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ABSTRACT

The neutral gases released by the intense volcanic activity of the Jupiter moon Io, once ionized by
the Jupiter magnetic environment, give rise to a toroidal plasma distribution known as Io Plasma
Torus (IPT). Radio signals passing through charged particles environments, such as the IPT, are
heavily perturbed, proportionally to the rate of change of the charged particle distribution along the
path of the radio wave. If not properly calibrated, the IPT may induce significant perturbation on the
radiometric tracking link to Earth. The radio tracking signal is the main observable for the Gravity and
Radio Science (G/RS) investigation on NASA’s Europa Clipper whose aim is to measure the gravity
field, tidal response and moment of inertia of Europa, and to precisely reconstruct the trajectory of
the probe in support to other scientific investigations. In this work we quantify the detrimental effect
of the IPT on the radiometric observables. We show how this affects the products of the G/RS and
prove the necessity for accurate calibrations. We simulate different calibration strategies to mitigate
its perturbative effect, based on currently available models of the IPT. Considering that these models
have been developed with Juno in mind, they are tailored to its orbital geometry and we show that they
cannot be easily applied to other geometries. We conclude that although the model-based calibration
strategies can be very effective, further work will be needed to make them applicable to probes with a
significantly different orbital geometry, such as Europa Clipper or ESA’s JUICE.

1. INTRODUCTION

Before the Voyager flyby of the Jupiter system, ground-based observations led to the detection of a toroidal-shaped
distribution of ionized sulfur whose nature was poorly understood (Kupo et al. 1976). By the time in-situ measurements
were collected by the Plasma Science instrument onboard Voyager 1 and provided a first characterization of the plasma
environment (Bridge et al. 1979; Eshleman et al. 1979), it was clear that the main source of this plasma distribution
was the intense volcanic activity of Io (e.g., Peale et al. 1979). Io ejects neutral gas at a rate of about 1 ton/s
(Bagenal & Delamere 2011), which is then ionized by electron collisions and results in a toroidal distribution of plasma
called Io Plasma Torus (IPT), subject to electromagnetic, gravitational and centrifugal forces. The plasma achieves a
configuration of minimum centrifugal potential at the centrifugal equator. The torus which on this plane, has its peak
density at a distance equal to Io’s orbital distance from Jupiter (5.9 Ry, where Ry = 71492 km is Jupiter’s equatorial
radius). Data from Voyager 1 were extensively used to build spatially-varying models of the distribution of these
charged particles, which helped understanding that the IPT is divided into three regions distinguished by their mean
plasma temperature, charged particle density, and radial extension (e.g., Bagenal et al. 1980; Bagenal 1994a). The
innermost region is called the cold torus because of the low plasma temperature and charged particles density (~ 1000
em™3). Tt is surrounded by a narrow region called the ribbon, where the density is higher (~ 3000 cm ™). Finally, the
outermost region, the warm torus, is characterized by an intermediate density (~ 2000 cm~2). Plasma measurements
acquired by Galileo (Bagenal et al. 1997) were used to refine these models, which were used as reference until the
arrival of Juno in the Jupiter system (Phipps & Withers 2017).
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While earlier models of the IPT were based only on data from ultraviolet spectrometers and plasma instruments,
NASA’s Juno provided an additional tool for sounding the plasma distribution, based on the radiometric Doppler track-
ing data collected by the Gravity Science experiment (Asmar et al. 2017) (only two other radiometric measurements
had been obtained prior to Juno, one from Voyager 1 and one from Ulysses (Eshleman et al. 1979; Bird et al. 1992)).
Because the perturbations affecting the radiometric signals propagating through a plasma are frequency-dependent |,
probing the IPT with simultaneous measurements at multiple frequencies can reveal the electron density distribution
(Phipps & Withers 2017). This capability was enabled by the radiofrequency system used for Juno’s Gravity Science
experiment that allowed to simultaneously acquire coherent radiometric data at X-band (7.2 - 8.4 GHz) and Ka-band
(32.1 GHz - 34.0 GHz) (Asmar et al. 2017). Data around Juno perijoves were obtained and used in different subsequent
solutions to refine IPT electron density modeling (Phipps et al. 2018, 2019, 2021; Moirano et al. 2021).

