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Abstract

We review the key observations and theories relevant to the internal structure and dynam-
ics of the Galilean satellites. Key observations include: the bulk densities and degree-two
gravity coefficients of the moons; the presence of conductive subsurface layers, as inferred
from magnetic induction; and the surface compositions. All the moons, with the possible
exception of Callisto, appear to be differentiated (denser components have separated from
lighter components). Ganymede and Io have iron cores; Europa may have one. The outer
three moons all likely possess subsurface oceans; for Europa the ocean overlies rock, while
for the other two it overlies higher-pressure ice phases. lo is partially molten but does not
possess a shallow magma ocean. Tidal heating is the dominant energy source at Europa and
Io, and may have affected Ganymede’s long-term evolution. The dynamics of the subsurface
oceans are of considerable theoretical interest but are only weakly tied to current or likely
future observations. We identify seven outstanding questions regarding internal structures,
some of which will be answered by the forthcoming JUICE, Europa Clipper and Tianwen-4
missions.

Keywords Satellites - Interiors - Differentiation - Tidal response - Magnetic fields

1 Introduction

Despite intensive investigation by the Voyager and Galileo spacecraft, the Galilean moons
are still only partially understood. Their present-day structures and dynamics — the focus of
this article — are not fully characterized, which means in turn that their origin and evolution
(discussed in Nimmo et al. 2026) are shrouded in uncertainty. As summarized in Schubert
et al. (2004), their bulk structure, differentiation state and the presence or absence of oceans
are at least partly known, but first-order questions, such as whether Callisto is differentiated,
remain. More general summaries of our knowledge of Ganymede and Europa may be found
in Volwerk et al. (2025) and Pappalardo et al. (2009), respectively.

The aim of this article is threefold: to summarize our existing state of knowledge (Sects. 2
& 3); to identify key questions that forthcoming measurements by the JUICE, Europa Clip-
per and Tianwen-4 missions will enable (Sects. 4-6); and to identify longer-term questions
which will require future missions to answer (Sect. 7).
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Fig. 1 Current knowledge of internal structures. Satellites and layers are at the correct relative scales. For
more details see Sects. 2.3-2.6

2 Current Understanding of Internal Structures

Here we summarize our existing knowledge of internal structures, based on current obser-
vation and theory; Fig. 1 provides a graphical depiction. An excellent summary that covers
much of the same ground may be found in Schubert et al. (2004). Forthcoming measure-
ments that have not yet been performed are discussed in Sect. 4 below.

2.1 Existing Observations

The observations listed below are derived mainly from the Galileo mission, though some
more recent data acquired by Juno are also relevant.

Gravity The Doppler shift of signals transmitted by the spacecraft during a flyby are used to
calculate its line-of-sight acceleration. With a sufficiently good understanding of the space-
craft trajectory, the measured acceleration can be converted into an estimate of the mass and
higher-order gravity moments of the body in question. The spherical harmonic degree [ to
which the gravity can be expanded depends on the number and geometry of the flybys. For
most Galilean satellites, only the [ = 2 gravity coefficients are currently known. These can
be used to make inferences about differentiation state of the satellites and their moments of
inertia (Mol) (see below). However, in order for the Mol to be determined from the [ =2
field and to be interpreted correctly, the satellite must be in hydrostatic equilibrium, that is,
responding like a fluid. To test whether it is in hydrostatic equilibrium, both the polar (J)
and the equatorial (Cy) gravity moments need to be measured. A ratio of J,/Cs = 10/3
indicates hydrostatic equilibrium (neglecting small corrections for rapid rotation; Tricarico
2014). However, if only one moment is measured then hydrostaticity has to be assumed and
so the derived Mol may not be correct (see Sect. 4.1). This situation is particularly important
for Callisto.

Satellites experience time-varying tides. The gravity response of the satellite to these
tides is quantified by the dimensionless tidal Love number k,, which provides information
on its density structure and rheologic profile (Sect. 4.2). So far, k, has only been measured
for Io (Park et al. 2025a), where the tidal deformation is expected to be largest.
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Table 1 Relevant satellite parameters. Square brackets indicate that hydrostatic equilibrium (J, = 10/3C5),)
was assumed in determining J> and Cpy. All Mol values are based on the assumption of hydrostatic equi-
librium. The uncertainty in density is typically dominated by the uncertainty in mean radius. References:
1= Schubert et al. (2004) 2= Park et al. (2025a) 3= Nimmo et al. (2007) 4= Casajus et al. (2021) 5= Gomez
Casajus et al. (2022)

