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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 the Io plasma torus (IPT). Radio
signals passing through charged-particle 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 signi=cant 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 =eld, tidal response, and moment of inertia of Europa, and to precisely reconstruct the
trajectory of the probe in support of other scienti=c investigations. In this work, we quantify the detrimental
effects of the IPT on the radiometric observables. We show how these affect the products of the G/RS, and prove
the necessity of accurate calibrations. We simulate different calibration strategies to mitigate its net 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 signi=cantly different orbital geometry such as Europa
Clipper or ESA’s JUICE.

Uni�ed Astronomy Thesaurus concepts: Orbit determination (1175); Calibration (2179); Europa (2189); Planetary
science (1255); Gravity anomaly (679); Space plasmas (1544)

1. Introduction

Before the Voyager 1 Cyby of the Jupiter system, ground-
based observations had led to the detection of a toroidal-
shaped distribution of ionized sulfur whose nature was poorly
understood (I. Kupo et al. 1976). By the time in situ
measurements were collected by the Plasma Science instru-
ment on board Voyager 1 and provided a =rst characterization
of the plasma environment (H. S. Bridge et al. 1979;
V. R. Eshleman et al. 1979), it had become clear that the
main source of this plasma distribution was the intense
volcanic activity of Io (e.g., S. J. Peale et al. 1979). Io ejects
neutral gas at a rate of about 1 ton s−1 (F. Bagenal &
P. A. Delamere 2011), which is then ionized by electron
collisions and results in a toroidal distribution of plasma called
the Io plasma torus (IPT), subject to electromagnetic,
gravitational, and centrifugal forces. The plasma achieves a
con=guration of minimum centrifugal potential at the cen-
trifugal equator. The torus, which lies on this plane, has its
peak density at a distance equal to Io’s orbital distance from
Jupiter (5.9 RJ, where RJ = 71,492 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 in understanding that the IPT is divided

into three regions distinguished by their mean plasma
temperature, charged-particle density, and radial extension
(e.g., F. Bagenal et al. 1980; F. Bagenal 1994). The innermost
region is called the cold torus because of the low plasma
temperature and charged-particle density (∼1000 cm−3). This
is surrounded by a narrow region called the ribbon where the
density is higher (∼3000 cm−3). Finally, the outermost region,
the warm torus, is characterized by an intermediate density
(∼2000 cm−3). Plasma measurements acquired by Galileo
(F. Bagenal et al. 1997) were utilized to re=ne these models,
which were used as a reference until the arrival of Juno in the
Jupiter system (P. H. Phipps & P. Withers 2017).
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 tracking
data collected by the Gravity Science experiment
(S. W. Asmar et al. 2017). (Only two other radiometric
measurements had been obtained prior to Juno, one from
Voyager 1 and one from Ulysses; V. R. Eshleman et al. 1979;
M. K. Bird et al. 1992.) Because the perturbations affecting
radiometric signals propagating through a plasma are
frequency dependent (i.e., plasma is a dispersive medium),
probing the IPT with simultaneous measurements at multiple
frequencies can reveal the electron density distribution
(P. H. Phipps & P. Withers 2017). This capability was enabled
by the radio-frequency system used for Juno’s Gravity Science
experiment, which allowed one to simultaneously acquire
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coherent radiometric data at the X band (7.2–8.4 GHz) and Ka
band (32.1–34.0 GHz; S. W. Asmar et al. 2017). Data around
Juno's perijoves were obtained and used in different sub-
sequent solutions to re=ne IPT electron density modeling
(P. H. Phipps et al. 2018, 2019; A. Moirano et al. 2021;
P. H. Phipps 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 effects of the IPT, if uncalibrated, may
introduce signi=cant undesired perturbations on the same
tracking data during the gravity science experiment analysis.
When multifrequency radiometric data are available (e.g., Juno
and JUICE), the plasma effects can be calibrated out by
combining the different frequencies and leveraging their
differential sensitivity to the plasma (B. Bertotti et al. 1993).
However, gravity and radio science investigations based on a
single-frequency link cannot employ this self-consistent
calibration strategy, potentially leading to a degradation of
the gravity results. In a recent reanalysis of the radio science
data acquired at Europa by Galileo, L. Gomez Casajus et al.
(2021) showed that the IPT likely introduced strong perturba-
tions in the measurements collected during Cyby 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 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 signi=cantly affected.
The Europa Clipper Gravity/Radio Science (G/RS) invest-

igation will study the interior structure of Europa through
measurements of its gravity =eld obtained with X-band
radiometric data (E. Mazarico et al. 2023). The use of a
single-frequency link for establishing Doppler tracking makes
the Europa Clipper experiment particularly sensitive to the
effects 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 =eld 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 Cybys of Europa. We simulate the
G/RS investigation using multiple models of the IPT produced
by different authors (e.g., P. H. Phipps et al. 2018; A. Moirano
et al. 2021), and assess the effects of uncalibrated plasma
perturbations on the reconstruction of the spacecraft trajectory
and gravity =eld of Europa. Subsequently, we evaluate the
effectiveness of model-based calibrations of the plasma
effects. Because of the signi=cantly different orbital geome-
tries involved, we show that the applicability of models
elaborated with Juno data to Europa Clipper’s data is not
straightforward. Finally, we discuss our =ndings, suggesting
the necessity of an improved knowledge of the IPT, and
propose reasonable strategies to achieve this.
This paper is structured as follows. We =rst provide the

theoretical basis for the computation of the IPT-induced
perturbation (Section 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 (Section 2.1). We then describe model-based

calibration techniques (Section 3). We investigate in detail
the case of Europa Clipper (Section 4) by =rst analyzing the
net perturbative effect of the IPT (Section 4.1) on the gravity
=eld and trajectory reconstruction products of the G/RS, then
by exploring the effectiveness of model-based calibration
strategies (Section 4.2), and quantify the effect of the IPT
model parameters uncertainty (Section 4.3). We also provide
an assessment of the IPT's effects on the reconstruction of
Europa’s ephemerides (Section 4.4). Finally, we discuss the
results and propose a path forward for ameliorating currently
available IPT models (Section 5) and provide our conclusions
(Section 6).

