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Abstract The magnetometer investigation of the Galileo mission used the phenomenon of magnetic
induction to produce the most compelling evidence that subsurface oceans exist within our solar system.
Although there is high certainty that the induced field measured at Europa is attributed to a global-scale
subsurface ocean, there is still uncertainty around the possibility that the induced field measured at Callisto
is evidence of an ocean. This uncertainty is due to the presence of a conductive ionosphere, which will also
produce an induction signal in response to Jupiter's strong time-varying magnetic field. Therefore, it is not
yet known whether the observed induced field is attributable to the ionosphere, an ocean, or a combination
of both. In this work, we use previously published simulations of Callisto's plasma interaction in
combination with both an inverse and an ensemble forward modeling method to highlight the plausible
range of interior properties of Callisto. We further constrain the ocean thickness and conductivity, ice shell
thickness, and ionospheric conductivity that are required to explain the Galileo magnetometer observations.
This is the first study to jointly consider all flybys to constrain the driving field and three flybys (CO03,
C09, and C10) to assess the induction response. Our results suggest that Callisto's response more likely
arises from the combination of a thick conductive ocean and an ionosphere rather than from an ionosphere
alone.

Plain Language Summary Magnetic measurements can tell us about the properties of subsurface
oceans in moons, because oscillating magnetic fields from the planet interact with the electrically conductive
ocean. Measuring the magnetic field near the moon can tell us about the ocean's properties, such as how deep it
is and how much dissolved salt is present. Studies of magnetic measurements near Callisto, a large icy moon of
Jupiter, have so far been ambiguous, because Callisto has a substantial ionosphere that may mimic the magnetic
response of an ocean. However, past studies examining this problem considered only a subset of the available
data. We expand the analysis to include data from a broader set of flybys from the Galileo mission, and when we
include all of the available close flybys, we find that a deep ocean inside Callisto provides the most compelling
explanation of the magnetic measurements.

1. Introduction

The Galileo spacecraft made eight low-altitude passes of Callisto (labeled C03, C09, C10, C20-23, C30) during
its many orbits around Jupiter. Magnetic measurements near this large moon (radius of 2,410 km), obtained on
each flyby except C20, provide a rich context for studying the surrounding space environment and moon—
magnetosphere interactions. Oscillations in the magnetic field of Jupiter and its current sheet experienced by
Callisto result in an apparent induced field that may imply the existence of an ocean (Zimmer et al., 2000).
However, the weak induction signal (10's of nT, an order of magnitude weaker than Europa's), strong plasma
influences, and unfavorable flyby geometries have resulted in ambiguity in the provenance of signals (Hartkorn &
Saur, 2017; Liuzzo et al., 2016, 2017). Conditions at Callisto may also support a highly asymmetric ionosphere
(Hartkorn et al., 2017), further complicating the interpretation of measurements (Styczinski et al., 2022). In this
work, we combine advanced statistical techniques, models of contributions from the plasma environment,
geophysical forward models constrained by gravity and bulk properties, and a detailed accounting of the exci-
tation and possible induction fields from Callisto to determine whether the presence of an ocean is supported or
refuted by the existing data.
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Of the eight Galileo encounters of Callisto, only the magnetic field measurements obtained on C03 (4 November
1996, altitude 1139 km) and C09 (25 June 1997, altitude 421 km ) are minimally affected by plasma interaction
currents. As illustrated in Figure 1, these low-altitude measurements were made on the dawnside portion of
Jupiter's magnetosphere, with Callisto located far from the center of the jovian current sheet. For this reason, the
signatures of Callisto's induced field at these locations outside the current sheet are more discernible, since the
magnitude of Jupiter's magnetospheric field near Callisto is maximized and currents associated with the moon's
plasma interaction are minimized (see e.g., Figure 1 of Liuzzo et al., 2015). However, closer to the center of the
sheet, the magnitude of the magnetospheric field decreases by more than an order of magnitude, while the density
of the magnetospheric plasma increases. As such, the interaction between Callisto and its magnetospheric plasma
environment generates strong perturbations to the local electromagnetic fields, obscuring the induction signature.
During the C10 flyby (17 September 1997, altitude 538 km), Callisto was located closer to the center of the
magnetospheric plasma sheet than during C03 or C09. As such, the data acquired during this encounter are not
solely consistent with an induced dipole.

We note that magnetic latitude is an unreliable parameter for characterizing Callisto's plasma interaction strength
on a flyby-to-flyby basis. For the orbital distance of Callisto, the Jovian magnetospheric field is not well rep-
resented by a dipole, and the variability near 26R; causes significant deviations from the expected location of the
magnetic equator of a dipole. Such an example of this occurred during the C23 and C30 encounters, which at
distances of 1.08 and 3.50 R; above the center of the magnetic dipole equator (see Liuzzo et al., 2015). However,
magnetometer data from these encounters indicated crossings of the magnetic equator during these flybys as
shown in Liuzzo et al. (2017). As such, the moon's plasma interaction during any specific encounter requires
careful modeling of the electromagnetic field perturbations to accurately characterize the moon's perturbed
magnetospheric environment, as is especially true when the flybys occur at the outskirts of the Jovian magne-
tospheric plasma sheet (e.g., during C10).

Measurements from the C21-C23 flybys cannot inform the interpretation of a global induction response, as these
were all relatively high-altitude passes intended more for adjusting the spacecraft trajectory than for Callisto
science. Each of the C21-C23 encounters was dominated by fields caused by magnetospheric plasma currents,
which we term plasma interaction fields (PIFs). However, the data acquired from all of these flybys contain useful
information about Jupiter's time-varying magnetic field and are therefore used in this study to assess the average
driving field at Callisto. C22 was also far outside the plasma sheet, but the CA altitude for this flyby was nearly a
full Callisto radius (Rc = 2410.3km) above the surface, so the signatures of the induced field were too weak to
be measured due to the inverse distance cubed falloff of the response.

Using data from the C0O3 and C09 encounters, the initial analysis by Kivelson et al. (1999) confirmed that a global
induced field was probably responsible for the response detected in the data, rather than a permanent intrinsic
field. The follow-up analysis by Zimmer et al. (2000) modeled the induction response as a magnetic dipole with a
dipole moment M,
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in units of A m?, where R indicates the real part of the bracketed quantity, Rc is Callisto's radius, B,(¢) is Jupiter's
driving field and Ae™ defines the complex response function of Callisto, with amplitude A and phase delay ¢.
m(t) = Eﬁ{Ae"‘i’B J(t)} represents the time-varying portion of the induced magnetic moment, a scaled and time-
delayed version of the driving field, with units of nT which results in the time-dependent magnetic field B
defined by
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where r is the position relative to the center of Callisto. Zimmer et al. (2000) found that magnetic field flyby data
acquired on C03 and C09 were consistent with an ocean with an induction amplitude in the range of 0.7 <A < 1,
irrespective of assumptions made about the phase lag. Zimmer et al. (2000) noted that because of uncertainties in
the determination of the background field and perturbations from PIFs, it is difficult to constrain the parameter A
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Figure 1. Characteristics of the low-altitude Galileo flybys of Callisto for which magnetic data are available. Left: The flyby
orientation of Jupiter's magnetic field at closest approach (CA) in Jupiter System III (JS3) coordinates. The dotted green line
represents the tilt direction of the magnetic dipole moment of Jupiter. The dotted red line represents the intersection of the
magnetic equator of Jupiter with its equatorial plane, which is approximately where the plasma sheet crosses the plane of
Callisto's orbit. The magenta arcs along the circle indicate the approximate extent of the plasma sheet, which we assume to be
2R; thick. Right: Solar phase angle in the Jupiter—Sun—Orbit (JSO) reference frame to illustrate orbital phase coverage. A phase
angle of zero (left edge) corresponds to when Callisto is opposite the Sun from Jupiter.

with better accuracy. These authors also noted that uncertainty in phase delay does not extend the range of possible
amplitudes A beyond those estimated. The authors indicated that it is impossible to determine the phase delay from
these data without better modeling of the magnetospheric environment and the moon—plasma interaction.

