magnetic field [57] and that
Ganymede is differentiated in a metallic core surrounded by a silicate mantle [4], [3], and
probably contains a subsurface ocean [58].
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Figure 5.21 – Ground tracks of the flybys performed by Galileo over Ganymede.

Figure 5.22 – Flybys performed by the Galileo S/C over Ganymede in Ganymede’s orbital
frame, indicating the mean anomaly and the different zones of the IPT.
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The Galileo RS team [4] analysed, independently, data from the two first Ganymede
flybys G1 (June, 1996) and G2 (September, 1996) applying the hydrostatic constraint
(J2/C22 = 10/3) and providing a weighted mean. Subsequently, two more flybys with
C/A were added to the analysis G7 (April, 1997) and G29 (December, 2000) finding that
a gravity field of degree and order 4 was needed to fit the data to the noise level [3],
obtaining non-physical coefficients. This issue was overcame with the interpretation of a
gravity anomaly in the vicinity of the G2 closest approach [10], [78].

Alternatively, [48] fitted data from G1, G2, G7, G8, G9 and G12, being the last
two flybys almost cruise passes at more than 14000 km of altitude, using a 4x4 gravity
field, applying the hydrostatic constraint and obtaining values that differ from the results
published by the Galileo RS team.

The global coverage of the data, as seen in figure 5.21, was optimized to provide a
good gravity field recovery. Table 5.6 summarizes the characteristics of the flybys and the
Doppler-data quality. The poor distribution of Ganymede’s flybys along its orbital frame,
figure 5.22, together with the low eccentricity of its orbit (0.0015) makes impossible to
detect the tidal variations of the satellite.

Multi-arc setup

In order to provide an update on the gravity field of Ganymede, we decided to adopt a
local multi-arc approach.

We pre-processed the data and weighted the residuals on a pass-by-pass basis using
the RMS of the residuals themselves. The a-priori weights were chosen on the basis of past
analysis and mathematical models of the expected noise. The least-squares information
filter solved for:

• Initial state of Galileo at the beginning of each arc.

• Initial state of the Satellite at the beginning of each arc.

• Galileo’s RTG accelerations.

• Scale factor for the solar radiation pressure.

• Ganymede’s gravity field.

Initial state of Galileo The state vector of the Galileo S/C was estimated at the be-
ginning of each arc, approximately one day prior to the C/A. The a-priori values were
obtained from the trajectory reconstructed by the Galileo navigation Team, that can be
found in the Planetary Data System archive. For a-priori uncertainty we used a conser-
vative approach, using a diagonal covariance matrix with 1 − σ of 300 km for the X and
Y direction, while 600 km was used for the Z direction. As for the velocity we used 0.03,
0.03 and 0.06 km/s respectively.

Initial state of the Satellites The state vector of the satellite was estimated at the
beginning of each arc. The a-priori values of the state vector of the Galilean satellites
were retrieved from the latest Jupiter ephemerides set released by the JPL, JUP310. The
a-priori uncertainties were set using a conservative approach, 2000 km for the X, and Y
directions in position and 3000 km in Z. For the velocity 0.2, 0.2 and 0.3 km/s were used,
respectively.
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RTG’s accelerations As explained before, soon after the JOI, the navigation team of
Galileo detected an acceleration of 0.4 nm/sec2 corresponding to the thermal acceleration
of the RTG’s. We set the a-priori uncertainty at 100% of this value in every direction.
During the baseline solutions the RTG’s acceleration was a consider parameter.

Solar radiation preassure Galileo’s solar radiation pressure scaling factor was set to
1.0 with an uncertainty of the 20%.

Ganymede’s gravity field The a-priori values of the GM were retrieved from the
JUP310 ephemerides set and J2, C22 from [16]. The a-priori uncertainty of the GM was
set large enough in order to not constrain the solution. The a-priori uncertainties for the
second degree coefficients were on average two orders of magnitude larger than the formal
uncertainties at the end of the estimation process. Higher coefficients were all set to zero,
with their corresponding a-priori uncertainty scaled by Kaula’s rule using two different
scaling factors. The first case K = 10−5 while the second K = 10−4. To assess the
retrieved values, different solutions were generated. The most relevant approaches were:

• MA3: Multi-arc local solution estimating the full degree 3 gravity field.

• MA3-heq: Multi-arc local solution estimating the full degree 3 gravity field, where
the ratio between J2/C22 was imposed to the hydrostatic equilibrium value 10/3.

• MA3-W: Multi-arc local solution estimating the full 3-degree gravity field applying
the whitening algorithm, to take into account the effect of the coloured noise due to
solar plasma in the Doppler tracking data.

• MA4: Multi-arc local solution estimating the full 4-degree gravity field.

• MA5: Multi-arc local solution estimating the full 5-degree gravity field.

The G02 signature

The second close encounter of Galileo over Ganymede, took place the 6th of September,
1996. This second flyby was a gravity science dedicated encounter that followed a near-
polar trajectory with a really low altitude, the lowest of all the Ganymede flybys, making
G2 really important in the gravity field experiment of Ganymede. In August 2004, [4]
reported the discovery of mass anomalies on Ganymede. Two surface mass anomalies, one
at high latitude and another at low latitude were necessary to successfully fit the Doppler
data, while no geological features that could explain the data could be identified.

