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A B S T R A C T

In April 2023, the Jupiter Icy Moons Explorer (Juice) began its journey to orbit Jupiter’s largest and only
magnetic moon, Ganymede. Part of the mission’s objectives aim to verify existence of the moon’s subsurface
ocean and determine its structure through its induced response to external excitation by periodically varying
magnetic field. Known contributions to the excitation are those from Jupiter’s dipole (at synodic period) and
quadrupole (at half-synodic period) variations, and Ganymede’s inclined eccentric orbit around Jupiter (at
orbital period). We propose that Ganymede’s magnetopause, where the Chapman–Ferraro (C–F) magnetic
field arises from local currents, also contributes to subsurface ocean induction. This article introduces the
first three-dimensional model of the C–F field and its outputs at Ganymede’s subsurface ocean and larger
magnetosphere. The field is shown to be non-uniform — strongest near upstream Ganymede’s subflow region
and gradually weakening away from it. Magnetopause asymmetry due to the Jovian guide field results in
largely synodic variation of the C–F field, with exceptions near Ganymede’s equator and subflow meridian
where asymmetry effects are minimal and the variations are half-synodic. The C–F field amplitude is of general
order ∼ 50 nT, which is significant relative to excitation from the Jovian field. Comparisons to Galileo data
and magnetohydrodynamic simulation results suggest the model is useful, therefore the magnetopause effects
must be considered in future induction modeling of Ganymede’s subsurface ocean ahead of the Juice mission.
1. Introduction

Born with a molten iron core, Ganymede is the only known per-
manently magnetic satellite in the Solar System (Gurnett et al., 1996;
Kivelson et al., 1996; Schubert et al., 1996). The primary Ganymedean
dipole magnetic field is ∼ 7 times stronger than the ambient Jovian
field, affording the moon a distinct magnetosphere (Kivelson et al.,
1997, 1998, 2002). Surrounded by Jupiter’s plasma at all times, plasma
inside Ganymede’s magnetosphere follow a Dungey-like convection
cycle, driven by frequent and dominant magnetic reconnection on the
upstream magnetopause (e.g., Collinson et al., 2018; Jia et al., 2010;
Kaweeyanun et al., 2020, 2021).

Jupiter’s magnetic field and plasma conditions upstream of
Ganymede depend on the moon’s absolute latitude relative to (i.e., dis-
tance from) the centrifugal equator of the Jovian plasma sheet
(Kaweeyanun et al., 2020). In Ganymede’s rest frame, this latitude
varies at Jovian half-synodic period (5.27 h), resulting in similar
periodic oscillation of the upstream conditions. This is noteworthy
as the moon contains a conducting subsurface ocean (Kivelson et al.,
2002; Saur et al., 2015), and periodic external magnetic excitation of
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the ocean will induce a magnetic response at amplitude dependent on
the liquid layer’s thickness, conductivity, and depth from the surface.
Study of the ocean’s unknown structure via induction is called magnetic
sounding, commonly presented as response contour maps seen not
only for Ganymede (Seufert et al., 2011; Vance et al., 2021), but
also for Europa and Callisto where subsurface oceans are similarly
expected (e.g., Zimmer et al., 2000).