2. Effect of the IPT on Radiometric Tracking

Deep-space spacecraft trajectories are reconstructed using
POD. In a nutshell, in the common two-way con=guration, 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 Cying in) induces a Doppler shift, which is
the main observable quantity in POD. POD consists in =nding
the parameters of the mathematical model describing the
spacecraft's motion that allow one to best =t the observed
Doppler signal (the interested reader is referred to, e.g.,
B. D. Tapley et al. 2004; A. Milani & G. 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 Coor must be accurately
modeled. Typical examples of these Doppler-shift-generating
sources are the gravity =eld of the celestial bodies in close
proximity of the spacecraft, solar radiation pressure accelera-
tion, radiative accelerations (e.g., thermal infrared pressure,
albedo pressure, etc.), and media effects due to, for example,
the Earth's 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 Δl. The variation in time of Δl generates a Doppler shift.
The fractional frequency shift y(t) is given by

( )
( ) ( )

( )
( )= =y t

f t f t
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where f (t) is the received frequency at the ground station at

time t, f0(t) 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.,

B. Bertotti et al. 1993)
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where me and e are the electron mass and charge, respectively,

ne is the electron density of the medium, and the integration is

performed along the effective radio propagation path de=ned by

the line coordinate s. It follows that radio waves received and

retransmitted by a moving spacecraft in the Jovian environment

may be subject to a signi=cant Doppler shift induced by the IPT

when the waves cross its regions of strongly spatially variable

electron density. This signal needs to be accurately calibrated in
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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 B. Bertotti et al. (1993), the use of

multifrequency links (i.e., multiple simultaneous links at

different frequencies in uplink and/or downlink) enables one

to single out the nondispersive 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 data sets of Cassini

(e.g., B. Bertotti et al. 2003) and BepiColombo (e.g., P. Capp-

uccio et al. 2020) and to remove both the IPT and solar plasma

contributions in the Juno data set (e.g., D. Durante et al. 2020).

Most notably, the dispersive calibrations obtained by Juno have

been used to re=ne and update the models describing the

morphology and dynamics of the IPT (P. H. Phipps et al.

2018, 2021; A. Moirano et al. 2021).
In a single-link con=guration, 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 data set.

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 P. H. Phipps et al. (2018, 2021), hereafter
referred to as Phipps+18, and the ones derived by A. Moirano
et al. (2021), hereafter referred to as Moirano+21. Both
models are derived from the semi-empirical formulation
developed by F. Bagenal & J. D. Sullivan (1981) and F. Bag-
enal et al. (2017) based on Voyager data, and updated with
Juno observations. Both the Phipps+18 and Moirano+21
models describe the electron density =eld ne in a centrifugal
reference frame coaligned with the IPT. Figure 1 shows a
representation of these main density models. The model
introduced by A. Moirano et al. (2021) is based on the same
formulation as P. H. Phipps et al. (2018), further modi=ed 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 observations used to derive
IPT models 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 waves probe
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 the Juno data are not sensitive to any
of the regions individually but rather to their sum.
The other main difference between the two sets of models

consists in their longitudinal and temporal dependency. While
P. H. Phipps et al. (2021) found a longitudinal dependence of
the TEC measured by Juno, this is not explicitly factored in the
density model. As a result, P. H. Phipps et al. (2021) provided
revised values of the model’s coef=cients, showing that
slightly different values are needed to =t different Juno Cybys,
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, =ts better Juno
PJ1 and is compatible with the Ulysses and Voyager
observations (M. Bird et al. 1993).

The Moirano+21 model does instead explicitly account for
temporal and longitudinal variations. This allowed the authors
to perform =tting of the model parameters over 15 Juno
perijoves simultaneously and to estimate both the central value
and the 1σ con=dence interval for each parameter of the model
(Phipps+18 models do not provide con=dence intervals for the
electron density models).
Figure 1 shows a cross section of the electron density =eld

of the IPT for three different models. Although both sets of
models are broadly consistent with each other, 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 pro=le (or,
more precisely, the density pro=les are not continuously
differentiable). This discontinuity happens at R= 6.1 RJ for the
Phipps+18 models and at R = 5.5 RJ for the Moirano+21
model. This is a direct consequence of the speci=c analytical
representation that has been chosen for ne, i.e., a piecewise
composition of Gaussian functions. The orbital and tracking
geometry of Europa Clipper (and other Jupiter-system
investigation probes like ESA’s JUICE) is substantially
different from that of Juno. Not only does the radio path
generally cross the IPT twice on its way to Earth, as opposed
to once for Juno, but it also crosses the IPT in varied
geometries, not only radially outwards like Juno. The
discontinuity present in the models has a signi=cant impact
on the computed Doppler perturbation (proportional to the
time derivative of ne) 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 exempli=ed 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 Cyby.
This geometrical con=guration leads to stark discontinuities