Subsequently, another more detailed analysis characterized the size and distribution of
the mass anomalies [78] building two different scenarios with four anomalies, two positive
and two negative, buried or laying in the surface. In this case, only one of the positive
mass anomalies could correspond to a geological feature, the Galileo Regio.

While performing the analysis, we found the reported signature around the C/A of G2
when trying to fit the data using a 2x2 gravity field, see figure 5.23. This artifact in the
data disappeared when estimating a full 3rd degree and order gravity field, one degree less
than the reported in [3]. We conclude that, the local analysis can bypass this localized
signature and that there is no need to add mascons to fit properly the data.
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Figure 5.23 – a) Post-fit residuals evidencing the signature in the vicinity of the C/A when
estimating a full 2-degree gravity field. b) Post-fit residuals obtained when estimating a
full 3-degree gravity field. The signature is absorbed at the noise level.

Results

We combined radio tracking data from all the available flybys, G1, G2, G7, G8, G28
and G29, to retrieve a new estimation of the gravity field of Ganymede. To obtain a
satisfactory solution a full degree and order 3 was necessary. Convergence was obtained
after a few iterations, but we performed six iterations to ensure the stability of the single
solution. Figure 5.24 shows the residuals of the baseline solution. To test the stability of
the obtained solutions we performed different estimations that showed similar residuals,
without any signature around the C/A that could indicate any inconsistency.

The main stability solutions are plotted in the figure 5.25, which shows the solutions
in the 1-σ, J2−C22 plane, showing a big agreement between them. As reported in section
5.3.5, the G2 signature disappeared when estimating a 3x3 gravity field, being 6.5 · 10−5,
the minimum scaling Kaula factor able to absorb the data-artifact.

Figure 5.26 shows Ganymede’s gravity anomalies, with respect to the reference ellipsoid
defined by the gravity coefficients J2, C22 and its rotation, and its uncertainty in mGals,
evidencing a clear zone in the north-west quadrant of the geoid where the uncertainty
decreases, this region is coincident with the ground-track of G1 and G2 flybys, being both
flybys the ones that provide most information to the solution.

When comparing the second degree values with respect to the reference solution, [4],
we find differences in the order of 2.4-σ in the C22 coefficient, while J2 is still compatible
at 1-σ. Table 5.7 report the estimated gravity coefficients of the baseline solution, showing
a clear C31 coefficient not compatible with zero at 3.3-σ.

Given that the pole orientation of the moons is not perfectly known, additional test
to check the stability of the gravity solution and the influence of the polar orientation on
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Figure 5.24 – S Band posf-fit residuals of G1, G2, G7, G8, G28 and G29. The vertical line
corresponds to the closest approach with Ganymede.
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Figure 5.25 – Ganymede multi-arc solutions in the J2 − C22, 1− σ plane.

Table 5.7 – Ganymede estimated gravity field.

Apriori MA-3 MA-3-h.eq

GM (km3/s2) 9888±50 9871.0±1.8 9871.4±1.7
J2 (×106) 140±100 107±20 89±11
J3 (×106) 0±29 7±16 13±15
C21 (×106) 0±500 −13.3±7.5 −17.5±6.4
S21 (×106) 0±500 49±28 31±23
C22 (×106) 40±100 18.8±8.1 26.7±3.4
S22 (×106) 0±500 −10.0±4.4 −11.7±4.2
C31 (×106) 0±12 8.3±2.5 9.3±2.3
S31 (×106) 0±12 1±11 7.2±9.2
C32 (×106) 0.0±3.8 1.1±2.9 −0.3±2.6
S32 (×106) 0.0±3.8 1.2±3.0 1.4±3.0
C33 (×106) 0.0±1.5 −0.71±0.85 −0.67±0.85
S33 (×106) 0.0±1.5 0.54±0.80 0.59±0.80
J2/C22 3.3±8.6 5.7±3.1 10.0/3.0±0.0
corr J2-C22 +0.00 −0.51 +1.00
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Figure 5.26 – Ganymede’s gravity anomalies and uncertainties with respect to the ellipsoid
of reference.
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the gravity field uncertainties were run. Instead of using a dynamical frame pointing to
the empty focus of the orbit we used IAU2015 pole and prime meridian [12] finding that
both J2 and C22 remained compatible within 0.72 and 0.1-σ respectively. The lack of more
tracking data prevented from estimating a more accurate frame.

5.3.6 Europa data analysis

Introduction

Europa is the smallest moon discovered by Galileo Galilei in 1610. Before the Galileo
mission, there was little information about the moon, only its mean density (3018 ±
35kg/m3) was known [77]. It is believed to have a global ocean below its ice crust.

The Galileo mission provided plenty of new data that resulted in three different analysis
of its gravity field, two of them done by the radio science team of the Galileo project and
another one carried by R.Jacobson and the navigation team of Galileo.

The first study, [5], analysed independently the radiometric data acquired during two
Europa encounters, E4 (December, 1996) and E6 (February, 1997), providing a weighted
mean of the gravity coefficients, concluding that the retrieved gravity was compatible with
a metallic core surrounded by an ice-liquid outer shell. Due to the geometry of both flybys,
see figure 5.27, the J2 and C22 coefficients were highly correlated, so the hydrostatic a-
priori constraint was applied. Additionally, J3 and C33 gravity coefficients were added due
to an inconsistency in the independent results for E4 and E6.

