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Abstract

Permanently magnetic Ganymede carves a distinct magnetosphere inside Jupiter’s larger magnetic domain, confined by ambient

Jovian plasma and magnetic field along the upstream magnetopause. As Ganymede traverses the Jovian plasma sheet, ambient

magnetoplasma conditions vary at half-synodic period (5.27 hr), leading to same-period oscillation in the Chapman-Ferraro

(C-F) magnetic field produced by the magnetopause. We assess the C-F magnetic field as a unique excitation source for

Ganymede’s subsurface ocean. The magnetopause field is shown to diffuse into but not through the ocean, causing magnetic

induction provided the liquid layer thickness is >˜30 km. Then using an analytical model, we calculate maximum variation of

the C-F field and estimate ˜1-10 nT inductive response from the ocean subjected to the magnetopause’s movement, a range

detectable by the JUpiter ICy moon Explorer (JUICE) spacecraft. Hence, Ganymede’s magnetopause may become a viable

tool for future induction-based study of the moon’s subsurface ocean.
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Key Points

• Ganymede’s upstream magnetopause produces the Chapman-Ferraro (C-
F) magnetic field, whose structure varies at Jovian half-synodic period.

• The C-F magnetic field will diffuse into but not through Ganymede’s sub-
surface ocean, inducing a secondary magnetic response.

• The ocean’s inductive response has general magnitude ~1–10 nT, which
should be measurable by the upcoming JUICE mission.

•

Abstract

Permanently magnetic Ganymede carves a distinct magnetosphere inside
Jupiter’s larger magnetic domain, confined by ambient Jovian plasma and
magnetic field along the upstream magnetopause. As Ganymede traverses the
Jovian plasma sheet, ambient magnetoplasma conditions vary at half-synodic
period (5.27 hr), leading to same-period oscillation in the Chapman-Ferraro
(C-F) magnetic field produced by the magnetopause. We assess the C-F
magnetic field as a unique excitation source for Ganymede’s subsurface ocean.
The magnetopause field is shown to diffuse into but not through the ocean,
causing magnetic induction provided the liquid layer thickness is > ~30 km.
Then using an analytical model, we calculate maximum variation of the C-F
field and estimate ~1–10 nT inductive response from the ocean subjected to
the magnetopause’s movement, a range detectable by the JUpiter ICy moon
Explorer (JUICE) spacecraft. Hence, Ganymede’s magnetopause may become
a viable tool for future induction-based study of the moon’s subsurface ocean.

Plain Language Summary

Ganymede is the only Solar System moon to produce its own magnetic field.
The moon hence carves out a magnetic bubble inside Jupiter’s much larger
one. This bubble is asymmetrical, compressed on one side by inflowing Jo-
vian plasma like a rock in water. Upstream boundary between Ganymede’s
and Jupiter’s magnetic fields is called the magnetopause, which also produces
a magnetic field that varies at 5.27 hr period (Jovian half-synodic). Saltwater
ocean inside Ganymede will experience this variation, and in response generate
a magnetic field whose signal should be detectable by the JUpiter ICy moon
Explorer (JUICE) spacecraft, which will orbit Ganymede in the 2030’s. Under-
standing this ocean-magnetopause interaction can provide an additional tool
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for determining the ocean’s depth and conductivity, furthering our knowledge
of the structure that may harbour and host life on this unique Solar System
moon.

Key Words

Ganymede, subsurface ocean, magnetopause, magnetic induction, analytical
modelling

1. Introduction

Born with a molten iron core, Ganymede is the only permanently magnetic So-
lar System satellite (Anderson et al., 1996; 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, which affords the moon a
distinct magnetosphere (Kivelson et al., 1997; Kivelson et al., 1998; Kivelson
et al., 2002). Surrounded by heavy ion plasma at all times, magnetofluid mo-
tions inside Ganymede’s magnetosphere follow a Dungey-like convection cycle,
driven by frequent and dominant magnetic reconnection on the upstream mag-
netopause (Collinson et al., 2018; Kaweeyanun et al., 2020; Kaweeyanun et al.,
2021).