Subsequent analysis by Liuzzo et al. (2015, 2016) showed that the interaction between Callisto's ionosphere, the
induced magnetic field, and the magnetospheric environment can generate strong perturbations to the local
magnetic fields. These authors applied the hybrid model AIKEF (Adaptive Ion-Kinetic, Electron-Fluid; Miiller
et al., 2011) to constrain Callisto's plasma interaction. Studying the C03 and C09 Galileo encounters, (Liuzzo
et al., 2015) assumed an amplitude of A = 0.85 with no phase delay to the inductive response, using the jovian
magnetospheric background field at closest approach as the excitation field. They found that during these two
flybys, Callisto's interaction with its magnetospheric plasma environment was weak; as a result, the magnetic
field perturbations observed by Galileo during its encounters were consistent with the signatures of an induced
field along the flyby trajectories (see also, e.g., Khurana et al., 1998; Kivelson et al., 1999; Zimmer et al., 2000).
Note that the results from Liuzzo et al. (2015) for C03 and C09 did not include Callisto's atmosphere. However,
since the plasma interaction currents during these two encounters were weak, this did not affect the authors' ability
to explain the magnetic field signatures along the Galileo trajectory during these encounters. To confirm, we have
investigated the magnetic field signatures from additional simulations that included the interaction with Callisto's
atmosphere and found that the results do not differ by more than 10% from those in Liuzzo et al. (2015); we
therefore proceed using their published results for this study. However, during the C10 encounter, the interaction
between Jupiter's magnetospheric plasma and Callisto's atmosphere and induced field generated magnetic-field
perturbations that obscured the “pure” signature of an inductive response (Liuzzo et al., 2016). Liuzzo
et al. (2016) found that at distances greater than approximately 2R, Callisto's plasma interaction generated
magnetic field perturbations—field line pileup, draping, and Alfvén wings—that dominated the magnetic field
signatures observed by Galileo. However, while located within the moon's geometric plasma shadow, Liuzzo
et al. (2016) illustrated that the Galileo spacecraft detected magnetic field perturbations that were consistent with
an induced field at the moon. These authors highlighted that induction signatures are clearly identifiable within
the near-surface wakeside region that is “protected” from the moon's plasma interaction.

Further analysis of Galileo magnetometer data near Callisto by Hartkorn and Saur (2017) also demonstrated that
while the induced magnetic signature could be attributed to magnetic induction originating from an ocean, the
signatures are also consistent with the induction response from an ionosphere alone. These authors focused on
modeling of inductive processes in Callisto's ionosphere and showed that the strength of response from iono-
spheric induction alone was comparable to a model consistent with the lower limit of the induced field suggested
by Zimmer et al. (2000)—A = 0.7, with no phase delay (¢ = 0°). None of their ionospheric induction models
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included the induced field from a possible ocean self-consistently, so their results suggest that ionospheric
contributions are likely important, but the degree to which ionospheric induction is coupled with induction within
an ocean remained uncertain.

Although the various assumptions made in the previous work were justified for the simulations carried out, some
realities were not addressed. Callisto's actual response is anticipated to be driven at multiple frequencies—not just
the 10.18 h synodic period—and therefore could have nonzero components of the induced magnetic moment at
higher-order harmonics of the synodic, as suggested by the modeling performed in our work and by others (e.g.,
Seufert et al., 2011; Vance et al., 2021). Additionally, the majority of previous studies involving interpretation of
Galileo measurements have assumed a single-frequency response that was scaled and perfectly synchronized with
Jupiter's rotating field (i.e., zero phase delay), which is inconsistent with geophysical arguments of planetary
bodies with multiple layers (including ionosphere) of varying levels of thickness and conductivity. The induction
field is generally phase-delayed in time for a body with finite conductivity. Even if small, a phase-delayed in-
duction response at the synodic period could leave room in the total induced response for a contribution from
magnetic moments induced at other frequencies, as they will constructively and destructively interfere at different
instants in time. Previous studies have also neglected to use the magnetic field measurements of the jovian field
collected on the latter Galileo flybys of Callisto—namely C21, C22, C23, and C30—simply because they do not
exhibit features consistent with an induced magnetic field. However, these flybys contain valuable information
about Jupiter's driving field at Callisto for different solar phase angles and Jupiter System III longitudes (see
Figure 1), and thus could be leveraged to better constrain Jupiter's driving field at Callisto and hence its induction
response.

Here, we improve on previous studies by providing a more robust argument in favor of an ocean within Callisto by
separating the induced field from the plasma contribution and then decomposing it using a multifrequency
approach, exploiting the additional non-negligible harmonic external field components. Our results agree with
previous studies that induction within an ionosphere is possibly consistent with the observed magnetic field
signatures when analyzing data from flybys C03 and C09 alone. However, when including flyby C10, our results
show that some combination of ionosphere and ocean is much more likely to be responsible for generating the
magnetic field signatures that were measured by Galileo's magnetometer. While we provide further constraints on
the range of likely interior properties of Callisto, it is not possible to uniquely constrain the moon's interior
properties with the currently available data. This is due in particular to the uncertainty of the contributions of non-
hydrostatic anomalies to the gravity data (Gao & Stevenson, 2013). However, future encounters (e.g., by Europa
Clipper and JUICE) will help to further disentangle the information contained in geophysical signatures and
derive definitive constraints on Callisto's interior.

2. Multi-Frequency Model of Jupiter's Driving Field

To infer Callisto's interior properties from the measurements acquired by Galileo, one must first understand the
characteristics of Jupiter's driving field in Callisto's reference frame, since it is solely the dynamic external field
that drives magnetic induction. Here, we not only use the data from flybys C03, C09, and C10 (which clearly
exhibited induction signals), but we also use the magnetic measurements from flybys C21, C22, and C23 to better
constrain the estimate of Jupiter's average driving field at Callisto, even though induction signals are not
immediately detectable on these flybys, for reasons explained earlier.