The second publication, [7], analysed four flybys, adding E11 (November, 1997) and
E12 (December, 1997) to the previous E4 and E6, along with ground-based astrometric
data and optical navigation observables from both Voyager and Galileo. The data were
fit estimating the coefficients of the standard spherical harmonics expansion up the third
degree, constraining the J2 to an a-priori of 10/3 of C22. In addition, due to the low altitude
of the E12 flyby, the possibility of an atmospheric drag that could have affected the motion
of Galileo, was introduced. Again, just like in the previous analysis, a discrepancy between
the C22 coefficient, retrieved in the single-arc estimation of the E4 flyby and the rest of
the flybys, was found. The inconsistency was attributed to the non-coherent Doppler data
recorded during the C/A of this pass. The analysis concluded that Europa is most likely
differentiated into a metallic core surrounded by a rock mantle and a water outer shell
in liquid or solid state. This possibility comes from the fact that the gravity experiment
cannot resolve between both, due to the similar values in the density.

Finally, [48] reports on a reconstruction of Galileo’s orbit during the prime mission
and the construction of a Jupiter’s system ephemerides set by means of a global-fit. The
analysis used radiometric data up to E19 (February 1999) and estimated a full 3-degree
gravity field, applying the hydrostatic constrain, finding relevant differences with both
previous analyses.

During the Galileo mission in the Jupiter system, Galileo encountered Europa eleven
times, from all of them only four had two-way Doppler data during the close encounter. In
addition to the gravity flybys, we also used data from other flybys not explicitly dedicated
to gravity science. The main orbital, geometrical and quality indicators of the flybys are
summarized in table 5.8. Figure 5.27 presents the ground track of all the eight flybys used
in the following analysis. Unfortunately, all of them were nearly equatorial so we don’t
expect high accuracy on the determination of the J2 coefficient. On the other hand as seen
in figure 5.28, these flybys were favourably distributed along Europa’s orbit suggesting the
possibility of inferring the tidal variations of the moon.
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Figure 5.27 – Ground tracks of the flybys performed by Galileo over Europa.

Figure 5.28 – Flybys performed by the Galileo S/C over Europa in Europa’s orbital frame,
indicating the mean anomaly and the different IPT zones.
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Plume on Europa

During the last years, several authors reported evidences of water plumes erupting from
Europa, discovered analysing the data acquired by the Hubble Space Telescope [81], [83].
More recently, a new study, [51], showed evidence of a plume on Europa from the magnetic
field and plasma wave observations recorded during Galileo’s E12 flyby of Europa. This
plume, localized around 245◦W and 5◦S in a region with high surface temperature, could
have affected the motion of the Galileo S/C during its close encounter with Europa. In our
analysis, we will include the potential perturbation due to the discovered plume in order
to determine if this phenomena could be detected by means of the orbit determination of
Galileo, and if this is the case, how much can it bias the gravity results.

Multi-arc setup

After pre-processing the data, the residuals were weighted on a pass-by-pass basis using
the RMS of the residuals itself. The a-priori weights were chosen on the basis of past
analysis and mathematical models of the expected noise. The least-squares information
filter solved for:

• Initial state of Galileo at the beginning of each arc.

• Initial state of the Satellite at the beginning of each arc.

• Galileo’s RTG accelerations.

• SRP scale factor.

• F3 bias.

• Plume during E12.

• Europa’s gravity field.

Initial state of Galileo The state vector of the Galileo S/C was estimated at the
beginning of each arc, approximately one day prior to the C/A. The a-priori values were
obtained from the trajectory reconstructed by the Galileo navigation Team. For a-priori
uncertainty we used a conservative approach, using a diagonal covariance matrix with
1− σ of 300 km for the X and Y direction, while 600 km was used for the Z direction. As
for the velocity we used 0.03, 0.03 and 0.06 km/s respectively.

Initial state of the Satellites The state vector of the satellite was estimated at the
beginning of each arc. The a-priori values of the state vector of the Galilean satellites
were retrieved from the latest Jupiter ephemerides set released by the JPL, JUP310. The
a-priori uncertainties were set using a conservative approach, 2000 km for the X, and Y
directions in position and 3000 km in Z. For the velocity 0.2, 0.2 and 0.3 km/s were used
respectively.

RTG’s accelerations As explained before, soon after the JOI, the navigation team of
Galileo detected an acceleration of 0.4nm/sec2. We set the a-priori uncertainty at 100%
of this value in every direction. In the baseline solution the RTG’s acceleration was a
consider parameter. In addition it was estimated to test the stability of the solution.
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Solar radiation preassure Galileo’s solar radiation pressure scaling factor was set to
1.0 with an uncertainty of the 20%.

F3 biases Added during E11 in the DSS-14 and E12 in the DSS-63, to prevent for the
possible DSN inter-station clock offset. The value was set to zero with an a-priori sigma
of 0.1 Hz.

Europa plume We modelled E12 plume, detected by recent analysis, as a small impulse
burn during the C/A. The value was set to zero with a large uncertainty of 5 mm/sec.

Europa’s gravity field The a priori values of the GM were retrieved from the JUP310
ephemerides while J2, C22 from [7]. Higher coefficients were all set to zero. The a-priori
uncertainty for the GM was set to 10 times the formal uncertainty found in [7]. We used
large a-priori values for the second degree in order to avoid any constraint on the final
solution. The a-priori uncertainty of higher gravity coefficients scaled with Kaula’s rule
using two different scaling factors K. The first case K = 10−6 while the second K = 10−5.
To assess the retrieved values, different solutions were generated. The most relevant
approaches were:

• SA: Single-arc, local solution for each arc with C/A data.