Fundamental analytical assessment reveals that average reconnection rate,
which is most sensitive to ambient Jovian magnetoplasma conditions near the
magnetopause, varies with Ganymede’s latitude inside Jupiter’s plasma sheet
(Kaweeyanun et al., 2020). As the moon travels through the sheet twice per one
Jovian rotation (10.53 hr), ambient conditions oscillate at Jovian half-synodic
period (5.27 hr). As the result, the Chapman-Ferraro (C-F) currents produced
by the magnetopause should also oscillate at the same period.

These currents, through their associated C-F magnetic field, confines
Ganymede’s magnetosphere by removing and enhancing the internal
Ganymedean field outside and inside the magnetopause respectively, re-
sulting in upstream compression of the magnetic domain (Chapman & Ferraro,
1940). A half-synodic variable compression of the moon’s magnetospheric field
is significant given that Ganymede likely contains a conducting subsurface
ocean, whose inductive responses introduce transience to the moon’s internal
field (Kivelson et al., 2002).

Since the initial proposal for the ocean’s existence, its magnetic induction po-
tential has been studied in response to Jupiter’s synodic rotation period (10.53
hr) and Ganymede’s orbital period (171.57 hr) (Seufert et al., 2011). Excita-
tion effects from these two sources have been evaluated through a three-layer,
finite-conductivity Ganymede model (Vance et al., 2021), yielding sets of iso-
lines where the ocean’s inductive responses are computed as functions its depth
and conductivity.

Both synodic and orbital excitations arise solely from Jupiter’s magnetic field
variation. In contrast, half-synodic C-F magnetic excitation uniquely relies on
existence of the upstream magnetopause and therefore Ganymede’s permanent
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magnetism. This magnetopause excitation is distinct from half-synodic second
harmonic of Jupiter’s rotation, which has also been considered as an additional
source for ocean excitation (Vance et al., 2021). Identification of magnetopause
excitation will introduce a potential new signal for inductive ocean probing,
whose measurement is central to objectives of the upcoming JUpiter ICy moon
Explorer (JUICE) mission (e.g., Grasset et al., 2013).

In this paper, we seek to establish excitation capacity of the C-F magnetic field
first by characterising its diffusion into Ganymede’s interior, then by modelling
its maximum variation and estimating the ocean’s magnetic response. Our
analytical method allows an efficient and effective assessment under realistic
boundary conditions. However, without a direct numerical simulation, genera-
tion of depth-conductivity isolines from magnetopause excitation is beyond the
scope of this paper and a future avenue of research.

1. Diffusion of Chapman-Ferraro magnetic field

Figure 1 illustrates inward diffusion of the C-F magnetic field toward
Ganymede’s interior. The magnetopause field must first penetrate through
the conducting ionosphere (Eviatar, Vasyliūnas et al., 2001) in order to reach
the subsurface ocean, assuming the outer ice shell is electrically insulated.
Then, since the secondary induced field opposes the excitation field and halts
diffusion, the C-F signal must not penetrate through the ocean for induction
effects to be significant.

Each of Ganymede’s ionosphere and subsurface ocean is assumed to be a station-
ary fluid shell of thickness L with finite constant conductivity 𝜎. In this case,
diffusion depth and time of the C-F magnetic field follow (Saur et al., 2010)

𝛿diff = √ 2
𝜎𝜇0𝜔 #(1)