Callisto and the other jovian moons experience slowly varying magnetic waves at multiple frequencies corre-
sponding to Jupiter's apparent rotation period (10.18 h) and Callisto's orbital period (400 h). The former arises
from the 9.6° tilt in Jupiter's magnetic axis with respect to its spin axis, and the latter arises from the spatial
variation between the two bodies due to Callisto's slightly eccentric (¢ = 0.0074) and inclined orbit (0.19° with
respect to the Laplace plane). Figure 2 illustrates the jovian magnetic field model of Khurana (1997). The top
panel illustrates the magnetic field lines of Jupiter extending to Callisto's orbit, clearly showing the hinged equator
and also the swept-back nature of the field lines in the insets of the panels, which affect the field magnitude and
orientation at the position of Callisto, but not so much at the inner moons of Ganymede, Europa, and Io. The
bottom panel of the figure illustrates the field response at Callisto as a function of frequency in the Callisto frame
defined by the International Astronomical Union (IAU). In this frame, the x-axis is directed roughly toward
Jupiter's center (oriented from Callisto's center to a specific surface feature on Callisto), the z-axis is parallel to
Callisto's spin axis, and the y-axis completes the right-handed set (roughly opposite the orbital velocity). The IAU
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Figure 2. Jupiter magnetic field model evaluated at the position of Callisto in the moon's body-fixed IAU frame. Top: Field
lines illustrated for the Khurana current sheet model, showing the orientation of the field at the orbit of Callisto from the
hinged equator and in the swept-back nature of the field. Bottom: Frequency response at Callisto for the Khurana model,
using the Voyager 2 parameter set noted in Table 1 of the publication.

frame (Archinal et al., 2018) is chosen for this work for convenience in implementation with SPICE and because it
is a body-fixed frame, which is important for ocean induction. In the CPhiO frame often used in previous work,
the x-axis is aligned with the direction of corotational flow, the z-axis is parallel to the jovian spin axis, and the y-
axis completes the right-handed set (roughly toward Jupiter's center). Because Callisto's orbit has nonzero
inclination and eccentricity, the CPhiO coordinate system varies over time with respect to a Callisto-fixed co-
ordinate system. The CPhiO xy-plane is approximately a 90° rotation about the IAU z-axis of the IAU xy plane,
and the z axes are nearly aligned, with these differences varying slightly throughout Callisto's orbit.

Note that there are very strong B, and B, components at the synodic period near Callisto, along with non-
negligible 3rd (octupole) and 5th harmonics with B, component at the synodic 2nd harmonic (quadrupole).
Although the previous reports model the magnetic moment on each flyby assuming a driving field of zero in the
vertical z direction (Hartkorn & Saur, 2017; Liuzzo et al., 2016; Zimmer et al., 2000), we account for a non-
negligible component (of order 2nT) as portrayed in the simulated models shown in Figure 2. Furthermore,
solar-driven effects that are expected to cause magnetopause variability on the timescale of 641.9h in the B,
component may be present (Seufert et al., 2011), but we do not model magnetopause currents. This model
provides information about the approximate amplitudes and phases of the waves that Callisto experiences, but
more importantly, about the frequencies of those waves. Rather than using the amplitudes and phases of the waves
from the models to infer the field at Callisto, we instead use the frequencies extracted from these models and solve
for the amplitudes and phases directly using the Galileo magnetometer data. As will be discussed, we also use the
more accurate (at the orbit of Callisto) current sheet model of Khurana (1997) to correct for differences in the field
measured at the position of the Galileo spacecraft and that inferred at the position of Callisto.

As illustrated in Figure 2, it is clear that the field spectrum at Callisto can be represented by a superposition of
magnetic waves at discrete frequencies corresponding to the 10.18 h synodic period, Callisto's 400.6 h orbital
period, and the harmonics and beats of these two fundamental periods. The magnetospheric field of Jupiter at the
position of Callisto B; ¢ can therefore be modeled in the frame of Callisto by a linear superposition of sinusoids,

B, o(t) = DBy cos(2zfit + 6,) = ) By cos(2zfit) + By sin(2xf;1), 3)
k k

where ¢ is time, Bg;, = By cos(6;) and B;;, = B, sin(6;). B, = [Bx,k,By,k,BZ!k] are the amplitudes of the k®
discrete magnetic wave of Jupiter in the Callisto frame at frequency f; and 6, = [ax‘k,e_v,k, Qz’k] are their phases

referenced with respect to the J2000 epoch. The parameter k ranges from 0 <k < K, where k = 0 signifies
fo = 0Hz (DC) and K represents the number of frequencies to be modeled. Note that in this work, we use the
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Table 1

List of Magnetic Field Coefficients (Referenced to the J2000 Epoch) in Units of nT for Dominant Waves From Khurana
Spherical Harmonic Magnetic Field Model of Jupiter and the Sinusoidal Model Coefficients Obtained by Fitting Galileo
Data From Callisto Passes C03, C09, C10, C21, C22, and C23

Derived from spherical harmonic model (nT)

Period (hr) B, r B, |B,| By r By, |By| B g B, |B.|
fs 10.177 -38.0 —6.8 38.6 3.7 0.6 3.79 -3.6 -3.8 5.28
2fs 5.088 —0.2 0.2 0.34 =2 0.1 1.23 2.3 —0.4 2.6
3fs 3.392 43 1.7 4.6 -1.3 0.1 1.3 -0.4 0.5 0.6
Sfs 2.035 -1.8 —0.02 1.8 0.30 —0.04 0.3 0.03 0.03 0.04
DC -1.7 —-1.2 -7.9

Derived from Galileo flyby data (nT)

Period (hr) B, r B, |B,| By g By, |By| B g B, |B.|
Is 10.177 —39.8 -3.2 39.9 0.5 5.85 5.87 0.8 -1.3 1.6
2fs 5.088 =12 0.8 1.5 1.1 3.0 32 S 2% -1.8 2.9
3fs 3.392 7.27 0.5 7.29 1.8 0.6 1.88 0.1 —0.3 0.33
5fs 2.035 —24 -0.5 2.46 0.3 —0.1 0.30 —0.2 0.3 0.34
DC 12 =B -9.0

Note. Here, fs represents the synodic period of Jupiter. Note that only a subset of frequencies were modeled as the small
amplitude waves (<1 nT) cannot be accurately resolved with the limited amount of noisy measurements acquired by these
flybys.

“hat” accent (e.g., B) for estimations made from model and “tilde” accent (e.g., B) to refer to estimations made
from data.

Table 1 illustrates the amplitude of each component for the dominant frequencies in the driving field, extracted
from a spherical harmonic model-generated magnetic field time series spanning a 5-year period (4 August 19944
August 1999) using an unconstrained linear least-squares (LLS) approach. The method for obtaining these values
is described in more detail elsewhere (Styczinski & Cochrane, 2024). Also included in the table are the amplitudes
of each component obtained from inverting the Galileo measurements (i.e., C03, C09, C10, C21, C22, and C23),
from a field-corrected data set. A correction to the data is required because the Galileo measurements do not
represent the field at Callisto, but rather at the Galileo spacecraft. Because the Khurana (1997) model showed the
best agreement with the data (using the Voyager 2 parameter set described in the publication) than the more
recently developed Connerney et al. (2020) model, likely due to the model accounting for the effects of the
hinging and the delay of the jovian current sheet exhibited at the orbit of Callisto, we use it to evaluate the
magnetic field of Jupiter at the position of the spacecraft (B, ¢ ,,) and at the position of Callisto (B, c,,). The
correction, also used by Biersteker et al. (2023), Kivelson et al. (2023), and Cochrane et al. (2024), is defined by

B, (1)~ B, 5c(t) = By scu(?) + By c,(0). )

We model the DC, synodic, 2nd, 3rd, and 5th harmonic magnetic field components. In total, this yields two
parameters for in-phase/out-of-phase ( cos and sin dependence), X3 parameters for each vector component, X5
frequencies, plus three DC coefficients for a total of 27 Jupiter field model parameters. Note that we neglect the
orbital component, as its amplitude is very small (<1 nT) and its effect on induction will be negligible, as the
induction amplitude from an ocean at the long period of 400.6 h would be very small. The sum of squared errors
are then minimized between B ;.c(f) and B ;.c(?) for all samples within +1 hr duration around the closest approach
of each flyby to acquire a set of driving field coefficients Bg and By that can then be used to further investigate
Callisto's magnetic induction response. The magnitudes of these coefficients associated with this minimization
are listed in the right column of Table 1 and the 6 panels of Figure 3 illustrate the comparison (blue, red, and green
lines) between the field-corrected Galileo data set B ;.c(?) and the multifrequency modeled field at Callisto B ;.c(D)
(black dotted lines) for the six Callisto flybys. The instantaneous driving fields at the closest approach time for the

COCHRANE ET AL.