• MA2: Multi-arc local solution estimating the full 2-degree gravity field.

• MA2-pl: Multi-arc local solution estimating the full 2-degree gravity field, adding
the plume during E-12.

• MA2-k2: Multi-arc local solution estimating the full 2-degree gravity field and the
tidal variations of Europa.

• MA2-heq: Multi-arc local solution estimating the full 2-degree gravity field. where
the ratio between J2/C22 was imposed to the hydrostatic equilibrium value 10/3.

• MA2-W: Multi-arc local solution estimating the full 2-degree gravity field applying
the whitening algorithm, to take into account the effect of the coloured noise due to
solar plasma in the Doppler tracking data.

• MA3: Multi-arc local solution estimating the full 3-degree gravity field.

• MA4: Multi-arc local solution estimating the full 4-degree gravity field.

Results

Data from E6, E11, E12, E14, E16 and E26, were combined to retrieve a gravity field
capable to fit the data. E6, E12, E14 and E16, were the flybys that provided more
information about the gravity field of Europa, given that radio tracking data during the
close encounter with the satellite were recorded. The data were successfully fit to the
noise level using the local multi-arc strategy estimating a second degree and order gravity
field. In any case, different solutions were produced to assess the stability of the estimated
values. Table 5.9 collects the estimated gravity field coefficients for the baseline solutions.
The solutions found were all compatible with them, with no big deviations, moreover,
the results are compatible with an hydrostatic Europa within 1-σ without applying the
hydrostatic constraint.
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Figure 5.29 – S Band posf-fit residuals of E6, E11, E12, E16 and E26. The vertical line
corresponds to the closest approach with Europa.
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Figure 5.29 report the post-fit residuals of the baseline solution described above (MA-
2). For all the solutions, the residuals do not show any evident signature around the
closest approach, obtaining almost the same RMS value for each arc. The flybys E4 and
E16 show higher noise due to their low SEP.

Figure 5.30 displays the different single-arc solutions against the best solutions (MA-2
and MA-2-pl) in the J2 − C22 plane showing that all the solutions are compatible within
1-σ.

Finally, figure 5.31 shows the main solutions against the two last published results, [7]
and [48], evidencing differences with respect the old analysis. While the differences in the
J2 coefficient are within 1.5-σ, the differences in C22 grows up to 4.9-σ with respect to the
last analysis of the RS team and 8.5-σ if we compare it against the reference value of R.A.
Jacobson.

Europa E12 plume The MA2-pl solution retrieved an impulse burn equal to ∆Vx =
−1.75±0.83 mm/s, compatible with zero within 2-σ. In addition, to check the stability of
the obtained value, all the previous solution were ran with the addition of the E12 plume
as an estimation parameter. We retrieved a very stable value, in all the cases, compatible
with the estimated value within less than 1-σ.

Moreover, these values were compatible with the drag deceleration (0± 3 mm/sec)
estimated in [7], without providing big changes on the estimated gravity coefficients. More
investigation will be carried out in the next months.

Tidal parameters Despite the good coverage of Galileo’s flybys along Europa’s orbital
frame, the low value of its eccentricity (0.009) makes difficult to provide a reliable estimate
of the tidal Love number Re(k2). We found that Re(k2) = −0.149 ± 0.165. In any case,
the analysis is useful to provide a higher limit for the value. Considering the 3 − σ, it
provides a higher limit of 0.3465 at 3-σ, which is compatible with the assumed value of
0.2 that can be found in literature [90].

A future global multi-arc approach might provide more interesting results due to
smaller size of the parameter-size compared against the local multi-arc approach.

Table 5.9 – Europa estimated gravity fields.

Apriori MA2 MA2-pl MA2+k2

GM (km3/s2) 3202.74±0.20 3202.72±0.20 3202.71±0.20 3202.72±0.20
J2 (×106) 400±1000 524±84 448±92 497±90
C21 (×106) 0±500 9±13 5±13 8±13
S21 (×106) 0±100 −18±16 −4±17 −14±17
C22 (×106) 130±100 140.3±1.8 138.1±2.1 139.9±1.9
S22 (×106) 0±100 −9.9±1.7 −7.7±2.0 −9.6±1.7
J2/C22 3.3±8.0 3.74±0.59 3.24±0.65 3.55±0.63
corr J2-C22 +0.00 +0.25 +0.40 +0.32

Following the same approach done in Ganymede, we used the IAU2015 rotational
frame [12] instead of using a dynamical frame to check the stability of the gravity solution
against a different rotational model. We found that both J2 and C22 remained compatible
within 0.02 and 0.28-σ respectively.
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Figure 5.30 – Europa single-arc solutions in the J2 − C22, 1− σ plane.

5.3.7 Callisto data analysis

Introduction

Discovered by Galileo Galilei in 1610, Callisto is the third largest moon in the entire
solar system. Previous to this analysis, two different results of Callisto’s gravity field
were published by the RS team. The first of them, used data acquired during the flybys
C3 (November, 1996), C9 (June, 1997) and C10 (September, 1997) [6]. The second one
[3], added data of two more close encounters: C20 (May, 1999) and C21 (June, 1999).
Both analysis were carried out assuming the hydrostatic equilibrium constraint, due to
the poor quality coverage of the flybys. The analysis concluded that Callisto cannot be
entirely differentiated, pointing to the hypothesis of a mixed rock and ice region, possibly
extending to the center of the satellite. This result is unexpected, given that the magnetic
field perturbations measured by the Galileo S/C were used to infer a global sub-surface
ocean [92].