As such, the strong effects of plasma on the Doppler data present an opportunity to study and characterize the IPT.
On the other hand, the IPT effects, if uncalibrated, may introduce significant undesired perturbations on the same
tracking data during the gravity science experiment analysis . When multi-frequency radiometric data are available
, the plasma effects can be calibrated out by combining the different frequencies and leveraging their differential
sensitivity to the plasma (Bertotti et al. 1993). However, gravity and radio science investigations based on a single-
frequency link cannot employ this self-consistent calibrations strategy, potentially leading to a degradation of the
gravity results. In a recent reanalysis of the radio science data acquired at Europa by Galileo, Gomez Casajus et al.
(2021) showed that the IPT likely introduced strong perturbations in the measurements collected during the flyby
E26. The E26 data had to be disregarded in order to prevent biases in the gravity solution. The failure that affected
Galileo’s high-gain antenna (HGA) only allowed the acquisition of radiometric data at lower frequency (S-band, 2.3
GHz), which are more impacted by the detrimental effects of plasma, but even X-band data can be expected to be
significantly affected.

The Europa Clipper Gravity/Radio Science (G/RS) investigation will study the interior structure of Europa through
measurements of its gravity field obtained with X-band radiometric data (Mazarico et al. 2023). The use of a single-
frequency link for establishing Doppler tracking makes the Furopa Clipper experiment particularly sensitive to the
effect of the IPT. A thorough assessment of the expected perturbation and a survey of possible calibration strategies
is thus necessary. In this paper, we focus on the Europa Clipper G/RS investigation. We aim to quantify the potential
effects of the IPT on the Precise Orbit Determination (POD) and on the recovery of Europa’s static gravity field and
tidal response. Based on the knowledge of the IPT derived from Juno data, we model the distribution of the plasma
in the IPT and quantify the perturbation on the Doppler data that will be acquired by Europa Clipper during the
flybys of Europa. We simulate the G/RS investigation using multiple models of the IPT produced by different authors
(e.g., Phipps et al. 2018; Moirano et al. 2021), and assess the effects of uncalibrated plasma perturbations on the
reconstruction of the spacecraft trajectory and gravity field of Europa. Subsequently, we evaluate the effectiveness
of model-based calibrations of the plasma effects. Because of the significantly different orbital geometries involved,
we show that the applicability of models elaborated with Juno data to Europa Clipper’s data is not straightforward.
Finally we discuss our findings, suggesting the necessity of an improved knowledge of the IPT, and propose reasonable
strategies to achieve this.

This manuscript is structured as follows: we first provide the theoretical basis for the computation of the IPT-
induced perturbation (Sec. 2) and review the available models of the IPT charged particle density, highlighting their
limitations and the complications involved in their application to Europa Clipper (Sec. 2.1). Then, in Section 3 we
describe model-based calibration techniques. We investigate in detail the case of Europa Clipper (Sec. 4) by first
analyzing the net perturbative effect of the IPT (Sec. 4.1) on the gravity field and trajectory reconstruction products
of the G/RS, then by exploring the effectiveness of model-based calibration strategies (Sec. 4.2), and quantify the effect
of IPT model parameters uncertainty (Sec. 4.3). We also provide an assessment of the IPT effect on the reconstruction
of Europa’s ephemerides in Section 4.4. Finally we discuss the results and propose a path forward for ameliorating
currently available IPT models (Sec. 5) and provide our conclusions in Section 6.