Body Bulk density kg m~3 Mean radius km J (1079) Co (107%) Mol Notes
Io 3527.54+2.9 1821.6+0.5 1834.6£1.5 549.6+0.3  0.3782+0.0002 1,2
Europa 3013£1.7 1560.8+0.3 437.6£77.5 138.62+2.44 0.3547+0.0024 34
Ganymede 1942+4.8 2631.2+1.7 133.0+£6.8  39.56+1.73 0.316140.004 1.5
Callisto 1834434 2410.3x1.5 [32.7£0.8] 10.2+0.3 [0.345940.0042] 1

Shape and Topography The mean radius, long-wavelength shape and short-wavelength to-
pography of an object can all be determined from images. The long-wavelength shape is
determined from limb profiles (e.g. Thomas et al. 1998) or based on a control point network
(e.g. Davies et al. 1998); short wavelength topography is based mainly on stereogrammetry
or photoclinometry (e.g. Schenk et al. 2024), but suitable Galileo imaging coverage was
very sparse. Just as they exhibit time-variable gravity in response to tides, so satellites will
exhibit time-variable deformation as described by the /4, Love number. So far, this has not
been measured.

Bulk Density Given the mass and shape, the bulk density can be derived (Table 1). In the
case of the Galilean satellites, the result is a monotonic decrease in density with increasing
semi-major axis. This is interpreted as a monotonic increase in the ice:rock ratio, which may
place constraints on how and where the different bodies formed (see Nimmo et al. 2026).

Magnetic Fields and Induction One use of magnetic field measurements is to look for a per-
manent field (as at Ganymede), indicative of either an active dynamo or strongly magnetized
rocks.

Another use is to look for time-varying fields, that is an induction signal. Because
Jupiter’s magnetic dipole is tilted relative to its rotation axis, the strong magnetic field
sweeps past the satellites each Jupiter rotation. The satellites thus experience a changing
magnetic field. If the satellites contain a strong electrical conductor, the induced current
will generate a secondary magnetic field, opposing the original field and also time-varying.
This time-varying induced field can be characterized by spacecraft flybys and provides con-
straints on the internal conductivity structure of the moon, such as whether an ocean is
present (e.g. Khurana et al. 2002).

Astrometry Measurements of the orbital migration of a moon, using spacecraft and ground-
based observations, can in some circumstances be used to make inferences about its interior
structure. This is because the rate at which a satellite drifts inwards and damps its eccen-
tricity depends on the rate of tidal dissipation inside the body, which depends on its internal
structure (Sect. 2.2).

Composition Spectroscopy can provide information on the surface composition of these
bodies and at least some hints as to their internal make-up (e.g. Carlson et al. 2009). The
moons except lo exhibit surfaces of water ice plus non-ice component(s) of uncertain origin.
A complication with interpreting the surface composition is that it may have been polluted
(e.g. by compounds from Io) and/or processed (e.g. by energetic particle bombardment).
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As a result, detailed information on the composition of the satellite interiors is lacking.
Although normally assumed to be an ice-rock-metal mixture, it is possible that carbon com-
pounds are also present in significant quantities (Reynard and Sotin 2023), in which case
the conventional pictures of internal structure will be incorrect. Even in the absence of car-
bon, the silicates might include clays (Mousis et al. 2023), which would make inference of
rock:ice ratios more complicated.

Microwave Radiometry Microwave radiometry is a passive technique whereby the spectral
radiance of a body (expressed as a brightness temperature) is measured. Since different fre-
quencies probe to different target depths, a physical temperature gradient will give rise to
different brightness temperatures at different frequencies. Thus in principle the temperature
gradient (and hence the heat flux) can be measured. However, the penetration depth is sen-
sitive to impurities (such as salts), and the spectral radiance will also depend on the degree
of scattering in the target. At the Jupiter system, external sources of radiation (e.g. syn-
chrotron radiation) also have to be accounted for in analyzing the measurements. The Juno
microwave radiometer (MWR) has imaged Ganymede, Europa and lo. So far, the biggest
challenge in interpreting these results has been the effect of contaminants and scattering. To
some extent these can be corrected for by measuring the emission angle dependence of the
brightness temperature (i.e., limb darkening), but the resulting uncertainties in the inferred
heat flux are large (Brown et al. 2023).