6 of 19

85UB017 SUOWILIOD 3AIERID 3|qeoljdde ay} Aq peunob a1e sajoe YO ‘88N JO S9N 1oy AReiq18UIIUO 8|1 UO (SUORIPUOD-PUR-SUIRYW0D" A8 1M A eI 1[ulUO//SANY) SUORIPUOD PUe SWB | 8U} 885 *[6202/T0/TE] U0 AiqiTaulluO A8 1M ‘Ge ] lPUCIRN Asjsiieg ousive ] ILIOYIED 4O AlUN Aq LEZTO0AVYYZ0Z/620T OT/I0P/W00 A8 |1m Atiqijput|uo'sgndnBey/sdiy wouy pspeojumoq ‘T ‘G202 ‘Xv099.52



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

AGU Advances 10.1029/2024AV001237

Table 2

o
S
I
S

| C10

40 30

@
S

20

N
S

=)

-20

Magnetic Field (nT)
Magnetic Field (nT)

)
Magnetic Field (nT)

-30

=)

40

)
S

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Time (hr)

S
S

w
S

N
S

=

o

Magnetic Field (nT)
Magnetic Field (nT)

20}

Magnetic Field (nT)

=)

50— : . ; : 20 . . .
-1 05 0 05 1 -1 05 0 05 1 -1 05 0 05 1

Time (hr) Time (hr) Time (hr)

Figure 3. Field-corrected Galileo data obtained from Equation 4 (B, is blue, B, is red, and B, is green in IAU body-centered
Callisto frame) and the final multifrequency model, superimposed with black dotted lines plotted as a function of time with
respect to closest approach to the moon.

three Callisto flybys are listed in Table 2 and compared with those reported in the literature that assumed a single
frequency. Prior to using these coefficients for investigating Callisto's interior properties, the field contribution of
the plasma currents must be first removed for each flyby which is the focus of the next section.

3. Removing Plasma Contribution From Callisto's Induction Response

Zimmer et al. (2000), Hartkorn and Saur (2017), and Liuzzo et al. (2015, 2016) each concluded that the local
magnetic field in the vicinity of Callisto does not fit a perfect dipole response. Furthermore, Liuzzo
et al. (2015, 2016, 2018) illustrated that any global induction signal may be partially obscured by magnetic
perturbations caused by the moon's interaction with its local plasma environment. These hybrid kinetic model
simulation studies assumed that the underlying induced dipole response was perfectly antialigned with the
background inducing field (i.e., that Callisto is a perfectly conducting obstacle and therefore has no phase
delay). For C03 and C09, these authors scaled the induction response to the xy driving field by 0.85,
consistent with a highly saline ocean beneath an ice shell with appreciable thickness (see also Zimmer
et al., 2000). For C10, they scaled the response by 1.0, consistent with a perfect conductor with Callisto's
radius. However, these scaling configurations are not consistent across all flybys, they do not consider any
potential phase delay in the synodic period (the presence of which would affect the measured induction
amplitude), and they do not consider the additional contributions that occur at the higher-order harmonics that
comprise the driving field environment.

Instantaneous Evaluation of the Driving Field (i.e., Sum Over All Frequencies Except the DC Term) From Jupiter Used in Past Studies of the Induction Response of
Callisto at the Time of Closest Approach (CA) for Flybys C03, C09, and C10

Instantaneous flyby driving field B, (tca), By(fca) » B;(tca) (nT)

Flyby Sin. model derived from Khurana (1997) Zimmer et al. (2000) Liuzzo et al. (2015, 2016) Hartkorn and Saur (2017) This work
C03 —33.8,5.0, —1.3 —31.7,2.4,0 —31.9,2.4,0 —31.1,4.3,0 -32.7,6.6, —2.7
C09 35.5, —4.9, —1.6 33.7, —1.7,0 33.6, —3.4,0 35.2, —=2.7,0 33.8, —0.3, 2.1
C10 30.9, —2.2,0.7 — 34.6,0,0 — 29.0,2.84, —0.1
Note. Coordinates are in the IAU frame, to which past work has been converted from the CPhiO frame.
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Figure 4. Plasma interaction fields for (left) CO3 flyby, (middle) CO9 flyby, and (right) C10 flyby. These time series represent
the extracted structure of the plasma interaction field with Callisto, obtained by subtraction of the assumed induced dipole
response from the hybrid kinetic magnetic field simulation performed by Liuzzo et al. (2015, 2016) and then baseline
corrected.

In this section, we solve for the induced magnetic moment originating from Callisto's interior using a parame-
terized version of the plasma magnetic signatures simulated by Liuzzo et al. (2016) along each of the flybys. The
magnetic signatures associated with Callisto's magnetospheric plasma interaction are visible in Figure 4, each
computed by taking the difference between the total simulated magnetic field along the flyby obtained from
hybrid kinetic modeling and the assumed underlying induced dipolar response, producing a structural “magnetic
noise” time series consistent with the effect of the PIF for each of the flybys. As illustrated, during the upstream
C09 encounter (middle panel), an enhanced magnetic field denoting the field line pileup is visible at a time near
the closest approach of the moon (see also Figure Al of Liuzzo et al., 2015). During the C10 encounter (right
panel), the dipolar signature associated with field line draping/Alfvén wings is visible in the B, component of the
magnetic field along the Galileo trajectory (see also Figures 3 and 4 of Liuzzo et al., 2016). By including these
noise signatures when inverting for the magnetic moment and parameterizing their scale factors, we can retain the
inherent structure and features of the plasma noise inferred by the hybrid kinetic plasma modeling (e.g., magnetic
field line pileup and Alfvén wing draping effects), which allows for a more accurate estimate of the induced
magnetic moment that is buried in the data, one that is optimally different from a minimization perspective from
the underlying moment used in the hybrid kinetic simulations of Liuzzo et al. (2015, 2016). Effectively, this
minimization allows us to solve for the best estimate of M in the presence of the plasma source and does not
restrict induction solely to the M, and M, components while also allowing the retention of an M, component.