𝑇diff = 𝜎𝜇0𝐿2#(2)

where 𝛿diff and Tdiff are characteristic depth and time scales, 𝜇0 = 4𝜋 × 10−7

H/m is the permeability of free space, and 𝜔 = 2𝜋
𝑇 is the angular frequency

of Jovian half-synodic C-F magnetic field variation (𝑇 = 5.27 hr). Eq. 1 as-
serts greater penetrative power for longer-period excitation field, and diffusion
depth expectedly approaches zero as fluid conductivity approaches infinity. For
contextualised analysis, diffusion depth and time are normalized with respect
to shell thickness and excitation period respectively. Effective penetration will
occur if diffusion depth exceeds shell thickness and diffusion time stays below
excitation period, or in logarithmic terms

log ( 𝛿diff
𝐿 ) > 0#(3)
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log ( 𝑇diff
𝑇 ) < 0#(4)

We first compute normalised diffusion depths and times for Ganymede’s iono-
sphere, with shell thickness and conductivity considered as independent vari-
ables. Thickness of the ionosphere is currently not well constrained. As the
result, an upper limit value of 400 km is chosen, even though a realistic value
may be <50 km, to limit possibility of false positive penetration. The thickness
variable range is thus defined between 𝐿 = 0−400 km with 1 km resolution. The
ionospheric conductivity is also highly uncertain. Galileo magnetometer mea-
surements yielded height-integrated conductivity of 𝜎ℎ = 𝜎𝐿 = 2 S (Kivelson et
al., 2004), while particle observations offered a much higher value of 𝜎ℎ = 100
S (Eviatar, Vasyliūnas, et al., 2001). Since only two data points are available,
we consider each conductivity value as a distinct case.

Figure 2 shows logarithms of normalised diffusion depths and times of the C-F
magnetic field in Ganymede’s ionosphere. Diffusion length (time) expectedly de-
creases (increases) with increasing both ionospheric thickness and conductivity,
indicating less successful penetration. However, even for the thickest and most
conducting ionosphere, normalised diffusion depth (time) always remains above
(below) 1 by at least one order of magnitude – comfortably satisfying Eq. 3–
4. Hence, the C-F magnetic field will traverse through Ganymede’s ionosphere
with ease.

Next, we define viable ranges for thickness and conductivity of Ganymede’s
subsurface ocean. Like the ionosphere, large uncertainty remains regarding
thickness of the liquid layer, which is either sandwiched thinly between two thick
ice shells, or completely extended from the outer ice shell down to the silicate
mantle (Kivelson et al., 2002). The ocean may be as thick as 700 km based
on Galileo observations (Schubert et al., 1996; Stevenson, 1996; McKinnon,
1997), therefore this value is chosen as the upper limit of our thickness range
(𝐿 = 0 − 700 km, 1 km resolution). The ocean conductivity, meanwhile, is not
accessible without further in-situ observations. Hence, following the procedure
in Kivelson et al., (2002), the Ganymedean ocean is assumed conductivity of
Earth’s i.e., 𝜎 = 3−6 S/m at 0.01 S/m resolution (Zheng et al., 2018). Note that
these values are not height-integrated conductivities, and their high resolution
reflect detailed sampling of the Earth’s ocean rather than present knowledge of
Ganymede’s saltwater.

Consequently, Figure 3 displays logarithms of normalised diffusion depths and
times of the C-F magnetic field in Ganymede’s subsurface ocean. The diffusion
parameters are shown as colour contours of ocean thickness and conductivity,
with the white regions indicating where normalised diffusion depths (times) are
above (below) 1. Minimum thickness for non-penetration and untimely diffu-
sions are 30−40 km and 60−70 km respectively, differing because the diffusion
parameters are computed separately. Here we take the lower threshold as the
effective barrier to penetration. A more conducting ocean will reduce diffusive
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ability of the C-F magnetic field, although the difference is not as significant as
increasing ocean thickness.

Since Ganymede’s subsurface ocean thickness is uncertain, it cannot be said
definitely whether magnetopause-excited induction will occur. However, ocean
thickness of 30 − 40 km is highly possible given the scale of Ganymede’s cross
section, and a slightly thinner liquid layer would still result in significant at-
tenuation of the C-F magnetic field. Therefore, on balance of probability, non-
negligible inductive response should be expected at Jovian half-synodic period.
In the next section, we seek to estimate the magnitude of this response, start-
ing from analytical modelling of the C-F magnetic field and then estimating its
maximum variation.