2.2 Theoretical Constraints on Internal Structure

A central question concerning the Galilean satellites is the extent to which they have under-
gone differentiation. The reason this is important is because it constrains how they formed
(Nimmo et al. 2026). Here, differentiation means both separation of ice from rock, and also
separation of rock from metal. The latter is more difficult to achieve than the former because
differentiation requires at least partial melting, and metal requires higher temperatures to
melt than ice. The internal temperature structures of these bodies are hard to determine via
observation, with the possible exception of MWR or future sounding radar measurements
(Sect. 4.5). As a result, theory is used.

As discussed in Nimmo et al. (2026) there are three possible sources of energy capable
of causing differentiation: accretion heating, radiogenic heating, and tidal heating. Except in
unusual circumstances, accretion heating should be sufficient to cause ice-rock differentia-
tion, but not rock-metal differentiation. Radiogenic heating is marginally capable of causing
the latter but depends on whether heat is being transported by conduction or advection.

Tidal heating is more complicated because it both depends on, and affects, the internal
structure of the body. The rate of tidal heating E is given by (Wisdom 2008)

5ps

E:%%%(h%@z) (1)
where n is the mean motion, R the radius, e the eccentricity and 6 the obliquity of the
moon, G the gravitational constant and this expression is valid for small e and 8. The quan-
tity k»/ Q describes the amplitude and phase lag of the tidal response, and depends on the
internal structure of the body (e.g., whether an ocean is present), the forcing frequency and
rheological properties (e.g. rock is more rigid than ice).

Tidal heating also damps the body’s eccentricity. The reason that the eccentricities of o
and Europa are non-zero is because they are being excited by the 1:2:4 Laplace resonance
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among the inner three satellites.! This resonance is the ultimate cause of the vigorous activity
on o and (to a lesser extent) Europa.

The internal structure of a body controls not only the magnitude of tidal heating (equa-
tion (1)) but also its spatial distribution (e.g. Ross et al. 1990). For instance, tidal heating in
an ice shell results in higher heat fluxes at the poles. Thus, if direct or indirect inferences of
the heat flux distribution can be acquired, that constrains the internal structure.

Transport of the heat generated by one of these three mechanisms can be either by con-
duction or advection. Conduction is straightforward to model; a minor complication is that
ice becomes progressively more thermally conductive at lower temperatures (Petrenko and
Whitworth 1999). One form of advection is convection, whereby thermal buoyancy con-
trasts produce motion which advects the heat vertically. Whether convection occurs depends
on the Rayleigh number Ra, given by

_ pgaATd’
-

Ra 2)

Here p, o, ¥ and d are the density, thermal expansivity, thermal diffusivity and thickness
of the convecting medium. The temperature contrast across the layer is AT, the gravity is
g and 7 is the viscosity (at the base of the layer if the viscosity is temperature-dependent;
Solomatov 1995). Both rock and ice have strongly temperature-dependent viscosities, so
the minimum Ra needed to permit convection is of order 10® and 10°, respectively (e.g.
McKinnon 2006).

On Earth, rock near its melting point has viscosities of order 10?° Pa s; the resulting value
for Ra suggests that the mantles of the Galilean satellites are unlikely to be convecting. Ice-I
has a much lower viscosity, of order 10'* Pa s (Goldsby and Kohlstedt 2001). An ice shell
of thickness 30 km is therefore quite likely to be convecting, while one of 10 km thickness
is not. Higher pressure ice phases tend to have higher viscosities (Durham et al. 2010).

Because Ice-I has a low viscosity, lateral shell thickness contrasts tend to be rapidly
smoothed out by flow in the lowermost part of the ice shell (Nimmo 2004a). This process
does not advect much heat, but it is an important process to consider when looking at how
shell thickness contrasts evolve in response to variable bottom heating (Sect. 3.2).

In addition to convection, heat can also be advected via melt transport. Water, being
denser than ice, is hard to erupt unless external stresses (Manga and Wang 2007) or volatile
exsolution (Crawford and Stevenson 1988) are invoked. Magma, however, is less dense than
rock, so that heat transfer via melt ascent is a potentially important mechanism in the silicate
portions of heated moons. The rate of separation of melt from solid is a strong function of
the melt viscosity and melt fraction (e.g. Miyazaki and Stevenson 2022); at some depth,
melt transport by permeable flow is superseded by melt transport in macroscopic fractures
i.e. dikes.