We performed separate inversions for each of the three flybys with noticeable induction signatures (C03, C09,
C10) to isolate the magnetic moment from the scaled plasma signature and background jovian field. For each
flyby, the total magnetic field at the position of the Galileo spacecraft By is defined by

Bsc(t) = B;(1) + B, (1) + B, 5¢(1) + B, (o), (%)

where B, (¢) represents the pure induction field contribution (from ocean, ionosphere, or both), B,,(£) represents the
perturbation field present due to the plasma currents, B; g-(¢) represents Jupiter's magnetic field at the position of
the spacecraft, and B, (¢) represents the all other noise terms and small un-modeled effects. This field can be
approximated with the following model:

Bsc(t) ~ D()m + CB,(1) + By + IA},,SC(I), (6)
where ]ASJ,SC(t) is the corrected background field model (similar to Equation 4) defined by

By sc() =By (1) = By cu(t) + By sem(®), @)
and D(#)m is the induced magnetic field as a function of time with units of nT (essentially Equation 2 written in a
different form) and CB,(¢) is the scaled plasma field component with offset B(,. B,,(¢) are the separated plasma

field signatures for each flyby (i.e., dipole field subtracted from the total simulated field, shown in Figure 4 and
obtained from Liuzzo et al. (2015, 2016)), and C is the plasma scale factor, assumed to be different for each flyby.
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Table 3 Although, a separate scale factor could be assigned to each axis for our
Data Inversion Results for the C03, C09, and C10 Flybys of Callisto purposes of mathematically extracting the optimal dipole signature, we
S 09 C10 1nst.ead. const.raln C to be equal to r.educts degeneracy of the estimation an.d

maintain a divergence-free vector field (i.e., vB = 0). m = [mx,my,mz] is
m = [mem,m] ARG Aol el PR the time-varying portion of the three-element induced dipole magnetic
Omy>Omy»Om, 0.6,0.3, 0.6 1.5,09,2.0 moment M with units of nT, assumed to be constant for the duration of the
C(o¢) 0.67(0.04) 0.45(0.02) flyby and different for each flyby. D(¢) is the dipolar matrix, defined by
Note. Here are shown the values for the extracted magnetic moments and
plasma scale factors with their lo standard deviation uncertainties, o, 3x(t)2 _ r(t)2 3x(0)y(t) 3x()z(1)
and oc. R 1

D() = - | PO W -} B0 | 8
A
32(1)x(f) 320y 3z - (@)

where x(7), y(7), and z(r) define the position of the spacecraft with respect to Callisto's center at each time . We
minimize the sum of squared errors between Byc(¢) and By () for each flyby separately to acquire a set of C and
m for each of the flybys C03, C09, and C10. We use a constrained least squares method, restricting the scale
factors to be within +2 and the induced magnetic moment vector within [+50nT, +10nT, +5nT], to signifi-
cantly reduce the number of possible solutions that are able to fit the data. The parameters that were extracted are
shown in Table 3 for each of the three flybys, along with their 16 parameter uncertainties extracted from a derived
covariance matrix. Differences in the values of the extracted moment (Table 3) from those of the driving field
values (Table 2) are attributed to the scale factors and delays created by the imperfectly conducting interior. In
subsequent sections, we use the isolated magnetic moments extracted here to further investigate the interior
properties of Callisto.

We acknowledge that there are some uncertainties associated with the assumptions made in this approach. The
properties of the magnetospheric plasma upstream of Callisto's environment were not well constrained by the
Galileo spacecraft on a flyby-to-flyby basis. Furthermore, the properties of any conductive layers at Callisto (i.e.,
its ionosphere and a potential subsurface ocean), including their structure, composition, and conductivity profiles,
were not well constrained so assumptions were made about the strength of the induced dipole used for the plasma
simulations. Additionally, only the C10 flyby was modeled with a self-consistent conducting ionosphere in
addition to the currents generated by Callisto's plasma interaction. As a result, there are uncertainties in the
magnetic field perturbations detected along a spacecraft trajectory that are associated with Callisto's magneto-
spheric plasma interaction. For example, differences between the upstream density applied by Liuzzo et al. (2016)
in their model and the true value during the C10 encounter would cause minor differences in the magnetic field
strength along the Galileo trajectory (see Figure 3). In addition, asymmetries in the structure of Callisto's
ionosphere would generate a nondipolar component to Callisto's inductive response, which was not included in
the model of Liuzzo et al. (2015, 2016). This change in the inductive response couples nonlinearly to the
structures associated with Callisto's plasma interaction, for example, the Alfvén wings (see Neubauer, 1999).
However, even though the plasma signatures generated in the hybrid kinetic model are approximate, they are
likely to resemble the real magnetic signatures (e.g., magnetic field line pileup and Alfvén wing draping effects)
and our scaling allows for correction of quantitative differences. We also caution the reader that the effects of
asymmetries would slightly alter the analysis, but would not greatly affect our conclusions (see Section 5.2)
Despite these uncertainties and assumptions, the novel approach introduced in this work best constrains the
properties of Callisto's inductive response using magnetic field data from the Galileo mission alone. We stress that
future data sets obtained by Europa Clipper and JUICE will place further constraints on Callisto's ocean, con-
ducting ionosphere, and magnetospheric plasma environment.

4. Assessment of Callisto's Interior Properties

With the driving field parameters in hand, we now assess the estimated dipole magnetic moments retrieved from
the last section, free of plasma signatures, using two different methods. The first method entails comparing the
moments to a large ensemble of forward models and the second is based on data inversion. The forward modeling
approach is more ideal in the case of analyzing the limited set of Galileo observations because of its ability to
automatically provide constraints on the interior properties of the ocean and ionosphere. As will be shown, a
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Figure 5. Forward model parameter space for ocean plus ionosphere models. Left: Schematic diagram of the 4-layer interior
model of Callisto, consisting of a non-conductive mantle, a conductive ocean, a non-conductive ice-shell, and a conductive
ionosphere. Right: Ocean parameter space used in this study, with eight linear steps of 20 km in ocean thickness 7" (10-150
km and also including the no ocean case when 7" = 0) and 10 uniform steps in log space for ocean conductivity ¢ (0.1-10.0
S/m). This parameter space was evaluated for six different seafloor depths D (130, 170, 210, 250, 290, 330 km), then each of
these were convolved with ionospheres across 51 uniform log steps in conductance, totaling more than 24 thousand
combinations.

multi-frequency data inversion method can also be used in conjunction with the forward modeling approach to
classify the estimated response at the synodic period; however, further constraining interior properties remains
difficult as it is nearly impossible to constrain the high order harmonics as will be shown.

In the forward modeling approach, the range of plausible interior properties that Callisto may possess can be
determined by finding the subset of models in the forward model set that best fits the extracted magnetic moments
(Table 3), thus determining whether the induction response originates from an ionosphere, an ocean, or a com-
bination of both. A similar approach was previously used to classify magnetic moments for the moons of Uranus
(Cochrane et al., 2021) and the principal components (PC) of the magnetic field data for Neptune's moon Triton
(Cochrane et al., 2022). We use a similar ensemble modeling approach; however, here the classification space is
in the complex response domain of the synodic period, where there is a clear clustering of similar-model classes.
Like the magnetic moment and PC spaces, this classification space can be easily increased in dimensionality to
enhance characterization robustness if parameters associated with different periods were used.

We use the open-source software frameworks PlanetProfile (Styczinski, Vance, Niesyt, et al., 2023; Vance
et al., 2021) and MoonMag (Styczinski, 2024; Styczinski et al., 2022) to compute the complex response function
(i.e., amplitudes A; and phases ¢,) associated with more than 24 thousand different forward model configurations
for Callisto's interior structure. The analytical solution to the complex response function was first derived by
Srivastava (1966), and used by others (Biersteker et al., 2023; Khurana et al., 2002; Seufert et al., 2011; Zimmer
et al., 2000) to model magnetic induction using a three-layer interior model (e.g., conductive ocean with non-
conductive ice and mantle layers). PlanetProfile conversely leverages a numerical solution to calculate the
complex response function from an arbitrary number of layers (Eckhardt, 1963). We use the optimized numerical
solution, derived in the supplement of Vance et al. (2021), to calculate a 4-layer model which includes an upper
layer representing the conducting ionosphere.