1. Estimation of subsurface ocean’s inductive response through an-
alytical modelling of the C-F magnetic field

To capture the C-F magnetic field, magnetopause current densities for
Ganymede can be computed following (Glassmeier, Grosser et al., 2007;
Glassmeier, Auster et al., 2007)

jCF = − 1
𝜇0

(�B × N) #(5)

where jCF is per-length current density vector, �B =BJ−BG is cross-boundary
difference between Jovian and Ganymedean magnetic vectors, and N is
upstream-ward local magnetopause unit normal vector. The C-F current then
follows

𝐼CF = ∫ jCF • 𝑑l ∼ 𝑗CF𝜋𝑅MP#(6)

where dl is a line element along an arbitrarily chosen path. Following Glassmeier,
Grosser et al., (2007), we estimate the C-F current path as a semi-circular arc
with a constant representative current density magnitude (jCF) calculated at the
subflow point, where the magnetopause standoff distance (RMP) is measured.
The associated C-F magnetic field is then parallel/antiparallel to Ganymede’s
rotation axis with magnitude

𝐵CF = 𝜇0𝐼CF
2𝜋 𝐶 (𝑅MP, 𝑟) #(7)

which is effectively Ampère’s law with an inverse distance function

𝐶 (𝑅MP, 𝑟) = 1
𝑅MP+𝑟 [𝐾 ( 𝑟

𝑅MP
) + ( 𝑅MP+𝑟

𝑅MP−𝑟 ) 𝐸 ( 𝑟
𝑅MP

)] #(8)

where r is the radial distance from Ganymede’s centre at which the C-F magnetic
field is measured. 𝐾 ( 𝑟

𝑅MP
) and 𝐸 ( 𝑟

𝑅MP
) are complete elliptic integrals of

first and second kinds respectively. The C-F magnetic field strength in Eq. 7
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decreases with distance from the magnetopause current sheet i.e., 𝑟 → 0, but
problematically approaches infinity as 𝑟 → 𝑅MP which is not the case in reality.
The asymptotic fault arises from the ‘thin-wire’ assumption used to approximate
the magnetopause current. Since C(RMP, r) only spikes once r is considerably
close to RMP, Eq. 7 is applicable if the C-F magnetic field is measured at
sufficient distance from the boundary e.g., Ganymede’s surface.

In this paper, Ganymede’s magnetopause is parametrised following Kaweeya-
nun et al., (2020, 2021), whose equations are modified from original cylindri-
cal description (Kivelson et al., 1998) for fixed Ganymede-centred 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 approxi-
mately Ganymede’s) rotation axis. The analytical model takes as inputs steady-
state ambient Jovian magnetoplasma parameters, whose values are dictated by
Jupiter’s System III east longitude (𝜆III) following

𝜌𝐽,0 = (𝜌𝐽,0)𝜆III=248∘ exp ( −𝑑
𝐻 )2 #(9)

𝑃𝐽,0 = (𝑃𝐽,0)𝜆III=248∘ exp ( −𝑑
𝐻 )2 #(10)

𝐵𝐽,0 = |35 sin (𝜆III − 248∘)| + (𝐵𝐽,0)𝜆III=248∘ #(11)

where 𝜌𝐽,0 (amu/cm3), PJ,0 (nPa), and BJ,0 (nT) are ambient Jovian plasma
mass density, plasma (thermal and energetic combined) pressure, and mag-
netic field strength. Plasma density and pressure decrease, while magnetic field
strength increases, with Ganymede’s distance from centre of the Jovian plasma
sheet (𝜆III = 248∘ in Eq. 9-12, but also 𝜆III = 68∘) expressed by