Existing magnetic sounding studies utilize numerical multi-shell
models that compute oceanic responses to inputs of excitation magnetic
fields at several periods. For Ganymede, excitation commonly occur at
(but are not limited to) Jovian synodic (10.53 h), Jovian half-synodic,
and Ganymedean orbital periods (171.57 h). The first two periods arise
from variations of first (dipole) and second (quadrupole) harmonics of
the Jovian field, while the third period is due to the moon’s orbital
inclination and eccentricity. Estimated peak excitation amplitudes of
the Jovian field experienced by the moon’s subsurface ocean are 84.30
nT, 3.64 nT, and 1.28 nT for synodic, half-synodic, and orbital periods
respectively (Vance et al., 2021).
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Fig. 1. Schematic diagrams of Ganymede’s magnetopause divided into central half-cylindrical (purple) and flank (green) components viewed from the side (left) and from above
(right). An illustration of Biot–Savart integration for the Chapman–Ferraro magnetic field experienced by the subsurface ocean is shown. For exact dimensions of the magnetopause
model, see text. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
However, the current paradigm does not take into account the
existence of Ganymede’s permanent magnetic field. Magnetic gradient
at the moon’s upstream magnetopause generates the Chapman–Ferraro
(C–F) current (Chapman and Ferraro, 1940), which then via Ampére
law produces the C–F magnetic field that compresses the magneto-
sphere. As the upstream Jovian magnetic field varies half-synodically,
one also expects a periodic C–F magnetic field varying around the
subsurface ocean. If this is the case, and if the C–F field is significant
in amplitude relative to that of Jupiter’s magnetic field, then inductive
effects of the C–F field will be non-trivial and must be added to current
induction models. This will in turn generate a new response contour
plots for Ganymede’s subsurface ocean before arrival of the Jupiter Icy
Moons Explorer (Juice) arrived at Ganymede (Grasset et al., 2013).

The aim of this article is to establish the C–F magnetic field as
a non-trivial factor in subsurface ocean induction. For the first time,
the C–F field is modeled at Ganymede using a three-dimensional an-
alytical framework (Section 2). The field outputs are then analyzed
at Ganymede’s subsurface ocean (Section 3) and in the larger magne-
tosphere (Section 4). Finally, we compare amplitude of the C–F field
variation to that of the Jovian magnetic field and establish the non-
triviality of the former, and briefly discuss how the two fields’ inductive
contributions may be separated from Juice data (Section 5).

2. Three-dimensional Chapman–Ferraro magnetic field model

Fig. 1 shows multi-view schematic diagrams of Ganymede’s up-
stream magnetopause in a moon-centered Cartesian coordinate system
(GphiO) where X is parallel to Jovian plasma inflow, Y points from
Ganymede to Jupiter, and Z is parallel to Jupiter’s (and approximately
Ganymede’s) rotation axis. The central half-cylindrical section of the
magnetopause (purple) was first described in Kivelson et al. (1998)
and adapted to GphiO coordinates in Kaweeyanun et al. (2020) where
the parametrizations were fully detailed. The boundary was fitted to
Galileo spacecraft flyby measurements and contained a line of disconti-
nuity along Jupiter’s centrifugal equator plane (𝑍 = 0) due to presence
of modulus in the parametrizing equations.

Our model defines the central magnetopause as a net of square grid
elements dS’ at position 𝑹’ with 0.05 𝑅𝐺 resolution (where 𝑅𝐺 = 2634
km is the radius of Ganymede). Grid center points are located between
−14.975 𝑅𝐺 < 𝑌 < 14.975 𝑅𝐺 and −5.975 𝑅𝐺 < 𝑍 < 5.975 𝑅𝐺 in GphiO
coordinates, allowing the equator discontinuity to be hidden exactly
along grid edges. The ranges of Y and Z ensure that the magnetopause
2 
is always captured at full width, and that no high-latitude contribution
is omitted when the C–F magnetic field is later integrated.

As the half-cylindrical description of the magnetopause only extends
to 𝑋 ∼ 0.5 𝑅𝐺, it cannot sufficiently capture C–F currents in the mag-
netotail. To rectify this issue, the magnetopause is linearly extrapolated
in the flank regions (green in Fig. 1) at each latitude Z using final
gradients (in the X -Y plane) from the half-cylindrical section. Each
flank extension iterates 40 steps at 0.05 𝑅𝐺, which hides not only the
equator discontinuity, but also the discontinuities between central and
flank magnetopause sections.