in the model-computed differential density, and such disconti-
nuities in the model are reCected in the computed Doppler
perturbation by the generating of spurious peaks (Figure 3(a)).
Notably, these peaks occur at different times consistent 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 de=nition by
introducing a nonlinear taper (see details in Appendix B)

between segments of the model that do not connect with
continuity. Figure 4 shows a comparison of the radial electron
density pro=les computed using the original and tapered
models, and Figure 3(b) shows the corresponding Doppler
perturbations, which now do not show spurious peaks. In the
following, we will always use the tapered models, referred to
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 (E. Mazarico et al. 2023). G/RS relies on the
POD of the spacecraft. As discussed in Section 2, in-depth
modeling of all error and noise sources in the radiometric
observables used for the orbit determination (OD) is of
paramount importance to obtain a reliable estimate of the key
geophysical parameters constituting the scienti=c objectives of

3
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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 (P. H. Phipps
et al. 2018). Panels (C), (D), (E) and (F) show four time snapshots of the Moirano model (A. 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 RJ. All panels show a vertical slice of the electron density =eld at
centrifugal longitude λ = 0.

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
∼5 RJ), producing spurious spikes in the IPT Doppler perturbation computed from the model (see also Figure 3(a)). Horizontal and vertical axes denote the distance
from Jupiter normalized by the Jupiter radius RJ. The white circle shows the orbit of Europa. All the quantities are drawn in an inertial reference frame aligned with
the centrifugal equator.
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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 available
models of the IPT electron density to compute the perturba-

tion. From the previous discussion (Section 2.1), we know that
the available IPT models show differences among each other
because of their model and data-reduction assumptions (e.g.,
Phipps+18 B and Phipps+18 G) or show an intrinsic

uncertainty in their constitutive parameters (Moirano+21).
For these reasons 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, one mitigation strategy could involve
techniques that allow for data-based model scaling and data–
model assimilation. The =rst 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 by which to scale the computed model calibration
(similarly to what is sometimes done for the tropospheric and

ionospheric effects of planetary atmospheres; e.g., G. Cascioli
et al. 2020). Arguably, however, this class of methods cannot
be applied to the Europa Clipper case. Because of the Cyby

geometry, the maximum of the IPT perturbation normally
occurs near the closest approach, i.e., when the radio beam
crosses the orbital plane of Europa (e.g., Figure 3). Data
acquired at the closest approach are the most sensitive to the

body's gravity =eld, 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
one to estimate the key parameters of the IPT model and feed

Figure 3. Doppler perturbation computed from different IPT models for one Europa Clipper Cyby (shown in Figure 2). The horizontal axis reports the time from the
closest approach (C/A). The abrupt peaks visible in the signals in the left panel are due to discontinuities in the underlying models. The right panel shows the signal
computed on the same Cyby with the models modi=ed using a nonlinear taper (see Appendix B). It can be clearly seen that the spurious peaks have been mitigated.

Figure 4. Radial electron density pro=les obtained with two different models when applying a nonlinear taper to remove the discontinuities in the models (see
Appendix B).
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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 by using dual-frequency links, which is not applicable
to Europa Clipper G/RS, which 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 inCuence 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 =eld of
Europa.

4. Application to Europa Clipper

In the following, we want to quantify the effects of the IPT
on the orbit and gravity =eld reconstruction that can be
performed by Europa Clipper. To this aim, we =rst assess the
inCuence of the IPT on the Europa Clipper investigations, by
simulating its POD using the latest tour trajectory and G/RS
investigation assumptions. The simulation setup is developed
using the JPL OD software MONTE (S. Evans et al. 2018).
After quantifying the net effect of the IPT, in the case where
no calibration technique is applied, we will quantify the
bene=cial 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 (E. Mazarico et al. 2023;
G. Cascioli et al. 2024). This includes realistic assumptions for
tracking link noise, the latest nominal trajectory of the Jovian
tour (21F31V7), and a realistic tracking scenario (scheduling
of spacecraft and Earth antennas). In the OD process,
considering ±2 hr 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 =eld of Europa (GM and spherical harmonics
coef=cients up to degree and order 15), the tidal response of
the moon (parameterized by the Love number k2), and the
orientation of Europa (spin axis orientation, spin rate, and
libration amplitude). Figure 5 provides an overview of the
inCuence of the IPT during the ±2 hr tracking windows of the
49 Cybys 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
=eld of Europa, hence most important for trajectory recon-
struction, parameter estimation, and geolocation of the high-
resolution data collected by the other instruments on board
Europa Clipper).
Given the tour design, it is clear that the second half of the

Cybys will be the most affected by the IPT (Figure 5; from
now on we refer to the =rst part of the Europa Campaign as
EC1, up to and including Cyby 29; we refer to the second part
as EC2). This implies also that the IPT perturbation mostly
impacts Cybys 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
Figure 19 in E. Mazarico et al. 2023). Moreover, Figure 5
highlights the high variability between the 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
A. 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.
Moreover, the two sets of models show a large discrepancy
during the =rst 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's detrimental
effects would consist in limiting the POD solution to only
EC1. The Europa Clipper tour has been built to ensure the
robustness of the main science requirements (R. T. Pappalardo
et al. 2024). For G/RS the only science requirement consists in
the retrieval of the tidal Love number k2 with an uncertainty
lower than 0.06 (E. 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
E. Mazarico et al. (2023), G/RS will enable measuring the
moment of inertia factor (MOIF) of Europa up to a factor of 15
better than previous estimates and determining whether Europa
is in hydrostatic equilibrium (through the ratio between J2 and
C22) with an uncertainty of a factor of more than 50 better than
what is currently available. Another important parameter that
G/RS will improve is the mass of the body (through its
gravitational constant GM).
Figure 6 shows the evolution of uncertainty with the