𝑑 = (15 𝑅𝐽) sin (6.3∘) sin (𝜆III − 248∘)#(12)

and 𝐻 = 1.62√
𝑙𝑛2 is chosen as the plasma sheet’s scale height. The ambient Jovian

magnetic field is assumed to have negligible inflow-aligned X component, and
its Y-Z components (in nT) are distributed by (Jia et al., 2008; Kaweeyanun et
al., 2020)

𝐵𝐽,0,𝑦 = −84 sin (𝜆III − 248∘) #(13)

𝐵𝐽,0,𝑧 = 3 cos (𝜆III − 248∘) − 79#(14)

resulting in a field that deviates maximally ≈ 45∘ from the negative Z-axis when
Ganymede is at its highest (𝜆III = 158∘) and lowest (𝜆III = 338∘) latitude in
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the Jovian plasma sheet. Compressions of ambient Jovian plasma and magnetic
field vectors near the magnetopause are described in Kaweeyanun et al., (2020)
with preservation of the ambient field direction. By fixing the magnetopause
location, and conserving total Jovian (plasma, magnetic, and dynamic ram)
pressure before and after near-boundary compression, Ganymede’s magnetic
field strength and direction inside the boundary can then be estimated assuming
negligible pressure from cold Ganymedean plasmas (Kaweeyanun et al., 2020).

Using the descriptions above, cross-magnetopause magnetic field vector differ-
ence can be calculated at the subflow point, leading to the C-F magnetic field
through Eq. 5–7. We set a fixed initial standoff distance 𝑅MP = 1.65 RG and
a measurement point 𝑟 = 1.0 RG on Ganymede’s equatorial surface. Figure 4
shows variation of the C-F magnetic field as function of the Jovian System III
east longitude, which is defined between 0∘ − 360∘ at 1∘ resolution – correspond-
ing to one Jovian synodic period. Two oscillation periods are seen in the figure,
indicating half-synodic oscillation of the C-F field consistent with expectation.
Notably, the magnetopause field strength rapidly increases as Ganymede de-
parts from the plasma sheet’s centre (𝜆III = 68∘, 248∘), before declining beyond
|Δ𝜆III| < ∼ 20∘ on either side of the central longitudes.

Non-monotony of the C-F magnetic field with respect to Ganymede’s latitude
in the plasma sheet arises due to similar variation in the Ganymedean mag-
netic field, which in this analytical model depends on the effective acting pres-
sure – i.e., sum of plasma, magnetic, and boundary-orthogonal dynamic pres-
sure – on the magnetopause. When Ganymede leaves the plasma sheet’s centre
(𝜆III = 68∘, 248∘), the Jovian magnetic pressure increases as BJ,0 departs from
local minima, but the other two pressures decrease due to reducing plasma mass
density. Competition between these two trends manifest in the acting pressure,
where magnetic pressure is dominant within |Δ𝜆III| <∼ 20∘ the central longi-
tudes and combined plasma-dynamic pressure is dominant elsewhere.

In Figure 4, maximum change in the C-F magnetic field strength is Δ𝐵CF =
−18.6 nT between 𝜆III = 268∘ and 𝜆III = 334∘. Field values at two different
longitudes can be directly subtracted as the C-F magnetic field is purely in Z-
component of GphiO coordinates (0, 0, BCF). Importantly, the magnetopause is
fixed at standoff distance 𝑅MP = 1.65 RG during the maximum transition. This
may not reflect reality where the boundary’s movement is unclear, complicated
by mixed influences of Jovian acting pressure and topology-changing interactions
like magnetic reconnection (Kaweeyanun et al., 2020). Magnetopause motion
impacts the standoff distance, which affect adjacent Jovian and/or Ganymedean
magnetic fields and in turn the C-F field generated.