This analytical magnetopause description assumes a smooth sur-
face with no transient interactions (e.g., magnetic reconnection). The
boundary is also fixed along the plasma inflow direction (GphiO-X),
but can twist along the Jupiter-directed axis (GphiO-Y) with changes
in upstream Jovian plasma sheet conditions, which are defined such
that
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(
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𝜆𝐼 𝐼 𝐼=248◦ (3)

where 𝜌𝐽 ,0, 𝑃𝐽 ,0, and 𝐵𝐽 ,0 are upstream plasma density, (combined
thermal and energetic) plasma pressure, and magnetic field strength.
𝐻 = 1.62

√

𝑙 𝑛2 𝑅𝐽 is the plasma sheet’s scale height (𝑅𝐽 = 69,911 km), and d
is Ganymede’s latitude inside the sheet defined by the Jovian System-III
east longitude 𝜆𝐼 𝐼 𝐼 such that in 𝑅𝐽

𝑑 =
(

15𝑅𝐽
)

𝑠𝑖𝑛(6.3◦)𝑠𝑖𝑛(𝜆𝐼 𝐼 𝐼 − 248◦) (4)

From Eq. (4), one obtains three key System-III east longitude values:
𝜆𝐼 𝐼 𝐼 = 248◦ (or equivalently 𝜆𝐼 𝐼 𝐼 = 68◦) when Ganymede is at the
plasma sheet’s equator, alongside 𝜆𝐼 𝐼 𝐼 = 158◦ and 𝜆𝐼 𝐼 𝐼 = 338◦ when
Ganymede is at highest and lowest latitudes inside the sheet respec-
tively. Conditions at the plasma sheet’s equator are defined in Eq. (1)–
(3) where

(

𝜌𝐽 ,0
)

𝜆𝐼 𝐼 𝐼=248◦ = 56 amu∕cm3,
(

𝑃𝐽 ,0
)

𝜆𝐼 𝐼 𝐼=248◦ = 3.8 nPa, and
(

𝐵𝐽 ,0
)

𝜆𝐼 𝐼 𝐼=248◦ = 70 nT. Further away from the equator, plasma density
and pressure decrease while magnetic field strength increases. These
parametrizations follow results from Jia et al. (2008) in Ganymede’s
rest frame which takes into account the moon’s (relatively slow) orbital
motion, therefore the relationship between d and 𝜆𝐼 𝐼 𝐼 is accurate.
The upstream Jovian magnetic field is assumed to have negligible
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along plasma inflow direction, and the other two components are
pproximated such that in nT (Kaweeyanun et al., 2020)

𝐵𝐽 ,0,𝑦=−84𝑠𝑖𝑛(𝜆𝐼 𝐼 𝐼−248◦) (5)

𝐽 ,0,𝑧=3𝑐 𝑜𝑠(𝜆𝐼 𝐼 𝐼−248◦)−79 (6)

The idealized Jovian field is thus restricted to clock angles
𝜃𝑐 𝑙 = 135◦–225◦ in the Y -Z plane at the magnetopause subflow point.

he model accounts for plasma and magnetic compression near the
oundary, total (plasma, magnetic, and dynamic) pressure and field
irection. Then, by computing total acting pressure on the boundary,
ocal Ganymede’s magnetic field can be calculated assuming cold
agnetospheric plasma. For full details, see Kaweeyanun et al. (2020).

Using the magnetopause surface established, one calculates the C–F
urrent at each grid element dS’ by Glassmeier et al. (2007b,a)

𝒋𝑪 𝑭 = − 1
𝜇0

[

(𝑩𝑮 − 𝑩𝑱 ) ×𝑵
]

(7)

where 𝑩𝑮 and 𝑩𝑱 are the adjacent Ganymede’s and Jupiter’s magnetic
ields, 𝑵 is the local magnetopause normal vector pointing toward
anymede from the magnetopause, and 𝜇0 = 4𝜋 × 10−7 H/m is the

permeability of free space.
A measurement point at position 𝑹 will experience the C–F mag-

etic field summed across the entire magnetopause. For this, we use
iot–Savart integration

𝑩𝑪 𝑭 =
𝜇0
4𝜋 ∬𝑆′

𝒋𝑪 𝑭 × (𝑹 −𝑹′)

|𝑹 −𝑹′
|

3
𝑑 𝑆′ (8)