An important set of theoretical constraints arises from the peculiar phase diagram of
ice (e.g. Journaux et al. 2020). Ice at low pressures (Ice-I) has a melting temperature that
decreases with increasing pressure; as a consequence, water is denser than Ice-I. This be-
haviour has important consequences for possible ocean dynamics (Sect. 3.2). At higher pres-
sures, ice forms phases that are denser than water. Consequently, large icy moons can pro-
duce an “ice sandwich”: a deep layer of high-pressure ice, an intermediate layer of liquid
water, and then a top layer of Ice-I.

1Ganymede is part of the Laplace resonance but its eccentricity is not being excited significantly.
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23 lo

Io’s density implies a rock-iron mixture. Both / = 2 gravity moments are known, and con-
firm that Io is in hydrostatic equilibrium. As a result, its Mol is known, demonstrating that
Io is differentiated and allowing constraints on its core radius (650-950 km) and density to
be obtained (Schubert et al. 2004). Induction measurements suggest that Io is highly con-
ductive; because rock conductivity increases significantly on melting, this observation has
been interpreted as requiring a silicate melt fraction of at least 20% (Khurana et al. 2011).
Surprisingly, however, Io does not appear to possess a subsurface magma ocean. Recent
measurements of its tidal response k, reveal a value of 0.125£0.047, too small for a shallow
magma ocean (Park et al. 2025a) but consistent with predictions assuming a partially-molten
mantle (Bierson and Nimmo 2016). Astrometry (Lainey et al. 2009) and gravity (Park et al.
2025a) have both been used to measure k,/Q and yield a value of about 0.015. This value,
when inserted into equation (1), produces a power output comparable to that measured via
infra-red measurements (Veeder et al. 1994). This agreement suggests that Io is currently
in steady-state: it is producing as much heat as it is releasing. The mechanism by which Io
transports this heat to the surface is dominated by advection - Io is a “heat-pipe” planet, as
first recognized by O’Reilly and Davies (1981). It is presumably the rapid transport of melt
from the interior to the near-surface that frustrates the development of a fully-molten magma
ocean (Miyazaki and Stevenson 2022). A consequence of this heat-pipe process is that the
crust of Io is cold and capable of maintaining significant topography (as observed; Schenk
and Bulmer 1998).

2.4 Europa

Europa’s high bulk density implies that the observed surface hydrosphere cannot be very
thick. Although the equatorial gravity moment Cy, is well-constrained, the polar moment
(J2) is not. Thus, we cannot be sure that Europa is in hydrostatic equilibrium. Assuming it
is, the inferred Mol is 0.3547 £ 0.0024 (Casajus et al. 2021).> The implied H,O thickness is
then roughly 140 km. Europa’s strong magnetic induction signature indicates that part of the
H,O is both liquid and at least slightly salty (Zimmer et al. 2000). The presence of NaCl at
the surface is likely the result of eruptions from this subsurface ocean (Trumbo et al. 2019).
The thickness of the ice shell is quite uncertain, although impact simulations suggest that
it is in excess of 20 km (Turtle and Pierazzo 2001; Wakita et al. 2024). Whether Europa
has a metallic core is uncertain; the most recent Mol value suggests that the core might be
quite small (Petricca et al. 2025a) but such determinations are non-unique (Schubert et al.
2009). Another uncertainty concerns the mantle. Radiogenic heating is not guaranteed to
cause rock-metal differentiation (Trinh et al. 2023) but the degree of tidal heating in the
mantle - and thus the mantle temperature - is unknown.

2.5 Ganymede

Ganymede’s bulk density implies a roughly 50% ice mass fraction, indicating that both
ice I and higher-pressure phases will be present. It possesses a permanent dipole moment
(Kivelson et al. 2002), interpreted as the field generated in a convecting metallic core. Since
Ganymede’s surface is icy, it appears to have undergone complete ice-rock-metal differen-
tiation. The gravity moments are compatible with hydrostatic equilibrium and the inferred

2Note that this estimate is larger by several o from earlier estimates.
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Mol is consistent with a fully-differentiated object (Gomez Casajus et al. 2022). There also
appear to be regional gravity anomalies, perhaps reflecting mass anomalies in the mantle or
ice (Palguta et al. 2006). In addition to the permanent dipole, Ganymede also displays an
induction component indicating the presence of a sub-surface ocean (Kivelson et al. 2002).
This ocean presumably resides between the ice I shell and the deeper, high-pressure ice
phases below. Juno MWR observations suggest that the maximum conductive shell thick-
ness is 150 km (Brown et al. 2023); but this conclusion is for a pure ice shell, which may
not be a good assumption Phua and Stevenson (2026). Surface observations suggest that
Ganymede underwent a strong reheating event mid-way through its evolution (Pappalardo
et al. 2004). The energy source was presumably tides, although the exact mechanism re-
mains uncertain (Showman et al. 1997). Whether Ganymede was fully differentiated before
this supposed heating event is unknown.