To evaluate effects of magnetopause movement, we again consider the maximum
transition between 𝜆III = 268∘ and 𝜆III = 334∘. However, magnetopause standoff
distance is allowed to vary between 𝑅MP = 1.35−1.95 RG at 0.001 RG resolution,
which is approximately ±18% of the central 𝑅MP = 1.65 RG derived from
parameters in Kivelson et al., (1998). This range is not only significant, but also
covers a discrepancy between the analytical model and numerical simulations,
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in which Ganymede’s standoff distance may extend as far as 𝑅MP ∼ 2 RG
(Jia et al., 2008; Jia et al., 2009; Olsen et al., 2010). Changing the analytical
model’s standoff distance slightly alters the magnetopause’s curvature, but this
does not impact our results since representative C-F current density is taken at
the subflow point.

Figure 5 shows the C-F magnetic field variation at Ganymede’s surface between
𝜆III = 268∘ and 𝜆III = 334∘, accounting for potential magnetopause movements
during the transition. Positive (negative) Δ𝑅MP indicates outward (inward)
motion from 𝑅MP = 1.65 RG. Outward boundary movement weakens the C-F
magnetic field at Ganymede’s surface and Δ𝐵CF trends negatively. Conversely,
inward movement increases the C-F field strength and Δ𝐵CF trends positively.
The y-intercept is Δ𝐵CF = −18.6 nT consistent with Figure 4. Meanwhile, the
x-intercept is Δ𝑅MP = −0.14 RG, indicating that a slight inward magnetopause
movement is required to negate change in the C-F magnetic field for this specific
Ganymedean transition.

Given the precise values required, magnetopause motions cannot plausibly op-
pose C-F field variations exactly at all times, therefore excitation of Ganymede’s
subsurface ocean will occur. Magnitudes of Δ𝐵CF in Figure 5 are upper limits of
this excitation, from which we can estimate viable magnitudes of the inductive
response. Take as example the y-intercept Δ𝐵CF = −18.6 nT. If the subsur-
face ocean is infinitely conducting, its inductive response will be dipolar with
approximately half the exciting field’s magnitude at Ganymede’s surface (Saur
et al., 2010), or 𝐵∞

ind ∼ 9.3 nT. Realistically, a finitely conducting ocean’s re-
sponse will be slightly smaller with the fractional difference of 0.84 (Kivelson et
al., 2002), therefore 𝐵ind ∼ 7.8 nT. Depending on to-be-constrained boundary
movement, the oceanic response to magnetopause excitation is estimated to be
of general order 𝐵ind ∼ 1 − 10 nT at Ganymede’s surface.

1. Discussion

Over the last two sections, we demonstrate that half-synodic variation of the
C-F magnetic field will diffuse into Ganymede’s subsurface ocean and produce
an inductive response from the liquid layer. A signal of 𝐵ind ∼ 1 − 10 nT
magnitude should be visible to the magnetometer on the JUICE spacecraft,
which will orbit Ganymede over extended periods in the 2030’s (Grasset et al.,
2013). Hence, the prediction of magnetopause excitation in this study should
be confirmable by future in-situ observations.

Previously, magnetic contributions from Ganymede’s current system have been
studied under numerical magnetohydrodynamic simulations. Olsen et al., (2010)
estimated current-associated magnetic field strength of ∼ 50 nT at the magne-
topause, based on conditions during the Galileo’s G28 upstream flyby of the
moon. Even though the flyby occurred significantly above and away from the
moon’s surface equator, the discrepancy to Figure 4 estimate of (∼ 440 nT) is
significant. The difference is partly attributed to the analytical model’s closer
magnetopause standoff distance (1.65 RG vs. ∼ 2 RG), and partly due to the
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equatorial ring imperfect capture of the magnetopause currents. It must be
noted that average C-F magnetic field at Ganymede’s surface is ∼ 60% of the
moon’s dipole moment (719 nT per Kivelson et al., 2002), which is roughly the
same as results from similar-sized Mercury (58% per Grosser et al., 2004; Saur
et al., 2010).