Fig. 1 shows a measurement point at the topmost boundary of
Ganymede’s subsurface ocean, defined as a sphere of radius 𝑅𝑠𝑝 =
0.95 𝑅𝐺. This translates to a depth of ∼ 130 km beneath Ganymede’s
surface, consistent with an estimate based on the melting curve of pure
water (Kivelson et al., 2002). The sphere is discretized into a curvilinear
rid at 𝛥𝛬 = 1◦ latitude and 𝛥𝜙 = 2◦ longitude resolutions, the latter
f which increases eastward from the Jupiter-facing prime meridian.

Ganymede’s ionosphere and outer ice shell are assumed to have neg-
igible impacts on magnetic diffusion between the magnetopause and
he ocean sphere.

3. Chapman–Ferraro magnetic field seen by Ganymede’s subsur-
face ocean

Fig. 2 shows by column the C–F magnetic field on Ganymede’s top-
f-ocean sphere at three main Ganymede positions within the Jovian

plasma sheet. When the moon is at the sheet’s equator, its magne-
topause is symmetric north and south of Ganymede’s equator. When the
moon is highest or lowest inside the sheet, its magnetopause has max-
imum north–south asymmetry. The three positions together capture
a horizontal ‘oscillation’ of maximum C–F field amplitudes about the
subflow measurement point — defined at (𝛬, 𝜙) = (0◦,−90◦) collinear
long the GphiO 𝑋-axis to the magnetopause subflow point (Y = 0, Z
0).
When 𝜆𝐼 𝐼 𝐼 = 248◦, the C–F field measures 58.52 nT at the sub-

low measurement point. This is the maximum amplitude as the field
trength decreases monotonically away from this point. The field
eaches its minimum amplitude of 5.17 nT at points (±12.5◦, 90◦), both
f which are on the meridian furthest from the magnetopause. The C–
 field direction is strongly northward throughout the measurement
phere, enhancing Ganymede’s northward internal magnetic field.

Ganymede’s northern magnetopause tilts toward Jupiter when the
moon is above the plasma sheet’s equator and away when the moon is
below. Thus, the C–F magnetic field becomes stronger northwest and
southeast (southwest and northeast) of the subflow measurement point
when 𝜆𝐼 𝐼 𝐼 = 158◦ (𝜆𝐼 𝐼 𝐼 = 338◦). In these two maximum asymmetry
cases, the C–F field has identical peak amplitudes of 63.02 nT, but
peak locations are reflections across the subflow meridian: (4◦,−78◦)
or 𝜆 = 158◦ and (4◦,−102◦) for 𝜆 = 338◦. The field minimums
𝐼 𝐼 𝐼 𝐼 𝐼 𝐼

3 
meanwhile are 22.86 nT, reached at (45◦, 136◦) for 𝜆𝐼 𝐼 𝐼 = 158◦ and
(−45◦, 136◦) for 𝜆𝐼 𝐼 𝐼 = 338◦. The minimum amplitude is much higher
than that of the symmetric case because C–F current contributions
north and south of Ganymede’s equator do not cancel. The C–F field
maintains a northward direction and enhances Ganymede’s internal
magnetic field.

Non-uniformity of the C–F magnetic field means that subsurface
ocean excitation will depend on the point of measurement. Fig. 3 shows
volution of the C–F field strength over one Jovian synodic period, or
quivalently 0◦ ≤ 𝜆𝐼 𝐼 𝐼 ≤ 360◦. The field is recorded at 𝛥𝜆𝐼 𝐼 𝐼 = 2◦ inter-

vals at combination of latitudes 𝛬 = 0◦,±35◦,±55◦,±90◦ and longitudes
𝜙 = 0◦, 90◦, 180◦,−90◦ on the 0.95 𝑅𝐺 top-of-ocean sphere.