inclusion of each Cyby's data. We normalize the uncertainty of
each parameter to the value that could be obtained with the
analysis of the full data set (see the actual values in Table 1).
Using only EC1 data leads to an acceptable uncertainty for the
k2 solution (since its retrieved uncertainty would increase only
by a factor of∼1.6, still below the target accuracy), con=rming
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
J2/C22 hydrostatic ratio.
While we note that the main scienti=c objective of the G/RS

investigation (i.e., k2) will not be threatened by the perturba-
tions induced by the IPT, what motivates this study is to assess
the IPT's 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 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
performance of the trajectory reconstruction under these
adverse conditions.

4.1. Net Effect of the IPT

First of all, we de=ne 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's
effect on the trajectory and on the estimation of the key
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Figure 5. rms perturbation of the IPT on the two-way Doppler tracking signal of Europa Clipper. The rms perturbation is computed only on the tracking data
collected 10,000 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 P. H. Phipps et al. (2018, 2021), Moirano+21 refers to the model de=ned by A. Moirano et al. (2021) using its central values, while the Moirano+21
(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 (∼0.1 mm s−1). All the models considered here have
been smoothed with a nonlinear taper (hence the name suf=x “t”; see Section 2.1 and Appendix B).

Figure 6. Formal uncertainty 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 Cybys included in the analysis. All curves are normalized to the uncertainty attainable when analyzing the whole mission
(49 Cybys). The vertical line denotes the transition from EC1 to EC2, when the impact of the IPT will become substantial.
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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 Cyby we report the rms
and the standard deviation of the total trajectory error
(Figure 7).
As expected, the =rst 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 Cybys 31–38. These are low-altitude Cybys (less than
50 km altitude) whose geometry allows for continuous
tracking during the closest approach, explaining why the
trajectory uncertainty is signi=cantly lower (black line in
Figure 7). The magnitude difference between the different
models is explained by their different amplitudes and temporal
dynamics. The effect on the retrieved gravity =eld is of
comparable amplitude. Figure 8 shows the estimation error-to-
formal uncertainty error ratio for the retrieved gravity =eld
spherical harmonics coef=cients. The absence of calibration
may lead to large errors (greater than 6 times the uncertainty),
especially on the low degrees. This is easier to understand in a
spatial representation of the gravity =eld. Figure 9 shows a
degree 15 expansion of the gravity =eld resulting from 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 =eld is heavily
biased, both at local and global scales. Figure 9 reports 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 milligals (maximum of
40 mGals). Therefore, in these regions the errors in the
reconstruction of the local gravity =eld induced by the IPT
might be larger than 100 mGals.
Table 1 shows the effect on the key geophysical parameters

objective of the G/RS investigation, discussed in Section 4. In
the table we report the error to formal uncertainty ratio. It is
clear how the different IPT perturbations can have a signi=cant
effect on some of these key parameters. As discussed above,
because the bulk of the information on k2 is collected during
EC1 (see Figure 6), the Love number is almost insensitive to
the IPT perturbation, con=rming that the scienti=c objective of
the G/RS investigation is robust. Conversely, the other global
geophysical parameters may be heavily affected by uncali-
brated plasma effects. GM, MOIF, and the hydrostatic ratio
J2/C22 show estimation errors that can reach up to more
than 4σ.

4.2. Partial Calibration

After establishing the detrimental effects that the IPT could
have on the POD solution if uncompensated for, we now want
to assess the effectiveness of model-based corrections to aid in
calibrating out these perturbations. Given the variability
between models, and the inherent uncertainty of the models

Figure 7. Trajectory error for each Cyby. Both plots show the rms trajectory error for different cases. The top panel reports the trajectory error normalized by the
trajectory uncertainty (indicated by σ and computed via Equation (A3)) together with its standard deviation (error bars), while the bottom plot shows the absolute
value. The red, yellow, and green lines show the error when no calibration strategy is employed, using different models to simulate the IPT behavior (Phipps+18t B,
Phipps+18t G, and Moirano+21t, respectively). The black line shows, for comparison, the error that one would obtain if the IPT were fully calibrated (or,
equivalently, there was no IPT perturbation; this is equivalent to the uncertainty in the trajectory reconstruction, which strongly depends on orbital geometry and
tracking opportunities). The horizontal black line in the top panel highlights the 3σ level.
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themselves, as was well quanti=ed in both A. Moirano et al.
(2021) and P. H. Phipps et al. (2018), we cannot assume to
know the real IPT behavior perfectly. For this reason, we will
=rst assume that the true IPT behavior is de=ned by one
reference model (Phipps+18t B) and use the other models for

computing the calibrations (Phipps+18t G and Moirano+21t).
This test is aimed at quantifying the residual error introduced
in the POD by a partial knowledge of the IPT structure. The
results in terms of the trajectory error are shown in Figure 10.
It can be clearly seen (by comparing with the uncalibrated

Figure 8. Gravity =eld spherical harmonics coef=cients’ reconstruction error normalized by their formal uncertainty (σ). Each panel reports the ratio between the
estimation error and the formal uncertainty for all the solved-for coef=cients in the classical tree representation; the vertical axis corresponds to the degree of the
gravity =eld, the horizontal axis the order (with orders on the left representing C coef=cients and S on the right). Panel (a) reports, for comparison, the expected
estimation error in the fully compensated case; panel (b) shows the same quantity when the IPT is computed from the Phipps+18 B model and no calibration
technique is applied. Phipps+18t G and Moirano+21t are shown in panels (c) and (d), respectively.