2. IPT EFFECT ON RADIOMETRIC TRACKING

Deep space spacecraft trajectories are reconstructed using Precise Orbit Determination (POD). In a nutshell, the
ground station transmits a radio wave of known frequency which is received and transponded back by the spacecraft.
The motion of the spacecraft (which depends on the physical environment it is flying in) induces a Doppler shift, which
is the main observable quantity in POD. POD consists in finding the parameters of the model describing the spacecraft
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motion that allow to best fit the observed Doppler signal (the interested reader is referred to, e.g., Tapley et al. 2004;
Milani & Gronchi 2009, for further details. See also Appendix A). For the solution of POD to be reliable and accurate
all sources of Doppler shift higher than the measurement system noise floor must be accurately modeled. Typical
examples of these Doppler-shift generating sources are: the gravity field of the celestial bodies in close proximity of
the spacecraft, the solar radiation pressure acceleration, the radiative accelerations (e.g., thermal infrared pressure,
albedo pressure, etc), and media effects due to e.g., Earth ionosphere and interplanetary plasma. The IPT is another
source of Doppler shift. The presence of the IPT along the radio wave propagation path has the effect of changing
the refractive index of the medium. A variation of the refractive index n induces a variation in the propagation speed
of the radio wave, or equivalently a variation of the signal optical path Al. The variation in time of Al generates a
Doppler shift. The fractional frequency shift y(t) is given by:

£(t) = folt) _ 1dAl
fo(t) c dt
where f(t) is the received frequency at the ground station at time ¢, fo(¢) is the reference frequency (i.e., the

frequency that was transmitted by the ground station) and c is the speed of light. It can be shown that for an ionized
medium (e.g., Bertotti et al. 1993):

y(t) = (1)

Al = /(n(s) ~1)ds = —/%ifgne(s)ds @)

where m., e are the electron mass and charge, respectively, n. is the electron density of the medium and the
integration is performed the effective radio propagation path defined by the line coordinate s. It follows that radio
waves received and re-transmitted by a moving spacecraft in the Jovian environment may be subject to a significant
Doppler shift induced by the IPT when the radio wave crosses its regions of strongly spatially-variable electron density.
This signal needs to be accurately calibrated in order to obtain reliable POD results. As described by Equation 2,
this is a dispersive effect, i.e., it is frequency dependent. As shown in Bertotti et al. (1993) the use of multi-frequency
links (i.e., multiple simultaneous links at different frequencies in uplink and/or downlink) enables to single out the
non dispersive contributions and use these measurements for a complete calibration of the dispersive effects. This
calibration scheme has been extensively used for removing solar plasma in the radio tracking datasets of Cassini (e.g.,
Bertotti et al. 2003) and BepiColombo (e.g., Cappuccio et al. 2020) and to remove both the IPT and solar plasma
contributions in the Juno dataset (e.g., Durante et al. 2020). Most notably the dispersive calibrations obtained by
Juno have been used to refine and update the models describing the morphology and dynamics of the IPT (Moirano
et al. 2021; Phipps et al. 2018, 2021).
In a single-link configuration, as is the case for Europa Clipper, this calibration strategy cannot be employed, and
physical models describing the electron density of the IPT are needed in order to compute its effect on the radiometric
observable and therefore remove it from the dataset.

2.1. Models of Io Plasma Torus electron density

In this work we make use of two sets of models, notably the ones derived by Phipps et al. (2018, 2021), from now on
referred to as Phipps+18, and the ones derived by Moirano et al. (2021), from now on referred to as Moirano+21. Both
models are derived from the semi-empirical formulation developed by Bagenal & Sullivan (1981) and Bagenal et al.
(2017) based on Voyager data, and updated with Juno observations. Both Phipps+18 and Moirano+21 models describe
the electron density field n. in a centrifugal reference frame co-aligned with the IPT. Figure 1 shows a representation
of these main density models. The model introduced by Moirano et al. (2021) is based on the same formulation as
Phipps et al. (2018), further modified to be tailored to the orbital geometry of Juno. Notably, the authors recognized
that the majority of the variation in the total electron content (TEC) in Juno’s observation is due to vertical crossing
of the IPT plane (i.e., the Juno radio waves are nearly parallel to the IPT plane and as Juno moves along its polar
orbit the radio wave probes different off-plane regions of the IPT always crossing it in one location and in a direction
that is substantially radial from Jupiter, see Figure 2). This led the authors to change the base model and use a
single region to model the ribbon, the warm, and the extended torus as Juno data is not sensitive to any of the region
individually but rather to their sum.