Consider first at Ganymede’s equator (𝛬 = 0◦, Fig. 3a), the C–F
field amplitudes vary at half-synodic period at all longitudes, with
minimums when Ganymede is |𝛥𝜆𝐼 𝐼 𝐼 | ∼ 20◦ from the Jovian plasma
sheet equator, and maximums when the moon is highest and lowest
inside the sheet. The minimums and the maximums correspond respec-
tively to maximums and minimums of Jovian pressure acting on the
magnetopause. The acting pressure is not at minimum when Ganymede
is at plasma sheet equator due to competing influences between Jovian
magnetic and plasma/dynamic pressures, which decrease and increase
with the moon’s distance from the sheet equator respectively. Local
fluctuations between C–F field minimum and maximum amplitudes
are attributed to the evolving magnetopause structure. Small troughs
uniquely seen at anti-subflow point (𝜙 = 90◦) at sheet-center longi-
tudes are likely products of idealized magnetopause description. The
ranges between minimum and maximum 𝐵𝐶 𝐹 values i.e., field vari-
ation extent, are 26.95 nT, 21.39 nT, 26.95 nT and 14.71 nT for
𝜙 = 0◦, 90◦, 180◦,−90◦ respectively. As expected, the field is strongest
at subflow measurement point, weakest at anti-subflow measurement
point (0◦, 90◦), with intermediate values at flank measurement points.

Next we move to Ganymede’s poles (𝛬 = ±90◦, Fig. 3f–3g) where
there is no longitude effect. The C–F field amplitudes here vary iden-
tically at north and south poles, exhibiting half-synodic periods with
local patterns identical to those at Ganymede’s equatorial subflow
point. The range of 𝐵𝐶 𝐹 variation is 17.60 nT.

At mid-lower latitudes (𝛬 = ±35◦, Fig. 3b–3c), the C–F field varia-
tions at subflow and anti-subflow measurement points are half-synodic
with same local patterns as those at Ganymede’s equator. The range
of 𝐵𝐶 𝐹 variation is 13.74 nT at higher-amplitude the subflow mea-
surement point and 20.08 nT at lower-amplitude anti-subflow point.
However, a new pattern emerges when the C–F field is measured at the
flanks (𝜙 = 0◦, 180◦). The variations here are synodic, each consisting
of two half-synodic ’half-periods’ when Ganymede is above and below
the Jovian plasma sheet equator. This is due to the magnetopause tilt.
Consider the northern sub-Jovian measurement point (𝛬 = 35◦, 𝜙 = 0◦).
It is closer to the magnetopause when Ganymede is northward of the
plasma sheet equator and further away when the moon is southward
of the equator. Hence, the C–F field when 𝜆𝐼 𝐼 𝐼 = 158◦ is stronger than
when 𝜆𝐼 𝐼 𝐼 = 338◦, because the former ’half-period maximum’ occurs
when the moon is closer to the magnetopause than the latter. Mean-
while, the southern sub-Jovian measurement point (𝛬 = 35◦, 𝜙 = 180◦)
exhibits a reflected pattern where ’half-period maximum’ is stronger

hen 𝜆𝐼 𝐼 𝐼 = 338◦, because it experiences the opposite magnetopause
ilt over the synodic period. Further reflections apply for southern flank
easurement points. The sub-Jovian southern point will experience

ariation identical to the anti-Jovian northern point and vice versa.
ithin each ’half-period’, variation follows the pattern described at

Ganymede’s equator, and the 𝐵𝐶 𝐹 range at each flank measurement
point is 32.55 nT.