Table 1
Estimation Error (in Units of σ) for the Different Tested Cases

Uncompensated (Section 4.1)

Partially Compensated

(Section 4.2)

Parameter Fully Compensated Phipps+18t B Phipps+18t G Moirano+21t Phipps+18t G Moirano+21t Sigma

GM 1.4 2.8 4.4 0.6 0.5 3.8 0.0005 km3 s−2

k2 0.5 0.15 0.9 0.9 1.2 1.1 0.007

MOIF 0.01 2.3 0.7 3.0 2.2 0.8 0.0002

J2/C22 0.007 3.7 3.5 3.5 1.0 0.7 0.002

Note. We report also the actual value of the formal uncertainty for comparison. Note that the latter are generally smaller than what is reported by E. Mazarico et al.

(2023), since here we have applied no multiplicative margin factor. Note also that here we adopt the hydrostatic equilibrium assumption, and thus compute the MOIF

through the Radau–Darwin formula (as in E. Mazarico et al. 2023, Equation (4)).
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results in Figure 7) that the partial calibration is effective in
strongly reducing the average trajectory reconstruction error.
Some of the Cybys, however, still show a signi=cant error
above the 3σ acceptable level. Notably, the Moirano+21t
model performs generally worse than the Phipps+18t G
model. This result is easily explained by the fact that the two
sets of models are structurally different. While Phipps+18t G
is structurally identical to Phipps+18t B (assumed as truth)

and the only differences between the two are given by the
model parameters (e.g., peak amplitude), the Moirano+21t
model is structurally different from the assumed true behavior
of the IPT, so a larger error can be expected.
We also report the effect on the gravity =eld estimation in

Figure 11. Consistent with the trajectory reconstruction, the
structurally different model (Moirano+21t) leads to worse
performance in the gravity =eld recovery, showing errors
exceeding 6 times the associated uncertainty. The estimation
errors for the geophysical parameters reported in Table 1 show
the different behavior of the two solutions. Most notably, when
calibrating with the Moirano+21t model, a large error on the
GM is observed. Generally speaking, the partial calibration
leads to reduced errors with respect to the uncalibrated case.
The magnitude of the errors strongly depends on whether the

underlying structure of the IPT is well understood. Partially
calibrating the signal with a model that well captures the
structure of the IPT results in lower errors, almost at the
acceptable level (3σ). Using instead a model whose IPT
location and structure differ from the real one still leads to
large unrecovered estimation errors.

4.3. IPT Model Intrinsic Uncertainty

We can already conclude that updated models of the IPT
will be needed to fully exploit the scienti=c potential of the
G/RS investigation on board Europa Clipper. To this end,
additional ground-based observations and future measure-
ments enabled by ESA’s JUICE plasma investigation
(O. Grasset et al. 2013), or even the by-products of the plasma
calibrations of its gravity and radio science experiment (3GM;
e.g., I. Di Stefano et al. 2022), will be invaluable in updating
the available IPT models. Given the very different trajectory of
JUICE compared to Juno, we can expect it to sample different
regions of the IPT and provide a more comprehensive view of
its structure more suited for use in the Europa Clipper case.
Even in this case, though, there will be inherent uncertainties
on the model parameters. We want here to quantify the effect

Figure 9. Spatial expansion of the gravity anomaly error, after normalization by the uncertainty. The four maps show the estimation error (in units of formal
uncertainty σ) for the same cases discussed in Figure 8.
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of model uncertainty on the trajectory and gravity reconstruc-
tion. Toward this aim, we leverage the A. Moirano et al.
(2021) model, which naturally embeds temporal and long-
itudinal variabilities, and provides con=dence bounds on the
model parameters. In this case, we will assume that the true
behavior of the IPT is described by the Moirano+21t model
using the central value of the model parameters as published in
the original manuscript, and compute the calibrations with
different realizations of the model. To get a statistically
relevant view of the expected outcome of such an approach.
we run multiple cases. In each case, we compute the
calibrations from the Moirano+21t model, perturbing the
model parameters within their con=dence bounds. We ran 20
cases where the model parameters have been perturbed at the
1σ level, 20 at the 2σ level, and 20 at the 3σ level. This means
that the model parameters are drawn from a normal
distribution with its mean equal to the parameter central value
estimated in A. Moirano et al. (2021) and its standard
deviation set to 1, 2, and 3 times the estimated uncertainty.
The overall calibration performance is highly ameliorated

with respect to the partial calibration cases investigated above
(Section 4.2). The trajectory reconstruction error (shown in
Figure 12) is more consistent with the formal uncertainty, and
only a few extreme cases show an error larger than 3 times the
formal uncertainty. Speci=cally, this happens when the IPT
perturbation is very strong and the model parameters are
unknown at the 3σ level. The gravity =eld reconstruction
(Figure 13) is better behaved as well, with minimal differences
between the three cases investigated here (we report only the

gravity =eld estimation error in the 3σ perturbation case, as the
other two are very similar). The estimation error of the key
geophysical parameters that we track here (the ones in Table 1)

is strongly reduced, with all parameters showing an rms
estimation error below the 3σ level, with GM being the most
sensitive to the IPT perturbation, as discussed above, reaching
an rms error of 2 (in units of sigma) when the model is
perturbed by 3σ. More details on the estimation error for these
solutions can be found in Appendix E.