Among these models, we vary the thickness of the ice shell, the thickness T of the ocean (10-150 km), and the
conductivity o ((0.1-10.0 S/m), assumed to be uniform) as shown in Figure 5 (right). In addition, we vary the
depth D of the seafloor (130-330 km) and also the ionospheric conductance (which we call the height-integrated
conductivity, HIC) with an assumed extent of 100 km above the surface. Although radio occultation measure-
ments made by Galileo provide valuable insight into the conductivity Callisto's ionosphere, we do not limit our
models to reflect these measurements as they represent the local measure of the electron density and scale height
of the ionosphere. Rather than forcing a parameter that doesn't necessarily reflect the effective global ionospheric
conductance, we allow it to vary in our models to determine the range of ionospheric HIC that fit the observations
due to the global uncertainty of this parameter.
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Figure 6. The magnetic induction response associated with all forward models in our study plotted against the Galileo
magnetometer measurements in green. The top row of images illustrate the response associated with the ocean-plus-
ionosphere models while the bottom row of images illustrate response associated with the ionosphere-only models. Note that
the coloring scheme of the model responses is consistent with the other figures in the manuscript.

We calculate the complex response function for a wide range of frequencies (1072 to 10* Hz) for all models in the
ensemble (see Figure S1 in Supporting Information S1). Using the amplitudes and phase delays of these models at
the frequencies of interest (Table 1, peaks in Figure 2), we forward model the induced dipole response along the
trajectory of the Galileo flybys of Callisto using Equation 2 while using the planetary field coefficients that were
extracted from the Galileo measurements shown in Table 1. The induced dipole responses for all models are
plotted in Figure 6 to show the wide range of possible responses of the entire data set. The figure qualitatively
illustrates that although both a variety of ocean-plus-ionosphere models and ionosphere-only models can replicate
the observations made on C03 and C09, an ocean-plus-ionosphere model is much more likely to replicate the
observations made on flyby C10, simply from visual inspection. The goal now is to determine whether these same
ocean models are able to also reproduce the signatures in flybys C03 and C09.

Because it is nearly impossible to visually make inferences on the measurements when plotted in the time domain
without any data processing, especially jointly across the three flybys, we move to the synodic complex plane,
(Aycos(¢py) versus Ay sin(¢; ), where k is associated with the frequency) illustrated in Figure 7. In the top panel,
the colors of the ocean + ionosphere models (dots with blue shading) are based on the ocean conductivity,
whereas the colors of the ionosphere-only models (dots with magenta-to-yellow shading) are based on iono-
spheric HIC. Unlike the plots in Figure 6, the clustering behavior of similar models in the synodic complex
domain shown here is very convenient for characterization, as it allows distinguishability between
ocean + ionosphere and ionosphere-only model classes. In the bottom left and right panels of the figure, the
models are again plotted in the synodic complex domain, but colored according to the root mean squared error
(RMSE) computed between their forward-modeled dipole responses (i.e., Figure 6) and the induced dipole re-
sponses estimated from the Galileo measurements on each flyby (+25 min of closest approach). Note that the
RMSE in this case is therefore a relative measure of similarity, thereby facilitating the identification of the range
of forward-modeled ocean cases that are more likely to explain the observations from the ensemble across all
three flybys. The bottom left panel represents the RMSEs obtained for the two-flyby case (C03, C09) and the
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Figure 7. Top: Complex responses for all 24k models evaluated at the synodic period. Color and sizing scheme of forward
models are consistent with that used in Figure 5: shades of blue dots represent the ocean-plus-ionosphere models colored
according to their ocean conductivity and shades of yellow—magenta dots represent ionosphere-only models (i.e., no ocean),
colored according to their ionospheric conductance. Bottom Left: The complex response for all forward models, colored
coded by the root-mean-squared error (RMSE) difference between each forward model and the jointly modeled observations
from the CO3 and C09 flybys (e.g., D(r)m from Equation 6), with best fit model exhibiting an RMSE of 0.13 nT. Bottom
Right: A similar plot when using the jointly modeled observations from the C03, C09, and C10 flybys, with best fit model
exhibiting an RMSE of 0.32 nT. Note that the single gray dot in each plot illustrates the estimate of the synodic parameters
when using joint-flyby data inversion scheme. The bounding black quadrilateral defines the associated 3-sigma confidence
interval for the estimated synodic parameters. Note that both methods are consistent in producing similar conclusions when
either two or three flybys are used.

bottom right panel represents the RMSEs obtained for the three-flyby case (C03, C09, C10). Models with smaller
errors indicate more similarity to the observations. It's clear from the two flyby case that the lowest RMSE models
(bright yellow dots) lie both near the ionosphere-only boundary of models and also far from them, suggesting the
observations from these two flybys alone are insufficient for ocean existence determination. However, in the
three-flyby case, the presence of an ocean is favored when C10 is retained in the analysis, as the forward models
with lowest RMSE are located farther from the ionosphere-only boundary of models in the synodic space, with
most similar models with amplitude ranging from 0.75 to 0.95 and phase delay of <10deg.

Also plotted in the bottom left and right panels of Figure 7 are the estimated complex parameters of the synodic
period and their associated confidence intervals, acquired using a joint-flyby multi-frequency inversion approach,
for the two and three flyby cases. Note that the locations of each of these estimates (gray dots) lie in locations that
are consistent with the cluster of forward models with lowest RMSEs for each case. In this inversion approach, we
use a constrained nonlinear least-squares (NLLS) solver (e.g., Levenberg—Marquardt) to minimize the following
function with respect to A and ¢, for all samples in time ¢ for two cases—(1) using two flybys F = C03 and C09
and (2) using three flybys F = C03, C09, and C10:

arg min) > (Dp()my — Dp()m(1)’, ©)

Ay F 1
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Table 4 where my(f) represents the estimated multifrequency amplitude-scaled and
Parameters Acquired From Multi-Frequency Inversion of Callisto's phase-delayed driving field portion of the induced magnetic moment,

Induction Response Across Two (C03, C09) and Three (C03, C09, C10)

Flybys, With Their Associated Uncertainties, 6| and o, (One Standard AN _

Deviation) m() = Zk;AkBk cos (2afit + O, — ¢y)- (10)
Label Period (h) d(°)(oy) Ag Ay

Inverted parameters using data from flybys C03 and C09 Here, B; = ,Blze,k + Bik and 6, = arctan(B;;/Bg;) are the estimated
fs 10.18 32.0(3.3) 0.60 0.37  driving field coefficients of Equation 3, my are the estimated induced mag-
2fs 5.09 21.2(8.5) 0.48 0.19 netic moments of each flyby given in Table 3, and F represents the flyby
3% 3.39 50.0(49.8) 0.11 0.13 index. The constraints imposed on the solver are 0 < A; < 1.1 and 0 < ¢, <90,

Inverted parameters using data from flybys C03, C09, and C10

which are consistent with the bounds of our forward models described pre-

% 10.18
2% 5.09
3% 3.39
5f 2.04

viously. In the three flyby case, we use four different frequencies (f, = fs, 2fs,
1.04(1.8) 0.84 002 3£ and 5f) that best fit the joint data acquired from flybys C03, C09, and
0.75(2.0) 0.74 0.01 C10. We limit the modeling to four discrete frequencies (i.e., eight total in-
14.1(4.40) 1.03 0.26  duction parameters) because the three-element magnetic moment is different

40.0(14.2) 0.83 0.69 for each of the three flybys, thus limiting the number of parameters that can be

Note. The synodic parameters for the two cases, with associated 3¢
confidence intervals, are plotted in the bottom two panels of Figure 7. Note
that Ay, is the real part of Ae'# and A, is the imaginary part.

solved for. For the two-flyby case (i.e., CO3 and C09), we only solve for three
frequencies (six total induction parameters) as the three-element magnetic
moment for C10 is not considered, thus further limiting the number of pa-
rameters that can be solved for.