Finally, mid-higher latitudes (𝛬 = ±55◦, Fig. 3e–3f) experience
variations similar to those at mid-lower latitudes, with half-synodic
variations along the subflow great circle and synodic variations at the
lanks. The ranges of 𝐵𝐶 𝐹 at mid-higher latitudes are 28.43 nT, 19.84

nT, 28.43 nT, 14.94 nT at 𝜙 = 0◦, 90◦, 180◦,−90◦ respectively.
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Fig. 2. The C–F magnetic field strength and direction experienced by the top-of-ocean sphere when Ganymede is at its highest (a–b), equatorial (c–d), and lowest (e–f) positions
in the Jovian plasma sheet. Top and bottom rows show upstream and downstream views of the sphere respectively. Magnetic field points in direction of the red arrows. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
It is arguable that half-synodic variations are merely product of
an idealized model, and in reality there exists no points at which
the magnetopause tilt effect is negligible. However, the C–F magnetic
field variation will be close to half-synodic along Ganymede’s equator
and its subflow great circle, and therefore the period should not be
discounted entirely. At other locations, however, one should expect the
C–F field to vary synodically with smaller discrepancies between the
two ‘half-periods’ than at sub-Jovian or anti-Jovian points.

The C–F magnetic field has so far been measured on the 𝑅𝑠𝑝 =
0.95 𝑅𝐺 top-of-ocean sphere. However, by adjusting the sphere’s radius,
the field can be measured at any depth inside Ganymede. This allows
the impact of uncertain subsurface ocean location to be evaluated.
Fig. 4 shows the C–F magnetic field strength measured at the subflow
measurement points across sphere radius range 𝑅𝑠𝑝 = 1.00–0.00 𝑅𝐺 at
0.05 𝑅𝐺 interval. Here 𝐵𝐶 𝐹 varies identically at northern and southern
latitudes as these points do not experience magnetopause asymmetry,
so only the former is shown.

The original measurement sphere radius is noted at 𝑅𝑠𝑝 = 0.95 𝑅𝐺.
An estimated boundary between Ganymede’s ice shell and silicate man-
tle i.e., deepest possible ocean depth, is also marked at 𝑅𝑠𝑝 = 0.70 𝑅𝐺.
The C–F magnetic field generally decreases in strength with decreasing
radius as the sphere shrinks away from the magnetopause. The only
exception is at the poles, where shrinkage brings the measurement
points closer to equator where the C–F field is stronger. The pattern is
the same whether Ganymede is at Jovian plasma sheet equator (Fig. 4a)
or at highest/lowest in-sheet latitudes (Fig. 4b). At viable ocean depths,
𝐵𝐶 𝐹 always remains above 35 nT at non-polar locations, suggesting that
a deeper ocean will not eliminate excitation from the C–F magnetic
field.

4. Chapman–Ferraro magnetic field in Ganymede’s magnetosphere

As Eq. (8) imposes no restriction on measurement point posi-
tion, our C–F magnetic field model can in fact be applied to all of
4 
Ganymede’s magnetosphere. Each subplot in Fig. 5 utilizes a mea-
surement plane defined between −2.0 𝑅𝐺 < 𝑋 < 2.0 𝑅𝐺 and −2.0
𝑅𝐺 < 𝑌 < 2.0 𝑅𝐺 with 0.05 𝑅𝐺 resolution. The plane can be fixed at a
constant 𝑍 = 𝑍0 latitude i.e., it represents a horizontal cross section of
Ganymede’s magnetosphere.

Fig. 5a–5c demonstrate the C–F magnetic field at Ganymede’s equa-
tor for the three main Ganymede positions within the Jovian plasma
sheet. At each Ganymede position, the equatorial magnetopause is
equidistant to the moon on sub-Jovian and anti-Jovian flanks, therefore
reduction of 𝐵𝐶 𝐹 from the boundary to Ganymede occurs at equal rate.
Comparison between Ganymede positions show slight moonward shift
of the magnetopause when the moon is highest/lowest in the plasma
sheet, increasing the C–F field strength in the upstream region.