The determination of Callisto’s gravity field was carried out using data from seven
flybys. With respect to the last published result [3], we added two more flybys, C22 (Au-
gust, 1999) and C23 (September, 1999), leaving outside of the analysis C20 and C30, given
their low SEP angle. However, from all the used encounters, only two of them had data
during the closest approach, C10 and C21. All of the performed flybys were equatorial,
see figure 5.33. That means that we don’t expect Galileo to be sensitive to Callisto’s J2
variations along its trajectory, hence, an independent determination of the rotational and
tidal gravity field components will be impossible. Also, given the low eccentricity value
of Callisto’s orbit (0.007) plus the poor distribution of Galileo’s flybys along Callisto’s
orbital frame, makes us disbelieve in the detection of Callisto’s tidal variations. Table
5.10 provides a summary of the characteristics of the flybys. Between all the encounters,



110 Chapter 5. Jovian system data analysis

125.0 130.0 135.0 140.0

C22×106

350.0

400.0

450.0

500.0

550.0

600.0

650.0

J
2
×

10
6

Europa J2 −C22 Estimate

Hydrostatic Equilibrium
Anderson-1998
Jacobson-99
MA2-heq-pl
MA2
MA2-pl
MA2-pl-W
MA2-pl-rtg
MA2-k2
MA3-K=1E-5
MA4-K=1E-5
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Figure 5.32 – Ground tracks of the flybys performed by Galileo over Callisto.

Figure 5.33 – Flybys performed by the Galileo S/C over Callisto in Callisto’s orbital frame,
indicating the mean anomaly and the different IPT regions.
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the one with the lowest pericenter altitude was C30 (May 2001). Unfortunately, data
were not acquired during the close encounter and the approach was too close to the solar
conjunction increasing several times the expected noise.

Multi-arc setup

As for Europa and Ganymede, we used a local multi-arc approach in order to retrieve
the gravity coefficients. After pre-processing the data, the residuals were weighted on a
pass-by-pass basis using the RMS of the residuals themselves. The a-priori weights were
chosen on the basis of past analysis and mathematical models of the expected noise. The
least-squares information filter solved for:

• Initial state of Galileo at the beginning of each arc.

• Initial state of the Satellite at the beginning of each arc.

• Galileo’s RTG accelerations.

• SRP scale factor.

• Callisto’s gravity field.

Initial state of Galileo The state vector of the Galileo S/C was estimated at the
beginning of each arc, approximately one day prior to the CA. The a-priori values were
obtained from the trajectory reconstructed by the Galileo navigation Team. For a-priori
uncertainty we used a conservative approach, using a diagonal covariance matrix with
1− σ of 300 km for the X and Y direction, while 600 km was used for the Z direction. As
for the velocity we used 0.03, 0.03 and 0.06 km/s respectively.

Initial state of the Satellites The state vector of the satellite was estimated at the
beginning of each arc. The a-priori values of the state vector of the Galilean satellites were
retrieved from the latest Jupiter ephemerides released by the JPL, JUP310. The a-priori
uncertainties were set using a conservative approach, 2000 km for the X, and Y directions
in position and 3000 km in Z. For the velocity 0.2, 0.2 and 0.3 km/s respectively.

RTG’s accelerations As explained before, soon after the JOI, the navigation team of
Galileo detected an acceleration of 0.4nm/sec2. We set the a-priori uncertainty as 100% of
its value in every direction. In the baseline solution the RTG’s acceleration was a consider
parameter.

Solar radiation preassure Galileo’s solar radiation pressure scaling factor was set to
1.0 with an uncertainty of the 20%.

Callisto’s gravity field The a priori values of the GM were retrieved from the JUP310
ephemerides set. Both J2 and C22 were retrieved from [3]. The a-priori uncertainty for
the GM was set to 10 times the formal uncertainty found in [7]. To avoid any constraint
on the final results we set a large value of 10−4 for all the five coefficients of the second
degree and order.

To examine the solution we ran different robustness tests, of which the most relevant
were:
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• SA: Single-arc, local solution for each arc covered with radio tracking data during
the C/A, (C-10 and C-21) estimating a full 2-degree.

• MA2: Multi-arc local solution estimating the full 2-degree gravity field.

• MA2-HE: Multi-arc local solution estimating the full 2-degree gravity field, where
the ratio between J2/C22 was imposed to the hydrostatic equilibrium value of 10/3.

Results

Combined data from six flybys, C3, C9, C10, C21, C22 and C23 were fit in order to found
the gravity coefficients up to the 2nd degree and order. A pure quadrupole gravity field
was adequate to obtain a good fit of the data. In addition, given the poor sensitivity
of the J2 coefficient, plus the fact that the equilibrium theory predicts that a satellite in
synchronous rotation should be hydrostatic, we applied the hydrostatic constraint between
the rotational and tidal parameter.

Post-fit residuals of the different flybys of the best solution are reported in figure 5.34,
evidencing a proper fit without any signature in the vicinity of the C/A. Moreover, we
obtained same fit qualities for both stability tests.

The addition of the C3, C9, C22 and C23, to C10 and C21, provided an improvement
of 47% in the uncertainty of the GM estimation.