The extracted amplitude and phase parameters (as well as their 1o uncertainties) for the two cases are shown in
Table 4. Note that the non-monotonic behavior of the estimated amplitude and phase parameters (as a function of
period) is not unexpected for various reasons. Although a single conducting layer will respond monotonically as a
function of period, a multi-layer body may not due to the screening interaction of induced currents that occurs
between multiple layers of varying conductivity and thickness. In the case of Callisto, as the period of the driving
wave increases, the wave's interaction transitions from conductive shallower layers (e.g., the ionosphere) to
deeper conductive layers (e.g., the ocean). This causes a shift in the primary source of the induced secondary
magnetic field (e.g., from ionosphere to ocean), and consequently, the observed phase of the response changes
(See Figures S2 and S3 in Supporting Information S1 for amplitude and phase behavior of the forward modeled
data set. This was also explained in Cochrane et al. (2021)). Note that because of the relatively high amount of
noise in the observations, the uncertainty in the plasma model, and the limited amount of data, the estimated high-
order harmonics are not well constrained and therefore not used to assess interior properties of Callisto. However,
these high-order harmonics are driven by magnetic waves at frequencies that exhibit much smaller amplitudes,
and therefore the accuracy of the reconstructed response is less sensitive to large errors in their estimated values. It
is for this reason that we solely use the estimated synodic parameters for the interior assessment of Callisto. In our
case, the amplitude of the induction response at the synodic period is estimated to be between 0.80 and 0.88 (35),
consistent with previous reports and also with the results obtained in the ensemble forward model approach
described previously.

The reconstructed signal comprises the induction component, the Jupiter field component, and the scaled plasma
component, respectively,

ﬁSC,F(Z) = Dp(m(r) + ﬁ],sc(f) + CFBp,F(Z)- (1)

Thus, given the flyby number F' and time 7, the total magnetic field measured at the spacecraft can be defined by
the parameters Ay, ¢, By, ;, and Cr. Figure 8 illustrates the reconstructed response ]ASSC,F(t) for the two flyby
cases (C03, C09) and three flyby cases (C03, C09, C10), respectively, plotted as dashed black lines, with the raw
data Bgc(¢) plotted in solid colors (B, in blue, B, in red, and B, in green) for each of the three flybys. As illustrated
for both fitting cases, the reconstructed responses for CO3 and C09 provide good fits to the observations; however,
only the reconstructed response for C10 is additionally closely fit when the data from this flyby are included in the
inversion. Therefore, although noisy, the inclusion of C10 provides additional constraints on the underlying
induction parameters, thus improving the accuracy of the fit across all three flybys and suggesting an ocean is
needed to explain the Galileo observations.
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Figure 8. Results obtained from the constrained NLLS inversion. The top row of panels represents the reconstructed data set
using the multifrequency model fit from data acquired on flybys C0O3 and C09 and the bottom row of panels represent the
reconstructed data set using the multifrequency model fit from data acquired on flybys C03, C09, and C10. The Galileo data
are represented by the solid colored lines (B, = blue, B, =red, and B, = green) and the reconstructed multifrequency model is
represented by the dashed black lines. Note the increased accuracy of the fit of flyby C10 when it is retained in the fitting.

5. Discussion

As our results demonstrate, both the inverse and forward modeling approaches support the presence of an ocean
when considering data acquired from flyby C10 alongside C03 and C09. However, numerous ocean models with
varying characteristics still remain plausible from this analysis. Therefore, we now assess the properties of a
subset of the 24,000 models that best fit the modeled observations (within a RMSE of 0.45 nT) from the bottom
right panel of Figure 7 (see Section S2 of Supporting Information S1 for more details). Figure 9 depicts the ocean
properties associated with the retained best fit forward models for the three-flyby case in the bottom right panel of
Figure 7, all separated according to their associated seafloor depths, located at D = 130, 170, 210, 250, 290, and
330 km from the surface. The circles in each plot represent plausible ocean models with specific ocean thickness
and conductivity. The inner and outer colors of each circle specify the range (minimum and maximum) of
allowable ionospheric HIC. Also plotted in the figure are the distributions of all of the retained models. These
distributions indicate that for a given uniformly sampled parameter space (ocean thickness, depth, electrical
conductivity, and ionosphere conductance), the best fit models tend to exhibit thicker and deeper oceans. The
forward modeled induced magnetic responses associated with all of these models are illustrated in Figure 10. It is
clear that these particular ocean models not only agree with the observations made on the C03 and C09 flybys but
are also able to produce observations similar to those made on the C10 flyby.

5.1. On the Nature of Plausible Interior Models

Of the many combinations of models considered in this analysis, the best-fit models retained from Figure 9
indicate the presence of an ocean with electrical conductivity in the range 0.5S/m — 10 S/m. Of this subset of
retained models, the models favor thick and deep oceans. A thick ice shell is consistent with Callisto's heavily
cratered geology, and has been explained by a modest internal heat transfer through solid-state convection under a
fully stagnant lid (McKinnon, 2006). The nominal Mol requires a depth of the seafloor of around 200 km, while
the larger depths considered require a lower Mol as permitted in the non-hydrostatic case (Gao &
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Figure 9. Interior characteristics for best-fit oceans (see associated induced responses in Figure 10) when flybys C03, C09,
and C10 are considered. The top six panels represent the subset of models of different seafloor depths measured from the ice
shell surface. Plausible combination of ocean thickness, conductivity, and depth, are shown as colored circles, the inner color
representing the maximum HIC of the ionosphere and the outer color representing the minimum. The bottom panel of the
figure illustrates the distributions of parameters for all best-fit models retained. Although any one of these models is able to
explain the measurements, the distributions indicate there are more combinations of thick (e.g., >50 km) and deep (e.g., 150—
300 km) oceans that explain the observations.

C03: Ocean + lonosphere Models

C09: Ocean + lonosphere Models

C10: Ocean + lonosphere Models

e £ Eao
40
X35 a & 5
-40
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
10 10 10
Es £, g o
& & &-10
-10 -20
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
-5
— — 5 —
S = e 0
<10 <10 <
@ - o N-10
15 L L L L -15 20 . L 13 H .
-30 -20 -10 0 10 20 30 -30 30 -30 -20 -10 0 10 20 30
Time (min) Time (min) Time (min)

Figure 10. Reconstructed best-fit ocean + ionosphere models captured in Figure 9 for each flyby plotted against the Galileo
observations. Note that there were no ionosphere-only models that fit the minimum RMSE criteria threshold.
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Stevenson, 2013; Styczinski, Vance, & Melwani Daswani, 2023; Vance et al., 2018). Furthermore, in each thin
ocean case, the fit corresponds to a narrow range of ionospheric HIC, which decreases the likelihood that this
solution is true in the statistical sense.