In the northern magnetosphere (𝑍 > 0 𝑅𝐺), the magnetopause will
be closer to Ganymede on the sub-Jovian flank (𝑌 > 0 𝑅𝐺) and further
away on the anti-Jovian flank (𝑌 < 0 𝑅𝐺), resulting in stronger and
weaker C–F magnetic field respectively when Ganymede is northward
of the plasma sheet equator. If Ganymede is southward, then the
enhancement pattern will reverse. Further reflections apply in the
southern magnetosphere (𝑍 < 0 𝑅𝐺), where 𝐵𝐶 𝐹 will be stronger on
the anti-Jovian flank when Ganymede is northward of the plasma
sheet equator, and stronger on the sub-Jovian flank when the moon
is southward of the equator. These patterns become evident by com-
paring Fig. 5d and Fig. 5h. The two cross sections were at almost
exactly opposite magnetospheric latitudes Z0 when Ganymede is at
opposite latitudes in the Jovian plasma sheet. As the result, they exhibit
nearly identical C–F magnetic field inside the magnetosphere with
enhancement seen on the sub-Jovian flank.

Strength of the C–F field experienced at a point in Ganymede’s
magnetosphere is dictated primarily by its distance from the magne-
topause. In the closed field region (|𝑍| < 0.63 𝑅𝐺), the field amplitude
approaches 100 nT near the upstream boundary and decreases toward
the downstream. The magnetopause flanks meanwhile has 𝐵𝐶 𝐹 of order
∼ 30–50 nT, though it can be stronger if the tilted boundary is nearby,
and in the wake region the C–F field strength reduces to less than 10
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Fig. 3. The C–F magnetic field strength measured over one Jovian synodic period across combination of latitudes and longitudes on Ganymede’s top-of-ocean sphere. Each subplot
corresponds to a single latitude with all longitudes shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
nT. In the open field region (|𝑍| > 0.63 𝑅𝐺), the C–F field becomes
substantially weaker across the magnetosphere, which is expected as
the C–F current is much stronger in the closed-field region where
Jupiter’s and Ganymede’s magnetic fields are anti-parallel.

Another motivation for the magnetospheric C–F field study is model
evaluation. Fig. 5d–5i are in fact chosen for consistency with the Galileo
spacecraft’s six flybys of Ganymede — denoted G1, G2, G7, G8, G28,
5 
and G29 as red dots in the subplots. We identify the times when Galileo
was in the sub-Jovian flank at 𝑌 = 1.5 𝑅𝐺 (G2 and G7), the anti-Jovian
flank at 𝑌 = −1.5 𝑅𝐺 (G1 and G29), and the upstream magnetopause at
𝑌 = 0 𝑅𝐺 (G8 and G28), then obtain corresponding Z0 and 𝜆𝐼 𝐼 𝐼 values.

However, Galileo’s magnetic field data is a total of multi-source
contributions, from Ganymede’s permanent internal field to Jupiter’s
ambient magnetic field, to induced field of the subsurface ocean and
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Fig. 4. The C–F magnetic field strength as a function of depth inside Ganymede when the moon is at (a) equatorial and (b) highest/lowest positions inside the Jovian plasma sheet.
The estimated boundary between Ganymede’s ice shell and silicate mantle — upper limit to depth of subsurface ocean is denoted by the vertical dashed line. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. The C–F magnetic field strength across Ganymede-centered 4 𝑅𝐺 × 4𝑅𝐺 planes at (a–c) Ganymede’s equator for extreme Jovian System-III east longitudes and (d–f) 𝑍 = 𝑍0
RtG latitudes and System-III east longitudes matching the six Galileo flybys of Ganymede. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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fields of external currents surrounding the moon. An attempt has been
made to isolate magnetic field contribution of currents by subtracting
rom Galileo data numerical magnetohydrodynamic (MHD) model out-
uts containing all non-current fields (Olsen et al., 2010). The study

focuses in particular the G2 and the G28 flybys, with more detailed
results available for the latter. From Figure 7 in Olsen et al. (2010),
one obtains a currents’ field of (21, −10, 62) nT in GphiO coordinates
at 20 May 2000, 10:10 UT, when Galileo is approximately at location
n Fig. 5h. Our analytical C–F magnetic field here is (38, −23, 66)

nT. Because Galileo was very close to the upstream magnetopause in
the closed-field region, the C–F current was strongly dominant over all
other currents (magnetotail, Alfvén wing, etc.), so comparison between
the two magnetic fields is relatively like-to-like. The fields are similar
in their dominant Z-components, but the analytical model predicts
stronger X and Y components by a roughly a factor of two thus a ∼ 20%
stronger magnetic field strength (80 nT vs 66 nT).