4.4. Effect on Europa’s Ephemerides

Another important product of the G/RS investigation will
consist in the estimation of the trajectory of Europa (also
known as its ephemerides). This is done using the very same
POD technique, analyzing not only the data at the closest
approach (±2 hr as is done for the gravity =eld estimation) but
also the tracking passes extending 24 hr before and after the
closest approach. Since we are interested in the effect on the
ephemerides, these simulations, in addition to Doppler, include
the ranging data. Previous work has thoroughly assessed the
capabilities of Europa Clipper to constrain Europa’s orbit and
its implication for deepening our dynamical understanding of
the Jupiter system (A. Magnanini et al. 2024). Here we focus
on the effect of the IPT on the performance of the ephemerides
estimation. We have run the same simulations as in A. Magn-
anini et al. (2024), using the same IPT assessment approach of
the previous sections. For an easier interpretation of the
results, we de=ne the radial–transverse–normal (RTN)

Figure 10. Trajectory error for each Cyby. Both plots show the rms trajectory error for different cases. The top panel reports the trajectory error normalized by the
trajectory uncertainty (indicated by σ) together with its standard deviation (error bars), while the bottom panel shows the absolute value. The black lines show the
error when the IPT perturbation is fully calibrated (same as in Figure 7). The red and yellow lines are obtained by calibrating the perturbations with the Phipps+18t
G and Moirano+21t models, respectively. The trajectory errors are worse when the compensation is given by the Moirano+21t model because this latter is
structurally different from the model used as ground truth (Phipps+18t B). The horizontal black line in the top panel highlights the 3σ level.
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reference frame, centered on Europa, with the R axis directed

toward Jupiter, the N axis parallel to Europa’s orbital angular

momentum, and the T axis closing the triad. As can be seen in

Table 2, the expected errors due to the IPT are signi=cant in

the transverse direction, reaching up to 10σ in the uncalibrated

case for all models considered. In the radial and normal

directions, the effect is limited to 1 standard deviation of the

formal uncertainties, even in the uncalibrated scenario.

However, in the partially calibrated case the errors in the

transverse direction decrease, becoming less than 3 standard

deviations. In this work, we do not address the estimation of

Jupiter’s tidal dissipation (that is directly determined from the

ephemerides), since it requires further data from JUICE to

obtain a statistically signi=cant estimation (A. Magnanini

Figure 11. Gravity =eld spherical harmonics coef=cients' reconstruction error normalized by their formal uncertainty (σ) (see Figure 8).

Figure 12. Trajectory reconstruction error due to model parameters uncertainties. For the three investigated cases (see text Section 4.3) we report the mean error and
the standard deviation spread around the mean. These have been obtained by running 20 OD solutions for each investigated case (1σ, 2σ, and 3σ).
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et al. 2024). On the other hand, the estimation of Europa’s
orbital dissipation is dominated by the Europa Clipper data. In
this case, the IPT can induce an estimation error of up to 2
standard deviations in the uncalibrated case, compared to only
around 1 standard deviation in the calibrated case. Therefore,
no substantial degradation in the estimation of Europa’s
dissipation is expected.

5. Discussion

Our simulation results clearly highlight the necessity of
updated models of the IPT electron density. Work in the next
years, ahead of the arrival of Europa Clipper in the Jupiter
system, could revise the underlying mathematical structure of
the currently available semi-empirical models (i.e.,
P. H. Phipps et al. 2018, 2021; A. Moirano et al. 2021) to
make them more applicable to Europa Clipper. Importantly,
we have shown that the updates in recent years to earlier
physics-based models have applied simplifying assumptions
that are well suited for the Juno orbital geometry but not
applicable to other missions such as Europa Clipper and
JUICE (Section 2.1). In this work, we have smoothed the
electron densities at the boundaries between the model regions
in the available empirical models, reducing the artifacts
imparted by their noncontinuous differentiability when applied
to the Europa Clipper geometry. Our choice of a smoothing
function (see Appendix B) was, however, arbitrary and not
based on any data or physical consideration. Future efforts are
needed to ensure the continuous differentiability of ne(x, y, z),
not only in the Juno geometry but in all likely geometries of
probes Cying in the Jupiter system. This is an effort that could
be undertaken with the currently available data (Voyager,
Galileo, Juno), and would bene=t from future observation
campaigns.
Juno is now in its extended mission, whereby the spacecraft

will pass directly through regions of the Io torus. During these
periods Juno may be able to make in situ measurements (e.g.,
A. H. Sulaiman et al. 2024) in addition to radio occultations,
providing valuable data to constrain future models.
ESA’s JUICE mission, thanks to its multifrequency radio

link, could play an important role in providing high-quality
geometrically complementary information and reduce the