2.6 Callisto

With respect to differentiation, Callisto is the most puzzling of the major Galilean moons.
Its similar bulk density to Ganymede implies a roughly 50% ice mass fraction. However, if
it is hydrostatic, the inferred Mol implies incomplete differentiation (Schubert et al. 2004).
Unfortunately, because J, could not be measured independently of C,,, whether the hydro-
static assumption is correct is not known. Thus, Callisto’s differentiation state is uncertain
(Gao and Stevenson 2013). A further puzzle is that Callisto exhibits a strong induction sig-
nature (Zimmer et al. 2000). Although this signature might be due to Callisto’s unusually
large ionosphere (Hartkorn and Saur 2017), most likely it indicates the presence of a sub-
surface ocean (Cochrane et al. 2025) as for Ganymede. Models that allow both an interior
cold enough to not differentiate and maintenance of a shallow ocean do exist (Nagel et al.
2004) but are not very intuitive. As for Ganymede, the ice I shell thickness is likely 100-
200 km and it is probably, though not certainly, convecting (McKinnon 2006). In contrast
to Ganymede, Callisto shows almost no tectonic features (Greeley et al. 2000); it has appar-
ently been largely quiescent ever since it formed, suggesting it may never have occupied a
resonance with the inner satellites.

3 Current Understanding of Dynamics

Here we discuss the likely motion of the solid and fluid parts of the interiors. For the solid
part, a useful general discussion may be found in Collins et al. (2009). For the fluid part, a
good review is by Soderlund et al. (2024).

3.1 Solid Body Dynamics

Motion in the solid parts of the Galilean satellites are driven by stresses, which can arise
from tides, buoyancy, shape changes and impacts, among other causes. We discuss each in
turn.

The eccentricities of the satellites result in a time-variable tidal bulge, which in turn
produces stresses. The amplitude of the diurnal tidal bulge H is (Murray and Dermott 1999)

M ([ R\?
H=3eRh,— | — , 3)
m a
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where M and m are the mass of Jupiter and the satellite, R is the satellite radius, a its
semi-major axis, e its eccentricity. The quantity h, is the tidal Love number describing
deformation. The resulting diurnal elastic stress o is then given by Wahr et al. (2009)

2

M (R\’ R
g%?)ehzﬂ— <—> :3€h2ﬂn—, (4)
m \ a g

where g is the surface gravity, n the mean motion and p the rigidity of the deforming layer.
For Europa, with e ~ 0.01, h; =~ 1.2 (Moore and Schubert 2000) and © = 3 GPa (for ice),
the diurnal stresses are roughly 60 kPa. Stresses are about the same at lo, because of its
smaller eccentricity and Love number (%, is not measured but based on the measured k; is
expected to be roughly 0.2). The low eccentricity of Ganymede and the large semi-major
axis of Callisto result in stresses smaller by more than an order of magnitude for these two
bodies (Collins et al. 2009).

Tidal stresses may drive deformation. In particular, their cyclic nature may drive so-called
“tidal walking” (Hoppa et al. 1999a), potentially responsible for the strike-slip faults seen
on Europa; diurnal tides might also have caused the peculiar cycloids observed there (Hoppa
et al. 1999b). Tidal stresses also, indirectly, generate heat (Eq. (1)). This heat causes volcan-
ism on lo, could drive convection in Europa’s ice shell (Sect. 2.2), and is likely responsible
for the resurfacing inferred on Ganymede.

Convection (Sect. 2.2) is driven by thermal buoyancy. While tidal heating is one source
of energy, another is radioactive decay, which could drive convection in the ice shells of
Ganymede and Callisto. Although the silicate mantles of these bodies are probably too vis-
cous to convect, thermally-driven circulation of water infiltrated into the shallow, permeable
parts of these mantles may occur (Vance et al. 2007). Compositional buoyancy is respon-
sible for the eruption of melts on o, while “cryovolcanism” elsewhere is impeded by the
higher density of water relative to ice I.