Figure 5.35 compares both single-arc solutions with the two multi-arc solutions in
the J2 − C22 plane showing the compatibility between them and with the hydrostatic
assumption. Estimated values of both solutions can be found in table 5.11. It is interesting
to note that the correlation between the J2 and C22 for the multi-arc solution is equal to
−0.9, highlighting the expected high correlation between both coefficients.

Finally, figure 5.36 displays the multi-arc solutions against the reference values pub-
lished in [3]. Both solutions are compatible, concluding that the local reanalysis of Callisto
did not provide any new improvement with respect to the original one and more data is
needed to unveil the interior of the icy satellite with more accuracy.

Table 5.11 – Callisto estimated gravity fields coefficients.

Apriori MA2 MA2-HE

GM (km3/s2) 7179.30±0.10 7179.308±0.100 7179.308±0.100
J2 (×106) 32±1000 250±580 34.0±2.2
C21 (×106) 0±100 50±26 51±26
S21 (×106) 0±100 −6±17 −4±17
C22 (×106) 10±100 9.7±1.5 10.19±0.65
S22 (×106) 0±100 0.9±1.2 1.1±1.0
J2/C22 0±100 26±63 10.0/3.0±0.0
corr J2-C22 +0.00 −0.90 +1.00

To asses the stability of the gravity coefficients to the pole orientation we used IAU2015
rotational frame [12] finding that both J2 and C22 remained compatible within 0.01 and
0.04-σ respectively.
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Figure 5.34 – S Band posf-fit residuals of C03, C09, C10, C21, C22 and C23. The vertical
line corresponds to the closest approach with Callisto.
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Figure 5.37 – Ground tracks of the flybys performed by Galileo over Io.

5.3.8 Io data analysis

Introduction

Io was disvovered by Galileo Galilei in 1610, is the innermost Galilean satellite and the most
geologically active body in the entire solar system, with more than 400 active volcanoes,
with many of them emitting plumes of dust and gas [34]. The geological activity is related
to the frictional heating generated by the periodic deformation of the moon by Jupiter’s
gravitational pull.

The first gravity analysis, [8], used one-way Doppler data generated by the USO of the
S/C, acquired during the first encounter of Galileo with Io soon before the JOI (I0). Due
to the geometry of the flyby, the J2 coefficient could not be determined independently
from C22, so the hydrostatic constraint was applied, concluding that the gravity field was
compatible with a large metallic core.

In succession, [9], analized range-rate data from four flybys, I0, I24, I25 and I27,
applying the hydrostatic constraint and estimating all the gravity coefficients up to the
third degree to obtain a satisfactory fit, confirming the metallic core of Io.

Finally in [16] we see a subsequent analysis in which I33 was added. When adding the
last flyby, an independent determination of both J2 and C22 was possible, but it produced
a bias of more than 4-σ in the C22 coefficient, stating that could be a problem in the
satellite ephemerides of the system. The article suggests to use this last result as reference
result of the Galileo gravity analysis.

None of the previous analyses mentioned any kind of IPT correction that could have
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Figure 5.38 – Flybys performed by the Galileo S/C on Io in Io’s orbital frame, indicating
the mean anomaly and the different IPT regions.

taken into account the dispersive signature induced in the radio tracking data.
Figure 5.37 shows the ground track of all the flybys that the Galileo S/C performed

over Io, showing an optimal global coverage to retrieve the gravity field of the volcanic
moon. In addition, the sampling of the flybys in the orbital frame, figure 5.38, made Io a
nice candidate to estimate its k2 Love number. However, the data corruption, due to the
IPT, and the low amount of usable data to perform the analysis, prevented the estimation
of this interesting value.

Finally, table 5.12 summarizes all the geometrical parameters of all the encounters and
their data quality. Note that the flybys that were severely corrupted by the IPT do not
present the data-quality values.

Multi-arc setup

Given the potential effect of the IPT in the gravity coefficients estimation (see section
5.3.4), we only used the data acquired during the C/A of three encounters, I24, I27 and
I33. Despite the interesting geometry of I25 and I32, low altitude and almost polar, both
flybys were taken out of the analysis due to the IPT corruption (See figure 5.13 and 5.15).

Once the pre-processing of the data was done, besides the non-available ionospheric
calibrations, the residuals were weighted on a pass-by pass strategy using the RMS of the
residuals itself. As for the other Jovian bodies, the a-priori weights were chosen on the
basis of past analysis and mathematical models of the expected noise.

The least-squares information filter solved for:

• Initial state of Galileo at the beginning of each arc.

• Initial state of the Satellite at the beginning of each arc.
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• Galileo’s RTG accelerations.

• SRP scale factor.

• Io’s gravity field.

Initial state of Galileo The state vector of the Galileo S/C was estimated at the
beginning of each arc, approximately one day prior to the C/A. The a-priori values were
obtained from the trajectory reconstructed by the Galileo navigation Team. For a-priori
uncertainty we used a conservative approach, using a diagonal covariance matrix with 1-σ
of 300 km for the X and Y direction, while 600 km was used for the Z direction. As for the
velocity we used 0.03, 0.03 and 0.06 km/s respectively. For I33 we used the same values
by a factor of three.

Initial state of the Satellites The state vector of Io was estimated at the beginning
of each arc. The a-priori values of the state vector of the Galilean satellites were retrieved
from the latest Jupiter ephemerides released by the JPL, JUP310. The a-priori uncer-
tainties were set using a conservative approach, 2000 km for the X, and Y directions in
position and 3000 km in Z. For the velocity 0.2, 0.2 and 0.3 km/s were used respectively.
For I33 we used the same values by a factor of three.