current ambiguities in the Juno observations. Moreover, future
efforts could also include ground-based (e.g., E. G. Nerney
et al. 2025) or space-based observations, such as Hubble (as
suggested by A. A. Schok et al. 2023). Europa Clipper itself
could provide useful calibration data, either using its onboard
ultraviolet spectrograph (Europa-UVS; M. W. Davis et al.
2022) or even carefully planned radio-tracking passes. During
the =rst half of the tour, the Cybys will occur in a geometry
that is not perturbed by the IPT (as discussed in Section 4).
However, during that period the apoapses of the orbits will be
heavily perturbed by the IPT. The dynamics of the spacecraft
near apoapsis is relatively quiet, i.e., forces acting on the
spacecraft change over long timescales. This means that the
trajectory can be propagated more easily than during the
Cybys. Thus, one could expect the majority of the residual
Doppler signal to be due to the IPT itself, allowing one to
directly extract the TEC of the regions crossed by the radio
beam, and subsequently assimilate these observations into new
empirical models of ne. Besides ameliorating the geometry and
continuity of currently available empirical models, we have
shown that another important task for the coming years will be
reducing the spread between them. Although current models
describe the IPT perturbation effectively, in individual Juno
Cybys the intrinsic differences between them lead to
substantially different results when applied across the entire
span of the Europa Clipper mission, as detailed in Section 4.2.
Thus, an effort toward unifying different models would be
bene=cial, such that the number of plausible applicable
different models could be reduced. The inclusion of additional
observational constraints (as discussed above) will also play a
fundamental role in reducing the intrinsic uncertainty of model
parameters. We have shown that current uncertainty bounds
can still lead to signi=cant errors, especially for the estimate of
the GM of Europa. Thus, a reduction of the model parameter
uncertainties is important. This effort could be undertaken
speci=cally for the case of Europa Clipper, by gauging the
sensitivity of the G/RS experiment to each model parameter,
thereby restricting the number of parameters of interest to be
re=ned. If such an effort highlights that only a subset of
parameters drive the solution, speci=c observation campaigns
could be planned to investigate that subset of parameters.
Alternatively, or additionally, one could reparameterize the
empirical models to depend solely on the most important
parameters, simplifying the computation of the calibrations
and the interpretation of the results.
Another direction that could be worth exploring consists in

abandoning the semi-empirical descriptions of the IPT and

Figure 13. Gravity anomaly reconstruction error normalized by the formal
uncertainty. This is the average reconstruction error when calibrating the
tracking data with the Moirano+21t model perturbed at the 3σ level. The 1σ
and 2σ results are similar and not reported here.

Table 2
Estimation Error (in Units of σ) for Europa’s Position with Respect to Jupiter's
Barycenter for the Different Tested Cases in the Radial, Transverse, and

Normal Directions

Direction

Maximum Error

Uncompensated

Maximum Error Par-

tially Compensated Sigma

Radial 1.1 1.0 1–2 m

Transverse 10 3.0 2–10 m

Normal 0.8 0.5 30–50 m

Note. For comparison, in the last column we report also the actual value of the

formal uncertainty.
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resorting to physics-based modeling. While models within this
class have the advantage of encompassing more complex
physical phenomena, they have the clear disadvantage of a
substantially higher computational burden, making their
integration in the OD process complicated. The =rst of such
models, based upon in situ Voyager data, was presented in
F. Bagenal (1994) and has been used for Juno (Y.-M. Yang
et al. 2022). However, it was not used to calibrate the tracking
data, since a multifrequency link was available. Newer models
of the IPT, such as those presented by P. C. Hinton et al.
(2017) and P. Hinton (2018), may also prove useful. One
limitation of using a numerically evaluated model is that it
cannot be directly adjusted (because of the computational
cost). One possible solution, then, is to evaluate the expected
frequency shift and estimate a scale factor and timing offset to
compensate for local variations in the torus from either time
variability or longitude variability and eventually feed these
values back into the model to allow for its update.

6. Conclusion

In this work, we have quanti=ed the detrimental effects
that the IPT might have on the Europa Clipper G/RS
experiment, if not properly calibrated. While the retrieval of
the tidal response of Europa, the only science requirement of
G/RS, is robust to the radiometric perturbations induced by
the Jovian plasma environment, the observation of other key
geophysical quantities, and the reconstruction of the probe
trajectory, may be severely affected. We have reviewed the
main physical models describing the IPT and shown that
these are not directly applicable to Jupiter-system tour
missions such as Europa Clipper and JUICE, and that
additional work will be needed in the coming years. We have
assessed the effectiveness of model-based calibration tech-
niques, showing that these can have a substantial effect in
reducing the error on the estimated quantities, provided that
the differences between currently available models of the IPT
are understood and resolved. We hope that the outcome of
this work will serve as a motivation for future investigations
aiming to improve the currently available IPT models by
including additional already available data and pushing for
additional observations possible in the present and in the
coming years.

Acknowledgments

The authors would like to thank P. Phipps (University of
Maryland Baltimore County) for fruitful discussions and
clari=cations. Work by G.C. was supported by NASA under
award No. 80GSFC24M0006. Part of this research was carried
out at the Jet Propulsion Laboratory, California Institute of
Technology, under a contract with the National Aeronautics
and Space Administration (80NM0018D0004). A.M., M.Z., L.
G.C., and P.T. acknowledge =nancial support from the Italian
Space Agency through the Agreement 2021-13- HH.1-2023.