The other main difference between the two sets of models consists in their longitudinal and temporal dependency.
While Phipps et al. (2021) found a longitudinal dependence of the TEC measured by Juno, this is not explicitly
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Figure 1: Electron density distribution given by different models. Panels A and B show the Phipps B and Phipps
G models respectively (Phipps et al. 2018). Panels C, D, E and F show four time snapshots of the Moirano model
(Moirano et al. 2021). The horizontal and vertical axes of all panels correspond to the x and z axes of the IPT
centrifugal reference frame normalized by Jupiter radius R;. All panels show a vertical slice of the electron density
field at centrifugal longitude A =0

factored in the density model. As a result Phipps et al. (2021) provided revised values of the model’s coefficients,
showing that slightly different values are needed to fit different Juno flybys, possibly because of temporal-longitudinal
variability. The two main models they developed are called Model B and Model G. These have different equatorial
tilts to account for the observed data. Model G, with a tilt of 7.7° fits better Juno PJ1 and is compatible with the
Ulysses and Voyager observations (Bird et al. 1993).

The Moirano+21 model does instead explicitly account for temporal and longitudinal variations. This allowed the
authors to perform fitting of the model parameters over 15 Juno perijoves simultaneously and the estimation of both
the central value and the 1-sigma confidence interval for each parameter of the model .

Figure 1 shows a cross-section of the electron density field of the IPT for three different models. Although both
models sets are , the electron density values are noticeably different.

As can be observed in Figure 1, both sets of models contain at least one discontinuity in the electron density
profile (or more precisely: the density profiles are not continuously differentiable). This discontinuity happens at
R = 6.1R; for Phipps+18 models and at R = 5.5R; for the Moirano+21 model. This is a direct consequence of the
specific analytical representation that has been chosen for n., i.e., a piece-wise composition of Gaussian functions.
The orbital and tracking geometry of Europa Clipper (and Jupiter-system investigation probes like ESA’s JUICE)
is substantially different from Juno. Not only does the radio path generally cross the IPT twice, as opposed to once
for Juno, on its way to Earth, but it also crosses the IPT in varied geometries, not only radially outwards like Juno.
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Figure 2: Comparison of the radio beam path in the case of Juno (green lines) and Europa Clipper (light blue lines).
In the background the electron density computed from Moirano+21 is shown to highlight that in certain geometries the
radio beam of Europa Clipper might cross the discontinuity of the model (thin dark ring at ~ 5R ), producing spurious
spikes in the IPT Doppler perturbation computed from the model (see also Figure 3a). Horizontal and vertical axes
denote the distance from Jupiter normalized by the Jupiter radius R;. The white circle shows the orbit of Europa.
All the quantities are drawn in an inertial reference frame aligned with the centrifugal equator.

The discontinuity present in the models has a significant impact on the computed Doppler perturbation (proportional
to the time derivative of n.) when the signal crosses the torus (and the density ‘gap’) in a direction nearly tangential
to the torus itself, a condition relatively frequent for Europa Clipper. This aspect is exemplified in Figure 2 where
we represent the Juno signal path geometry during a perijove, and the geometry of the radio path during one Europa
Clipper flyby.

This geometrical configuration leads to stark discontinuities in the model-computed differential density and the
discontinuity in the model reflects on the computed Doppler perturbation by generating spurious peaks (Figure 3a).
Notably, these peaks occur at different times consistently with the two sets of models having discontinuities at different
distances from Jupiter. It is important to underline that this phenomenon does not affect the Juno geometries, as the
signal path never crosses the discontinuity tangentially.

To overcome this limitation of the currently available models we slightly modify their analytical definition by in-
troducing a non-linear taper (see details in Appendix B) between segments of the model that do not connect with
continuity. Figure 4 shows a comparison of a radial electron density profile computed using the original and tapered
models and Figure 3b shows the corresponding Doppler perturbations which now do not show spurious peaks. In the
following we will always use the tapered models, and we will refer to them as Phipps+18t and Moirano+21t.