The prevalence of models in the solution space with thicker oceans suggests sustained heating in addition to the
dominant long-lived radiogenic sources. Assuming no tidal heating and heat transfer via conduction, thermal
evolution modeling indicates that Callisto should hold a deep ocean no thicker than 70 km at present for a CI-
chondrite-like inventory of radioisotopes (see Section S3 of Supporting Information S1 for thermal modeling
methodology). Tidal heating from eccentricity tides for Callisto's current orbital distance and small eccentricity
(0.0074) is small, at least one order of magnitude less than radiogenic heating (Chen et al., 2014). Hence, the best-
fit interior models with thicker oceans could point to the contribution of a recent episode of tidal heating from
obliquity-driven tides, as suggested by Downey et al. (2020).

Cosmochemical considerations may help to further constrain the space of best-fit models. For an ocean
composition determined by the aqueous alteration of a chondritic composition at 1 bar, the electrical conductivity
would only be up to 0.2 S/m (for a temperature of 5°C, Castillo-Rogez et al., 2022). The main solute in that case
would likely be dissolved NaCl, as found on the surface of Europa (Trumbo et al., 2019). Electrical conductivity is
further reduced at high pressures (100s of MPa) and reduced temperature in Callisto's ocean (Pan et al., 2021;
Vance et al., 2021). Hence, the contribution of additional solutes, such as ammonium, carbonate, and bicarbonate
ions, may be required to explain the inferred electrical conductivity range 0.5S/m — 10 S/m (Castillo-Rogez
et al., 2022). A high concentration of carbonates is supported by the detection of CO, on Callisto (e.g., Hibbitts
et al., 2002). Furthermore, infrared absorption features measured by the Juno spacecraft at Ganymede are
consistent with the presence of carbonates (and ammonium-bearing salts, Tosi et al., 2023). Hence, it is plausible
that these compounds could also be present in Callisto's ocean. However, the lack of experimental data on the
electrical conductivity of NaCl- and carbonate-rich solutions at relevant pressures and temperatures prevents the
narrowing of a salinity range.

5.2. Effects of Asymmetry in Callisto's Ionosphere

Our analysis thus far has primarily focused on the spherical symmetry of the ocean and ionosphere; however, the
asymmetric effects are worth commenting on. Photoionization is expected to be the dominant process supporting
Callisto's ionosphere (Cunningham et al., 2015), so a day—night dichotomy is likely present (Hartkorn
et al., 2017). However, a recent study by Carberry Mogan, Johnson, et al. (2023) estimated the electron impact
ionization rate to be comparable to the photoionization rate at Callisto, at least when the moon is embedded within
the jovian magnetospheric plasma sheet. Further investigation is required to determine the precipitation pattern
and the energy deposition rate of these thermal electrons into Callisto's atmosphere to determine their ionization
patterns (Carberry Mogan, Liuzzo, et al., 2023). However, if the resultant induction signal from such an asym-
metric ionosphere indeed contains significant contributions from ionospheric conductivity (Hartkorn &
Saur, 2017; Liuzzo et al., 2017), then an asymmetric ionospheric profile could result in additional high-order
magnetic moments atop of the induced dipole moment that results from the spherically symmetric conducting
layers (Styczinski et al., 2022).

For each of the C03, C09, and C10 flybys, we examined the effects of ionospheric asymmetry for two different
models, Model 1 and Model 2, that have magnetic responses similar to the best-fit models retained in the two-
flyby and three-flyby cases, respectively. Model 1 exhibits a synodic amplitude response of 0.64 and phase
delay of 40.2° (corresponding to an ocean with thickness of 70 km, conductivity of 0.1 S/m, seafloor depth of
290 km, and ionosphere HIC of 1268 S) and Model 2 exhibits a synodic amplitude response of 0.81 and phase
delay of 3.6° (corresponding to an ocean with thickness of 110km, conductivity of 3.6 S/m, seafloor depth of
260 km, and ionosphere HIC of 2284 S). We modeled the contributions from asymmetry based on a simple
parameterization for Callisto's ionosphere, as described by Styczinski et al. (2022) after Hartkorn et al. (2017). To
model the asymmetric ionosphere, we assume a near-spherical layer with constant Pedersen conductivity, with a
bulge up to ~ 185 km at the subsolar point and a depression down to ~ 15 km on the night side (as in Styczinski
et al., 2022). Here, the Sun direction was used to orient the day—night asymmetry for each fly and the induced
magnetic field was evaluated with MoonMag (Styczinski, 2024) for both Model 1 and Model 2 at the time of
closest approach for each flyby using the excitations from Jupiter listed in Table 1.
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Figure 11. The magnetic effects of Callisto's asymmetric ionosphere. This figure illustrates the difference between the IAU y
component of the induced magnetic field from Model 2, described in the text, for a spherically symmetric and asymmetric
ionosphere, both evaluated at the instant of closest approach for the C10 encounter. The altitude of Galileo at closest
approach of Callisto on flyby C10 is 527 km and marked with a circle near 0° latitude and 90° W longitude. Differences in the

x component are nearly the same but with a different spatial orientation, and differences in the z component are about 2/3 as
great, but negligible in the equatorial plane where most flybys occurred. Evaluated with MoonMag (Styczinski, 2024).

The largest differences observed in the induction response for the asymmetric case was for Model 1 on the C10
flyby, where each component exhibited a perturbation of the induction field by as much as 1.5nT at closest
approach. The differences in magnetic field from Model 1 for the other two flybys were smaller, up to about
0.25nT for CO3 and 0.8 nT for C09. Model 2 on the other hand only exhibited a maximum difference in field of
about 0.25 nT for flyby C10, illustrated in Figure 11, and even smaller for the other two flybys. The degree of
influence from asymmetry in the ionosphere is dictated by the conductivity of both the ocean and the ionosphere.
Regions of the parameter space with greater ionospheric HIC and lower ocean conductivity will be most affected
by this asymmetry, contributing systematic uncertainties on the order of 0.1 nT -3 nT. Together, this analysis
suggests that future work involving induction in Callisto's ionosphere must account for any expected asymmetry
in order to interpret the measurements—the differences we calculate represent as much as half the magnitude of
the induced field for some latitudes and longitudes.

6. Conclusion

We have demonstrated the application of combined inverse and ensemble forward modeling to derive further
insights into Callisto's interior from the limited Galileo magnetometer data set. Our analysis, the first to simul-
taneously fit C03, C09, and C10 flyby data together, favors the presence of a thick and deep ocean within Callisto.
It is challenging to place tighter constraints on the properties of Callisto's ocean because of the limited number of
close Galileo flybys that produced reliable data and because of the uncertainty associated with the plasma
interaction. However, measurements that will be acquired in the future should make it possible to confirm and
characterize the ocean. NASA's Europa Clipper mission, successfully launched on 14 October 2024, is scheduled
to make nine flybys of Callisto (seven within 1800 km of the surface, four of those within 250 km) in years 2032
and 2033 where its magnetometer (ECM; Kivelson et al., 2023) will operate continuously. Additionally, the
baseline tour for ESA's JUICE mission is scheduled to perform 21 flybys of Callisto (Cappuccio et al., 2022), all
within 7000 km of the surface and most below 1000 km. Together, these missions should produce a joint magnetic
induction data set that encompasses a wide range of JS3 longitudes and Callisto's true anomaly phases. Addi-
tionally, the plasma instrument for magnetic sounding on Europa Clipper (PIMS; Westlake et al., 2023) and the
Particle Environment Package (PEP) and Radio and Plasma Wave Investigation (RWPI) instruments on JUICE
will enable accurate measurement of the plasma environment (Galli et al., 2022), supporting improved modeling
of the plasma field contribution in magnetometer measurements. These flybys will also allow for a confident
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