Global changes in shape can give rise to large stresses. Non-synchronous rotation, driven
by either tides or ocean currents (Sect. 3.2) involves motion of the solid surface relative to
the tidal bulge. Stresses depend on the amount of rotation but can easily reach many MPa
(Collins et al. 2009). Polar wander can be driven by shell thickness variations (Ojakangas
and Stevenson 1989); it also involves relative motion of the surface and bulge, and can gen-
erate MPa-level stresses. There is some evidence that this has actually happened on Europa
(Schenk et al. 2020). Finally, as an ice-I shell thickens, the surface must move outwards
(because ice takes up more volume than water), resulting in global expansion, large (MPa-
level) stresses (Nimmo 2004b) and ocean pressurization, potentially causing cryovolcan-
ism (Manga and Wang 2007). These volume-change effects are much less pronounced for
Ganymede and Callisto because the higher pressure ice phases counteract the effect of ice-I.

Finally, bolide impacts impart local, initial stresses up to the TPa level. The long-term
crater left by an impact results in long-term, MPa-level stresses which can lead to flow in
the ice shell and viscoelastic relaxation of the crater over geological time (e.g. Dombard and
McKinnon 2006).

3.2 Ocean Dynamics
Icy moons’ subsurface oceans are inherently difficult to probe directly. To make progress,
we have to build connections between ocean properties and ocean circulation with potential

observables. As a fluid layer, the subsurface ocean can actively redistribute heat across dif-
ferent latitudes and longitudes and transport momentum between the ice shell and silicate
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(a) heat transport — ice thickness profile (b) momentum transport — ice shelf drift
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Fig.2 Schematics for ocean dynamics and the induced (a) heat transport and (b) momentum transport. Pro-
cesses associated with convection, baroclinic eddies and tides are denoted by red, black and blue colors,
respectively. Detailed discussion can be found in the text

core. The former influences the ice thickness profile (e.g., Soderlund et al. 2014; Kvorka
et al. 2018; Kang and Jansen 2022; Kang 2022; Kang et al. 2022; Lemasquerier et al. 2022;
Kvorka and Cadek 2024; Gastine and Favier 2024), while the latter affects the librational
and non-synchronous rotation (NSR) motions of the ice shell (Ashkenazy et al. 2023; Hay
et al. 2023; Kang 2024; Hay et al. 2024). Both are potentially measurable by upcoming
missions though not available at present. These observations can potentially be converted
to constraints on ocean heat and momentum transport, and thereby constraints on the ocean
properties and dynamics. In principle, fluid flows in the ocean will give rise to additional
magnetic induction signals (Tyler 2011b), but these are likely too small to measure (Sachl
et al. 2025), except perhaps for Ganymede where a strong intrinsic field is present.

Subsurface oceans on icy satellites are usually subject to three types of forcing as
sketched in Fig. 2. The first type of forcing is heating from the bottom silicate core (Choblet
et al. 2017). When thermal expansivity is positive,® the heating drives convective motions
(red notations in Fig. 2) that transmit heat from the silicate core to the ice shell while induc-
ing efficient vertical mixing (Soderlund et al. 2014, 2020; Bire et al. 2022; Lemasquerier
et al. 2022; Zeng and Jansen 2024). The rotationally constrained convective dynamics in
polar regions differ from those in equatorial regions: in polar areas, convection manifests as
spiral plumes along the rotational axis (red spirals in Fig. 2a), while in equatorial regions,
it appears as overturning rolls along the equatorial plane (red arrows in Fig. 2b). Depending
on which form of convection is more efficient in heat transport, up to ~20% heat may be
redistributed across different latitudes (Amit et al. 2020; Kvorka and Cadek 2022; Gastine
and Aurnou 2023; Bire et al. 2022). The equatorial rolls, known as thermal Rossby waves,
can transport eastward momentum toward the surface and drive nonsynchronized rotation
of the ice shell (see Fig. 2b, Ashkenazy et al. 2023; Hay et al. 2023).

The second type of forcing is the heat and salinity fluxes from the ice shell. When ice
thickness is non-uniform, the temperature at the water-ice interface will vary with the local
pressure (lower beneath thicker ice), following the Clausius-Clapeyron relationship. In ad-
dition, freezing in thick ice regions and melting in thin ice regions are required to maintain
the ice thickness variations against lateral ice flow (Sect. 2.2), making water under thick
ice saltier than elsewhere (see Fig. 2a, Lobo et al. 2021; Zhu et al. 2017; Kang et al. 2022;

3This generally holds for Galilean moons as high pressure suppresses water’s anomalous expansion near
freezing point.
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Ashkenazy and Tziperman 2021). These horizontal temperature and salinity gradients excite
baroclinic eddies. The transport effect of these eddies can be equivalently represented by an
overturning circulation that sends dense water downward (black arrow in Fig. 2a). They mix
the cold water under thick ice with the warm water under thin ice, leading to heat transport
toward thick ice regions and reducing the ice thickness variations (Zhang et al. 2024; Kang
2022). Also, they may fill the bottom ocean with dense fluid, harvesting energy and creating
stratification near the surface (black curves in Fig. 2 show density contours, Kang 2023). In
fact, Earth’s ocean and atmosphere are both strongly stratified as a result of the baroclinic
adjustment triggered by the poleward cooling trend.