RTG’s accelerations As explained before, soon after the JOI, the navigation team of
Galileo detected an acceleration of 0.4nm/sec2. We set the a-priori uncertainty at 100% of
its value in every direction. In the baseline solution the RTG’s acceleration was a consider
parameter.

Solar radiation preassure Galileo’s solar radiation pressure scaling factor was set to
1.0 with an uncertainty of the 20%.

Io’s gravity field The a priori values of the GM were retrieved from the JUP310
ephemerides set and J2, C22 from [9]. The a-priori uncertainty of the GM was set to
10 times the formal uncertainty found in [9]. To avoid any constraint on the final results
we set a large value of 5 · 10−4 for all the five coefficients of the second degree and order.
To examine the solution we ran different stability tests:

• SA : Single-arc, local solution for each arc with C/A data.

• MA2 : Multi-arc local solution estimating the full 2-degree gravity field.

• MA2-HE :Multi-arc local solution estimating the full 2-degree gravity field. where
the ratio between J2/C22 was imposed to the hydrostatic equilibrium value of 10/3.

Results

In order to obtain a conservative local multi-arc solution, we left out of the analysis all
the data that could have been corrupted by the dispersive IPT. To do that, we treated as
an outlier all the signatures that coincided with signatures in our IPT model, leaving us
with radio tracking data of only three C/A, I24, I27 and I33.

Both I24 (September, 1996) and I27 (November, 1997) sampled an almost equatorial
zone of Io, being I27 the closest encounter between them. Posteriorly, I33 (July-98),
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Figure 5.39 – S Band posf-fit residuals of I24, I27, I33. The vertical line corresponds to
the closest approach with Io.
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Figure 5.40 – Io single-arc solutions in the J2 − C22, 1− σ plane.
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sampled a different and lower latitude zone. During the last flyby of Io, Galileo entered
in safe mode, shutting down all the science sequence but the radio tracking in S-band.

A pure quadrupole gravity field, was sufficient to fit the data to the noise level without
signatures on the C/A. Figure 5.39 shows the obtained residuals of the single arcs, being
I24 the flyby with the best data quality, and I33 the one with less usable data due to the
IPT corruption.

Figure 5.40 compares the three single arc-solutions in the J2 − C22 plane against the
multi-arc solution, showing the 1-σ compatibility with the multi-arc solution. Finally, the
multi-arc solution is compared against the published reference solutions, see figure 5.41,
evidencing an enormous difference of 10.14-σ in the C22 coefficient with respect to the
reference value. Being our solution compatible within 3-σ with the precedent published
result, [9], suggesting that the last Io gravity solution might be biased due to the IPT
non-dynamical shift induced in the radio tracking data of I25 and I33.

Table 5.13 provides the estimated values of the baseline solutions. The MA2 solution
is compatible within 1-σ with the hydrostatic equilibrium, as predicted by the theory.
As stability test, the hydrostatic constraint was included between J2 and C22 coefficients
concluding that both solutions are statistically compatible.

Table 5.13 – Estimated gravity coefficients of Io.

Apriori MA2 MA2-HE

GM (km3/s2) 5960±60 5956.0±4.0 5957.6±2.7
J2 (×106) 1900±1000 1826±22 1838.3±2.1
C21 (×106) 0±500 9.6±6.3 6.2±1.9
S21 (×106) 0±500 −9.4±4.7 −11.7±2.3
C22 (×106) 560±500 551.44±0.65 551.50±0.64
S22 (×106) 0±500 3.11±0.37 3.09±0.36
J2/C22 3.3±3.5 3.311±0.039 10.0/3.0±0.0
corr J2-C22 +0.00 +0.22 +1.00

Just as we did for the other moons, we checked the influence of the pole position of the
moon to the estimated gravity field coefficients J2 and C22, using IAU2015 rotational pa-
rameters [12], finding that both remained compatible within 0.72 and 1.66-σ respectively.
More data would be needed to estimate a better pole position.





Chapter 6

Conclusions and future
perspectives

The study of the gas giant satellite systems represents a challenging and currently ac-
tive research field. Radio science allows us to study these complex dynamical systems,
with multiple interactions happening between the different bodies involved, by means of
the orbit determination of deep space probes. Radio science represents one of the key
experiments of past, current and future deep space missions.

In this dissertation thesis we analysed the radio tracking data of all the deep space
probes that have performed an orbit insertion manoeuvre at a gas giant satellite system
so far, that is, the three unique orbiters of an outer planet, Galileo and Juno (orbiters
of Jupiter) and Cassini (the unique Saturn’s orbiter). One of the main objectives has
been to retrieve the gravity field of both the gas giants, because gravity measurements can
provide fundamental constraints on the interior of the celestial bodies and on the satellite
system ephemerides, as a better gravity field restricts the motion of the satellites that
orbit around it. Another objective has been to study the gravity field of the satellites and
their orbital evolution, that holds, as well, information on the interior of the satellites and
the evolution of the system.

With these objectives in mind, we analysed the radio tracking data, Doppler and
range, of a past deep space mission, Galileo, and two current missions, Cassini that since
its plunge in Saturn belongs to the past, and Juno that from now on belongs to the future
as it is the only current orbiter of an outer planet.