Appendix A
Basic Theory of Orbit Determination

Here we give a brief overview of the POD process and
equations. We discuss how the solution and associated
uncertainties are obtained. The purpose of this appendix is to
provide the interested reader with a sense of how the
uncertainty and estimation error (two quantities extensively

used in this work to gauge the impact of the IPT) are
computed. The reader is referred to the specialized POD
literature for more details (e.g., O. Montenbruck &
E. Gill 2000; T. D. Moyer 2003; B. D. Tapley et al. 2004;
A. Milani & G. Gronchi 2009; see also G. Cascioli et al.
2020, 2023; G. Cascioli & A. Genova 2021 for more detailed
applications using the same nomenclature).
The POD process aims to =nd the combination of the

spacecraft's dynamical model parameters that gives the best
=t to the tracking data. De=ning X0 as the dynamical model
state vector at a given time (t= t0), the POD solution will
aim to =nd the value of X0 that produces an estimated
trajectory as close as possible to the true one. It can be easily
understood that the equations governing the spacecraft
motion are highly nonlinear. A commonly used approach
consists in linearizing the dynamical model. As such, the
problem is formulated in terms of deviations, i.e., differences
with respect to the truth. For example, =x X X0 0 0 is the
state deviation vector, the difference between the state vector
(X0) and the true state vector (X0 ). The minimum-variance
least-squares estimate of the state deviation vector, x̂0, is

( ¯ ) ( ¯ ¯ ) ( )= + +^ yx H R H P H R P x , A1T T
0

1
0
1 1 1

0
1

0

where y is the observation deviation vector (the difference

between the observed observables and the computed obser-

vables, i.e., the residuals), H is the mapping matrix containing

the partial derivatives of the observations with respect to the

state vector components at the reference time, P̄0 is the a priori

covariance matrix of the state vector components, and R is the

observation noise covariance matrix. A fundamental quantity

associated with the estimated state vector x̂0 is its associated

variance-covariance matrix P0. P0 contains the covariance of

the state vector components (at time t0), and is inCuenced by

the quality of the data, the geometry of the problem, and the

a priori assumptions:

( ¯ ) ( )=
+

P H R H P . A2T
0

1
0
1 1

The covariance matrix P can be mapped at any given time t
through

( ) ( ) ( ) ( )=P t t t P t t, , , A3T
0 0 0

where Φ(t, t0) is the state transition matrix, i.e., the matrix

mapping the state vector between times t and t0:

( ) ( )=x xt t, . A4t 0 0

In this work we make use of two main quantities: the
estimation error and the formal uncertainty. The estimation

error is the difference between the estimated state vector X̂ and
the true state vector X (that we know because we are in a
simulation setting). The formal uncertainty on the state vector
components is no other than the square root of the diagonal
of P.
In the main text, we often use the ratio between the true

error and the formal uncertainty. This is a useful quantity for
understanding whether the OD solution is valid. From a
statistical point of view, the OD solution is guaranteed to be
unbiased within bounds de=ned by the formal uncertainty
(the posterior distribution of the estimated parameters is
Gaussian). When unmodeled perturbations are introduced
(i.e., systematic errors), however, the actual bias of the
solution might be outside the bounds predicted by the formal
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uncertainty. What motivates this manuscript is the necessity

to understand what would be the effect of the IPT on the

validity of the OD solution. In the majority of cases reported

in the main text, the observation residuals—even in the

presence of an unmodeled IPT perturbation—are comparable

to white noise, thus suggesting an unbiased solution. A

simulation setting where the truth is known allows one to

precisely quantify the bias in the solution by comparing the

estimation error to the formal uncertainty. When the

estimation error is substantially larger than the formal

uncertainty, the solution is biased.

Appendix B
Removing Discontinuities from the Models

We use a logistic taper de=ned by

( ) ( )
( )

=

+

T r
e

1

1
, B1

k r r0

where r is the radial planar coordinate in the Io centrifugal

equator frame, k de=nes the steepness of T(r), and r0 is the

center point of the taper. T(r) is used as a connection between

different segments of the electron density models. As an

example, here below we report the P. H. Phipps et al. (2018)

model (the very same procedure applies to the models from

A. Moirano et al. 2021, which we do not report here for

brevity):
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For the Phipps model we adopt r0 = 6.05 RJ,
k = 1.1 × 10−3, and for the Moirano models we adopt
r0 = 5.35 RJ, k = 6 × 10−4.

Appendix C
Gravity Error Maps

Figure 14 reports the formal uncertainty of the gravity
anomaly that will be retrieved by Europa Clipper. Figure 15
reports the absolute value of the estimation error for the same
cases discussed in Figure 9.

Figure 14. Gravity anomaly uncertainty.
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Appendix D
Ground Tracks

Here, for better understanding how the different models
inCuence data collection, we report the ground tracks of

Europa clipper, color-coded by the IPT perturbation
(Figure 16). The size of the lines for every ground track is
dependent on the distance between the probe and the surface of
Europa. The largest portion of a ground track line is the closest
approach.

Figure 15. Gravity anomaly error.
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Appendix E
Reconstruction Errors Due to Model Uncertainty

Here we report statistics on the estimation error (in units of

sigma) due to the model parameters uncertainties (see

Section 4.3). For each parameter and each investigated case,

we report the rms, the minimum, and the maximum estimation

error (Table 3).

Figure 16. Ground tracks of the 49 Europa Clipper Cybys, color-coded by the IPT Doppler perturbation magnitude. The tracks are shown in a Mollweide equal-area
projection centered at 180° longitude.

Table 3
Estimation Error Due to Model Uncertainty

Moirano+21t 1σ Moirano+21t 2σ Moirano+21t 3σ

rms Min. Max. rms Min. Max. rms Min. Max. Sigma

GM 0.6 0.02 1.7 2.0 0.4 4.9 2.1 0.1 4.9 0.0005 km3 s−2

k2 0.2 0.001 0.4 0.4 0.04 0.7 0.4 0.01 0.7 0.007

MOIF 0.4 0.002 1.01 0.5 0.04 1.3 1.1 0.08 2.1 0.0002

J2/C22 0.6 0.03 1.0 0.7 0.04 1.8 1.3 0.003 2.5 0.002
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