3. MODEL-BASED CALIBRATION TECHNIQUES

The end goal of this work is to quantify the effect of the IPT on the Gravity and Radio Science (G/RS) experiment
of Europa Clipper (Mazarico et al. 2023). G/RS relies on the precise OD of the spacecraft. As discussed in Section
2, the in-depth modeling of all error and noise sources in the radiometric observables used for OD is of paramount
importance to obtain a reliable estimate of the key geophysical parameters constituting the scientific objectives of
G/RS. For this reason, a calibration technique for mitigating the effects of the IPT perturbation on the Doppler link
between the probe and the ground station has to be devised. The simplest calibration technique consists in using the
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Figure 4: Radial electron density profiles obtained with two different models when applying a non-linear taper to
remove the discontinuities in the models (See Appendix B).

available models of the IPT electron density to compute the perturbation. From the previous discussion we know
that the available IPT models show differences among each other because of model assumptions and data-reduction
assumptions (e.g., Phipps+18 B and Phipps+18 G) or show an intrinsic uncertainty of their constitutive parameters
(Moirano+21). For this reason we cannot simply assume a model to be perfectly capturing the perturbative effect
of the IPT, but rather we have to take into account the possibility that after applying the model-based calibration
a residual effect remains. Thus in the following we will test different cases to quantify these effects. Namely we will
assume that the true perturbation (i.e., the one used to simulate the tracking data) is due to the Phipps+21t B model,
while the model perturbation (i.e., the one used in the OD process) is either Phipps+18t G or one or more realizations
of the Moirano+21t model (varying the model parameters within the stated uncertainty). These two sets of cases
allow us to explore the range of expected results in a realistic scenario where we cannot assume to know the exact
behavior of the IPT.

More sophisticated techniques could be devised, but are likely not applicable to the Europa Clipper case. For example,
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one mitigation strategy could involve the techniques that allow for data-based model scaling and data-model assimi-
lation. The first class of methods consists in correcting the tracking data with the calibration computed from one of
the models, and in the process estimating from the data a factor to scale the computed model calibration (similarly
to what is sometimes done for the tropospheric and ionospheric effects of planetary atmospheres e.g., Cascioli et al.
(2020)). Arguably, however, this class of methods cannot be applied to the Europa Clipper case. Because of the
flyby geometry, the maximum of the IPT perturbation normally occurs the closest approach, i.e., when the radio
beam crosses the orbital plane of Europa . Data acquired at the closest approach are the most sensitive to the body
gravity field, thus estimating scale factors capable of absorbing the IPT perturbation will likely result in capturing the
information associated with the unknown gravity signal at the closest approach, attributing it to the IPT rather than
to the actual subsurface density distribution. The second class of methods (data-model assimilation) are techniques
allowing to estimate the key parameters of the IPT model and feed them back into the model for the radiometric
signal calibration. For these techniques to be applicable, the radiometric signal needs to be independently sensitive to
the IPT perturbation, for example using dual-frequency links, which is not applicable to Europa Clipper G/RS that
will employ a single X-band (~ 8 GHz) link. Another possibility consists in de-weighting the tracking data that are
expected (based on the IPT model) to be heavily affected by the IPT perturbation, such that they have a smaller
influence on the OD solution. For the same reasons stated above (the maximum perturbation often occurs at the
closest approach), this is not an optimal solution, as it would reduce the overall sensitivity to the gravity field of
Europa.