During the last months of the Cassini mission, the Cassini S/C was set to a high ec-
centric, Juno-like orbit, passing through the gap between the D-ring and the cloud level,
to study the interior of Saturn. The gravity analysis of the grand finale orbits provided
interesting and unexpected results. A purely zonal field was not sufficient to fit the data,
therefore we explored different strategies: a high degree tesseral field, with different rota-
tion rates, and different combinations of acoustic modes. We concluded that the field can
be expressed by a main zonal component, which remained stable in the different analyses,
and a non-zonal or time dependent contribution. In this dissertation thesis, we explored
two different hypothesis. However, the unique and definitive explanation to the anomalous
contribution is still to be found.

The analysis of the Titan flybys by means of the single-satellite global approach
provided a first estimation of the dissipation of Saturn at Titan’s frequency, obtaining
Qp = 115.35±36.15. Such a present-day low Qp value is not compatible with the classical
tidal theory, which would imply a formation age smaller than the age of the solar system.
Together with the recently obtained low Qp value at Rhea’s frequency, estimated using



126 Chapter 6. Conclusions and future perspectives

astrometric observables, the frequency-dependent nature of the gas giants dissipation has
already been evidenced twice. Different theories must be explored to find an explanation
to the retrieved Qp values.

One promising explanation is the resonance locking theory, that provides plausible
reasons to explain the low Qp retrieved values, by the hypothesis that the tidal forces
exerted by the moons enter in resonance with gravity modes or inertial modes that evolve
with the time-scale of the Saturn’s interior evolution.

As a future improvement, we will develop a global approach capable to study the orbital
evolution of the main Saturn satellites, with the objective of estimating the different Qp
at different tidal forcing frequencies using all the available radio tracking data.

Regarding Juno, the gravity experiment provided the first accurate estimation of the
zonal gravity coefficients up to J10, improving by far the previous results and the knowledge
of the interior structure of the gas giant. This was possible thanks to the high eccentric and
low pericenter orbit that the S/C follows around Jupiter, together with the radio science
instrumentation that allows to use the dual link calibration and remove to a large extent
the dispersive effects, induced by the IPT and the solar plasma. The multi-frequency link
calibration offered the opportunity to perform IPT occultations that, combined to a recent
parametric model, can be used to study its time and longitudinal variability. However,
we acknowledge that, so far, this technique is limited to the X/X-X/Ka passages. Most
probably, this limitation is the result of a station delay in the uplink Ka-band, which
itself induces an unexplained path delay shape. In any case, this unexpected trend in
the path delay of the X/X-Ka/Ka passages does not induce bias in the Jupiter gravity
measurements.

The subsequent encounters with Jupiter will help to single out the high order zonal
harmonics, the tesseral field, and the gravity signature induced by the great red spot.
Such a gravity field will provide crucial constraints on the interior of the gas giant. In
addition, once the strange trend found on the path delay of the X/X-Ka/Ka encounters
will be figured out, there will be available additional IPT occultations that will be useful
to improve the torus shape and study its variability in longitude and time.

The re-analysis of the Galileo radio tracking data provided a new angle to the gravity
experiment performed two decades ago. Analysing the old radio tracking data with the
new knowledge of the Jupiter system, fed by the Juno S/C, has proven really useful.

The new gravity field constrained better the motion of the Galilean satellites and the
Galileo orbiter. The new understanding of the Io plasma torus by means of new models
and the study of its potential effect on the gravity experiments, due to the non-dynamical
Doppler shift introduced in the radio signals, allowed us to discriminate between the
different affected passes and sort out the ones that were corrupted. Also, the multi-arc
technique provided a new way to process the radio tracking observables. Compared to
the weighted mean, the multi-arc technique provided an improved estimation, because
the new method takes into account the correlations between the estimated parameters.
Finally, the local approach allowed to study the gravity of the Galilean satellites without
taking into account their orbital evolution. This approach was really useful because, given
the small amount of observables and all the data-availability problems, we were not able
to follow properly the evolution of the satellites using the global approach.

Summarizing, the previous reasons allowed us to study the effect of the Io plasma torus
during the Galileo mission, finding that the use of all the data acquired during most of
the Io encounters could cause big trouble on the measurement of Io gravity coefficients.
The four Galilean satellites proved to be compatible with the hydrostatic equilibrium
even though we did not apply the hydrostaticity constraint on our baseline solutions.
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The estimated gravity coefficients of Europa and Io are substantially different from the
published estimation of the RS Team, result that can be useful to constrain their interior
structure and also for the future navigation of both JUICE and Europa Clipper.

In the future, we would like to make improvements on the Io plasma torus model using
the residuals signatures found in the Doppler data, highlighted earlier in this dissertation
thesis. This would make usable some data that nowadays cannot be used for our analyses
and almost certainly would improve the obtained results.

To conclude, the study of the gas giant satellite systems is a vast research subject.
In this dissertation thesis we provided answers for some previously unknown questions,
such as the dissipation in Saturn at Titan’s frequency or the gravity of the gas giants. At
the same time we discovered new research subjects, questions whose answer still remain
veiled and will be discussed and looked into more thoroughly in the future, just like the
unexplained contribution to the gravity field of Saturn. Mostly sure, the future missions
to the gas giant satellite systems, like JUICE or Europa Clipper, or a forthcoming Saturn
mission, or maybe an upcoming re-analysis of one of the missions studied in this thesis,
like the one performed with Galileo, will provide answers to the open questions found
during this study.
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