If contributions of other currents were truly negligible, then dis-
crepancies between the two fields likely come down to model differ-
ences. The analytical model enforces a dependent relationship between
Ganymede’s and Jupiter’s magnetic fields to fix the magnetopause
location. In contrast, Ganymede’s and Jupiter’s fields are independent
in the numerical MHD model and the magnetopause position is derived
more realistically from pressure balance. Olsen et al. (2010), however,
eparated current and non-current magnetic fields using spacecraft tra-
ectories — a highly approximative method that can inaccurately divide
ontributions. These modeling differences, in addition to inputs used,
ffect comparison between the two models. Nevertheless, similarities

between their results suggest a measure of usefulness for our analytical
odel.

5. Discussion

For the first time, the Chapman–Ferraro (C–F) magnetic field is de-
scribed in three dimensions based on parametrizations of Ganymede’s
magnetopause and the upstream Jovian plasma sheet. The analytical
model is capable of tracking C–F field evolution and has been computed
at Ganymede’s conducting subsurface ocean, where magnetic induc-
tion is expected, and at cross sections of the moon’s magnetosphere,
predicting the C–F field’s impacts at global scale.

The amplitude of C–F field inside Ganymede’s magnetosphere is of
rder ∼ 101 nT. The magnetopause field is highly non-uniform and
aries periodically. At the subsurface ocean, the C–F field’s amplitude at
ovian synodic period (∼ 20–40 nT) is significant relative to that of the
ovian dipole field (84.3 nT), while at half-synodic period the C–F field
∼ 20–60 nT) is dominant over that of the Jovian quadrupole field (3.64

nT). The presence of Ganymede’s permanent magnetic field is therefore
f consequence to induction in the moon’s subsurface ocean.

Our analytical model results are comparable to those from numeri-
cal magnetohydrodynamic simulations that separate currents’ magnetic
field contribution from Galileo flybys (Olsen et al., 2010). General
ccuracy of the analytical model is important as its efficiency allows
eadily application, which is useful given scarcity of observational data
efore the Jupiter Icy Moons Explorer (Juice).

In addition to its enforced magnetopause location discussed in
ection 4, the analytical model has thus far assumed smooth periodic

variations of conditions in the Jovian plasma sheet. For a more realistic
depiction of the non-uniform sheet, random fluctuations can be simu-
lated through more complex condition functions or direct adjustments
to the condition arrays at the Jovian-side magnetopause, either by
andomization or empirical inputs once measurement data become

available. Fortunately, plasma sheet fluctuations typically occur over
imescales of weeks (Bagenal et al., 2016), so within a synodic period

variations of the upstream conditions should be close to idealized
dictated by Ganymede’s steady in-sheet trajectory. Our current analysis
is intended as a discussion starter, and the model can be adjusted to
meet future needs in a more case-specific basis.
7 
Inclusion of the C–F magnetic field into forward induction mod-
ls (e.g., Styczinski et al., 2022, 2023) is the next step along this

research avenue. The C–F field variations will combine with those
from the Jovian field at the same periods, resulting in new predictions
for the subsurface ocean’s inductive response and structure, both of
which will be verified upon arrival of Juice at Ganymede. Separating
contributions from the two non-uniform magnetic fields will be a com-
plex task especially from spacecraft measurement data. One possible
method is Principal Component Analysis (PCA), which reorganizes
magnetic time-series data into subspace defined by axes of maximum
variance (Cochrane et al., 2022). The procedure should amplify con-
tribution from the C–F field, which can then be distinguished once
compared to forward modeled inductive responses with and without
magnetopause excitation. Fully conducting this analysis, however, is
beyond the scope of this article.
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