The third type of forcing is mechanical forcing arising from tides and changes in the spin
of the moons (i.e., libration, precession), which drive ocean currents that induce momentum
transport and ocean dissipation (Soderlund et al. 2024). As for terrestrial oceans, we can
distinguish between barotropic (no vertical structure) and baroclinic (with vertical struc-
ture) ocean currents. Barotropic tides are characterized by surface and Rossby waves. As
the former propagate much faster than the diurnal tidal potential, the ocean quickly adapts
to the perturbation and nearly follows the time-changing geoid (e.g., Beuthe 2016). As a
consequence, the amplitude of these waves is small, unless the ocean is very thin. This is
not the case for the higher frequency of moon-moon tides, which can resonantly excite sur-
face gravity modes (Hay et al. 2020). Rossby waves can be efficiently excited and drive
strong ocean currents (e.g., 0.1 m/s for Europa) in cases when the obliquity of the moons
is high (Sect. 4.3.2) and the ocean of constant thickness (Tyler 2008; Chen et al. 2014;
Rovira-Navarro et al. 2020).

Beyond barotropic waves, the oceans’ stratification in angular momentum means that
they also support internal inertial waves. These waves can form internal shear layers that
focus energy dissipation (Rovira-Navarro et al. 2019; Rekier et al. 2019). If oceans are also
stratified in density, internal gravity waves are also expected. Such waves propagate slower
than surface gravity waves and can be resonantly excited by the diurnal tide, causing sig-
nificant tidal dissipation and surface deformation (Tyler 2011a; Rovira-Navarro et al. 2023;
Idini and Nimmo 2024). The flow of the barotropic tide over topography can also produce in-
ternal waves, a process that accounts for ~ 30% of the energy dissipated in the Earth’s ocean
(Garrett and Kunze 2007). Similar processes might occur at the seafloor and ice-bottom in-
terfaces of the Galilean satellites, though the topography and roughness of these surfaces is
unknown. Variations of the waves mentioned above are prone to instabilities that can lead
to ocean mixing. Internal gravity waves can break due to the Kelvin-Helmholtz instability;
the centrifugal instability can cause shear layers forming at the ocean ice interface due to
libration to break (Noir et al. 2009), potentially causing significant tidal heating (Wilson
and Kerswell 2018); and the non-linear interaction of internal waves excited by tides and
libration with the mean flow via the elliptical instability can cause ocean-wide turbulence
(Le Bars et al. 2015; Kerswell 2002; Cebron et al. 2012; Lemasquerier et al. 2017).

While most studies have focused on dynamics due to a specific type of forcing, it is
important to remember that all three types of dynamics coexist and strongly interact with
one another. As one example, the stably stratified layer due to baroclinic eddies can not
only shut off convective transport (height of convective plumes limited by stratification in
Fig. 2a, Kang 2023) but also significantly alter the tidal response by supporting internal
modes (Rovira-Navarro et al. 2023; Idini and Nimmo 2024). As another example, the ver-
tical mixing induced by the dissipation of tidal-driven internal waves (Wunsch and Ferrari
2004) and convection (Soderlund et al. 2014) provides energy for the baroclinic residual
circulation by mixing dense fluid from the bottom ocean back upward (blue/red dotted lines
in Fig. 2a, Jansen et al. 2023), thereby reducing stratification. Finally, periodic tidal forcing
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of the ocean can give rise to mean circulation (Hay et al. 2024), thus coupling short-period
and long-period effects.