4. APPLICATION TO EUROPA CLIPPER

In the following we want to quantify the effects of the IPT on the orbit and gravity field reconstruction that can be
performed by Europa Clipper. To this aim, we first assess the influence of the IPT on the Europa Clipper investigations,
by simulating its POD using the latest tour trajectory and G/RS investigation assumptions. . After quantifying the
net effect of the IPT, in the case no calibration technique is applied, we will quantify the beneficial effect of the
simple calibration techniques discussed in the previous paragraph. We simulate the POD process, core to the G/RS
experiment, using the same detailed simulation scenario employed in previous works (Mazarico et al. 2023; Cascioli
et al. 2024). This includes realistic assumptions for tracking link noise, the latest nominal trajectory of the Jovian tour
(21F31V7), a realistic tracking scenario (scheduling of spacecraft and Earth antennas). In the OD process, considering
42 hours around the closest approach, we solve for the trajectory of the spacecraft and a scale factor for the solar
radiation pressure, alongside the key geophysical parameters of interest to the G/RS experiment. These include the
static gravity field of Europa (GM and spherical harmonics coefficients up to degree and order 15), the tidal response
of the moon (parameterized by the Love number ks), the orientation of Europa (spin axis orientation, spin rate and
libration amplitude). Figure 5 provides an overview of the influence of the IPT during the £ 2 h tracking windows
of the 49 flybys that will be performed by the probe. Notably we show the RMS perturbation on the Doppler signal,
computed from the different models, when the spacecraft is closer than 10,000 km to the surface of Europa (to limit the
analysis to the portions of the trajectory that are most sensitive to the gravity field of Europa, hence most important
for trajectory reconstruction, parameters estimation, and the geolocation of the high-resolution data collected by the
other instruments onboard Europa Clipper).

Given the tour design, it is clear that the second half of the flybys will be the most affected by the IPT ( from now
on we refer to the first part of the Europa Campaign as EC1, up to and including flyby 29. We refer to the second part
as EC2). This implies also that the IPT perturbation mostly impacts flybys occurring on the sub-jovian hemisphere
of Europa, while the coverage on the anti-jovian hemisphere is substantially unaffected (see Figure 16 in Appendix
D and Fig. 19 in Mazarico et al. (2023)). Moreover Figure 5 highlights the high variability between different models
(Phipps+18 B, Phipps+18 G and Moirano+21) and the variability within a single model (Moirano+21 (sample)).
This latter case simply indicates a different realization of the Moirano et al. (2021) model, meaning that the model
parameter values are drawn from a normal distribution with the same mean and standard deviation obtained by the
authors. The two sets of models, moreover show a large discrepancy during the first half of the tour, when the Europa
Clipper-to-Earth geometry is more favorable in terms of IPT perturbation, i.e., when the radio beam does not cross
the peak electron density, but rather remains in the external regions. This is well explained by the different spatial
decay of the two different sets of models (see Figure 1).

We can thus anticipate that the IPT will mainly affect the POD results obtained with data from the second portion
of the tour. The simplest solution for limiting the IPT detrimental effect would consist in limiting the POD solution



246

247

248

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

® 7
e -l
10—1 ‘_
& A' A
_ A
n k
= »
I -2 »
£ 10
S
2 A
© 2 %
£ 107 "e——A
2 ww,
o o 8
z 107 +—a
A
l LA A # Phipps+21B
' Aciaaa a4 Phipps+21 G
107° 4 AAAA_ g Ve Moirano+21 E
] A A Moirano+21 (sample)
| | |
0 10 20 30 40 50

Flyby #

Figure 5: RMS perturbation of the IPT on the 2-way Doppler tracking signal of Europa Clipper. The RMS perturba-
tion is computed only on the tracking data collected 10000 km from the surface and lower. Different markers indicate
different IPT electron density models. Namely Phipps+18 B and G refer to the B and G models in Phipps et al. (2018,
2021), Moirano+22 refers to the model defined by Moirano et al. (2021) using its central values, while Moirano+22
(sample) indicates the same model, but with model parameter values drawn from a normal distribution compatible
with the uncertainty of the parameters reported in the manuscript. The horizontal line shows the approximate value
of the expected data noise of Europa Clipper (~ 0.1mms~!). All the models considered here have been smoothed
with a non-linear taper (hence the name suffix ”t”, see Sec. 2.1 and Appendix B)