Improving constraint on Ganymede’s magnetopause shape and movements, ei-
ther through numerical simulations or early sample of JUICE’s upcoming fly-
bys/orbits, will narrow the expected range of the inductive response and offer
potential insights its shape. This should allow magnetopause induction to be
extracted from JUICE’s future data and separated from responses to other ex-
citations that may share similar periods (e.g., second harmonic of Jupiter’s
rotation).

In the meantime, the C-F magnetic field must be developed into a useful signal
for probing Ganymede’s subsurface ocean. The process will require computation
of the magnetopause field’s depth-conductivity response isolines, likely involving
an induction numerical scheme (e.g., Vance et al., 2021) that includes three-
dimensional characterisation of the C-F magnetic field. Once this is achieved,
the magnetopause will be integrated into magnetic sounding of Ganymede’s
subsurface ocean, solidifying an important link that has been discovered in our
analysis.

1. Conclusion

When Galileo made its flybys of Ganymede, the spacecraft discovered not only
evidence of the moon’s permanent internal magnetic field, but also support for
existence of a subsurface ocean (Kivelson et al., 1996; Kivelson et al., 2002).
Inductive response from the ocean has been studied at Jovian synodic (10.53
hr) and Ganymedean orbital (171.57 hr) periods, both in relation to Jupiter’s
magnetic field variation (Vance et al., 2021). In this paper, we predict that
the Chapman-Ferraro (C-F) magnetic field, produced by Ganymede’s unique
upstream magnetopause and varying at Jovian half-synodic period (5.27 hr), is
also a viable source of excitation for the subsurface ocean.

Computation of normalised diffusion depths and times show that the C-F mag-
netic field will comfortably penetrate Ganymede’s conducting ionosphere, before
being stopped in the ocean provided the liquid layer exceeds 30−40 km in thick-
ness, which is likely given current knowledge of Ganymede’s interior. We model
the C-F magnetic field using an equatorial current arc approximation (Glass-
meier, Grosser et al., 2007; Glassmeier, Auster et al., 2007) and show that at
maximum variation, the magnetopause will induce response of general magni-
tude ∼ 1 − 10 nT from the subsurface ocean, which should be detectable by the
upcoming JUICE spacecraft.

These findings establish the magnetopause as a potential tool for induction
probing of the subsurface ocean, whose understanding remains limited despite
its importance to JUICE’s objectives. Although further research development is
necessary for more precise and applicable predictions, magnetopause-produced
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magnetic induction at Ganymede is a signal worthy of investigation in the im-
mediate future.
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Figure 1: Schematic diagram for diffusion of half-synodic Chapman-Ferraro
(C-F) magnetic field from Ganymede’s magnetopause through its conducting
ionosphere, and later into its subsurface ocean.
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Figure 2: Normalised diffusion depth (a) and time (b) of the C-F magnetic field
through Ganymede’s ionosphere of varying thicknesses for low (red) and high
(blue) height-integrated ionospheric conductivities.
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Figure 3: Normalised diffusion depth (a) and time (b) as contour plots with
respect to Ganymede’s subsurface ocean thickness and conductivity. In the
white region, complete diffusive penetration occurs. Ocean thickness is displayed
only up to 100 km for clarity of subplots.
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Figure 4: The C-F magnetic field magnitude at Ganymede’s equatorial surface,
estimated from magnetopause current at the subflow point, with respect to
System-III Jovian east longitude over one Jovian synodic period. Maximum and
minimum BCF are found at 𝜆III = 268∘ and 𝜆III = 339∘ respectively (maroon
dots).
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Figure 5: Change in C-F magnetic field strength as function of magnetopause
location for ‘maximum transition’ 𝜆III = 268∘ to 𝜆III = 334∘, relative to central
𝐵𝐶𝐹,𝑚𝑎𝑥 = 449 nT at 𝑅MP = 1.65 RG. Positive (negative) �𝑅MP corresponds
to outward (inward) boundary movement. X and Y intercepts of the curve is
marked in green and red respectively.
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