to only EC1. The Europa Clipper tour has been built to ensure the robustness of the main science requirements
(Pappalardo et al. 2024). For G/RS the only science requirement consists in the retrieval of the tidal Love number ko
with an uncertainty lower than 0.06 (Mazarico et al. 2023). In addition to the one formal science requirement, G/RS
aims to deliver many more foundational results for the understanding of Europa. Notably, as discussed in detail in
Mazarico et al. (2023), G/RS will enable measuring the moment of inertia factor (MOIF) of Europa to up to a factor
of 15 better than previous estimates and determining whether Europa is in hydrostatic equilibrium (through the ratio
between Jp and Cyz) with an uncertainty of a factor of better than what is currently available. Another important
parameter that G/RS will is the mass of the body (through its gravitational constant GM).
Figure 6 shows the evolution of uncertainty with the inclusion of each flyby data. We normalize the uncertainty of
each parameter to the value that could be obtained with the analysis of the full dataset (see the actual values in
Table 1). Using only EC1 data leads to an acceptable uncertainty for the ko solution (since its retrieved uncertainty
would increase only by a factor of ~ 1.6, still below the target accuracy) confirming the robustness of the tour design.
However, many of the other key parameters that G/RS can measure would see a much degraded solution. Most
notably, Figure 6 shows how fundamental EC2 is for the retrieval of the MOIF and the J5/Css hydrostatic ratio.
While we note that the main scientific objective of the G/RS investigation (i.e., ko) will not be threatened by the
perturbations induced by the IPT, what motivates this study is to assess the IPT detrimental impact on the other
key geophysical parameters that G/RS seeks to measure, and devise and evaluate mitigation strategies to minimize
it. Moreover, since several other investigations will rely on an accurate and precise trajectory reconstruction (i.e., all
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Figure 6: ncertainty evolution of key geophysical parameters measured by the G/RS investigation. The curves
represent the retrieved uncertainty on the parameters as a function of the number of flybys included in the analysis.
All curves are normalized to the uncertainty attainable when analyzing the whole mission (49 flybys). The vertical
line denotes the transition from EC1 to EC2, when the impact of the IPT will become substantial.

investigations that need to precisely know the relative position of the spacecraft with respect to Europa) in this work
we also want to assess the trajectory reconstruction performance under these adverse conditions.

4.1. Net effect of the IPT

First of all, we define a baseline scenario, and assess the net effect of the IPT when no calibration procedure
is attempted. For this case, and for the following ones, we quantify the IPT effect on the trajectory, and on the
estimation of the key geophysical parameters. The trajectory error is computed as the norm of the difference between
the OD solution trajectory and the “true” trajectory (i.e., the one that was used to generate the synthetic observables).
For each flyby we report the RMS and the standard deviation of the total trajectory error, Figure 7.

As expected, the first half of the tour is substantially unaffected by the IPT, while in the second half of the tour
the trajectory reconstruction error can reach values as high as 15 times the formal uncertainty. This is particularly
exacerbated for flybys 31-38. These are low-altitude flybys (less than 50 km of altitude), whose geometry allow for
continuous tracking during the closest approach, explaining why the trajectory uncertainty is significantly better (black
line in Fig. 7). The magnitude difference between the different models is explained by their different amplitudes and
temporal dynamics. The effect on the retrieved gravity field is of comparable amplitude. Figure 8 shows the estimation
error to formal uncertainty error ratio for the retrieved gravity field spherical harmonics coefficients. The absence of
calibration may lead to large errors (higher than six times the uncertainty), especially on the low degrees. This is
easier to understand in a spatial representation of the gravity field. Figure 9 shows a degree 15 expansion of the
gravity field resulting of the POD process. While in the fully compensated case the estimation error is well contained
and statistically consistent with the retrieved uncertainty, when no calibration is applied to the IPT perturbation, the
resulting gravity field is heavily biased, both at local and global scales. Figure 9 report the estimation error normalized
by its associated uncertainty. We report the absolute value errors in Appendix C. Because the coverage of the leading
and trailing hemispheres is less uniform than the sub- and anti-Jovian regions (see also the spatial coverage in Figure
16), the gravity anomaly uncertainty will be of the order of several tens of mGal (maximum of 40 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>