Ocean dynamics control the pattern of heat delivered to the ice shell and thereby the ice
thickness profile. For instance, if part of the ice shell has a stratified ocean layer beneath
it, heat will have difficulty reaching that area, as stratification can suppress convective mo-
tions and deflect heat away. Whether a stratified layer forms depends on the relative strength
of baroclinic forcing, which restores stratification, and convective forcing, which destroys
stratification. Following the scaling given by Kang (2023), an equator-to-pole ice thickness
variation of merely 100 m on Europa can deflect around 100 mW m~2 of heat from reach-
ing the thin ice regions, and consequently, the thicker ice regions receive more heat from
the ocean and melt. Because even modest shell thickness variations can effectively suppress
convection driven by bottom heating, the long-wavelength topography of Europa is expected
to be very muted (~10 m amplitude). In contrast, spatially varying tidal dissipation gener-
ated in the ice shell can sustain ice thickness variations more effectively, as it is directly
deposited into the ice (Nimmo et al. 2007).

If significant variations in ice thickness are detected, it would point to heat production
being concentrated within the ice shell rather than the silicate core. It could also imply weak
ocean circulation, possibly caused by low ocean dissipation or lack of heating from the
silicate core or having an ocean of specific salinity levels that reduce circulation strength
(Kang 2022; Zhang et al. 2024; Kang et al. 2022); the logic here is that any long-wavelength
ocean circulation is expected to advect heat towards regions of thicker ice. Detection of
weak ice thickness variations is less informative, as it can be explained by either dominant
heat generation in the silicate core, a strong ocean circulation, and/or rapid lateral flow of
the ice shell.

Ocean momentum transport can be affected by the three types of dynamics as well. As
sketched in Fig. 2b, the equatorial thermal Rossby waves triggered by bottom heating have
a structure that tilts eastward from the bottom to the top, which transports prograde momen-
tum toward the surface (Busse 1970) and causes the ice shell to rotate faster than the rest
of the body (Ashkenazy et al. 2023). It has also been shown in numerical simulations that a
retrograde jet can form near the equator surface, but that only happens in the slow-rotating
regime (Aurnou et al. 2007), which is less relevant for icy moon oceans (Bire et al. 2022;
Soderlund 2019; Jansen et al. 2023). In contrast, a poleward decreasing trend of density in
the ocean would require a retrograde shear to balance, according to the thermal wind equa-
tion - which should generally apply to these fast-rotating icy moon oceans (Bire et al. 2022;
Soderlund 2019). This shear would cause the ice shell to rotate at a slower rate than the
interior. Finally, Hay et al. (2024) showed that obliquity tidal motions do not average to zero
and can also pump retrograde momentum to the surface (Fig. 2b).

Because all three types of dynamics can redistribute momentum, interpreting ocean dy-
namics from non-synchronous rotation (NSR) observations will involve some degeneracy,
even after the direct torques on the shell from Jupiter (Greenberg and Weidenschilling 1984)
and the resistance of the elastic shell to being rotated (Goldreich and Mitchell 2010) have
been taken into account. Although prograde drift could be due to either Jupiter torques or
convection-dominated dynamics, retrograde motion is not possible with Jupiter torques and
would thus be a strong indication of ocean flow (driven by either tides or baroclinic eddies).
Furthermore, a fast NSR rate induced by ocean flow would indicate strong friction near the
water-ice interface, strong dissipation, and thereby a strong energy source.

The energetics of ocean dynamics provide a unique perspective for the prediction and
retrieval of ocean dynamics. Following the analysis in Jansen et al. (2023), while bottom
heating and mixing due to tidal dissipation both work to energize the ocean dynamics, the
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heat and salinity fluxes associated with ice thickness variations do not provide much energy
to drive circulation, because the buoyancy source under thin ice is located at higher elevation
than the buoyancy sink under thick ice.* Therefore, the existence and strength of baroclinic
eddies largely hinges on the extent to which the ocean’s potential energy can be replenished
by convection and/or by mixing due to tidal wave breaking. The percentage of heat (Q)
converted into useful mechanical work (W) to sustain ocean dynamics can be as high as
20% for tides (Wunsch and Ferrari 2004), but is generally low for convection limited by the
second law of thermodynamics: work (Carnot) efficiency n = W/Q < AT /T, where AT
is the temperature contrast (O(1-10) mK (Gastine et al. 2016)) and T is the background
temperature ~ 273 K. In contrast, the high work efficiency associated with tidal motions
indicates that even when its dissipative heat production is negligible, its mechanical work
can sustain substantial ocean dynamics in the form of baroclinic eddies and tidal waves.

A further advantage of energetic arguments is that they can be used to place upper limits
on flow speeds, irrespective of the specific flow geometries. For example, at Europa, if we
assume that bottom heating is the only form of forcing, the energy input rate should be able
to sustain ocean currents on the order of O (1) cm/s according to Jansen et al. (2023).

4 Future Measurements
4.1 Static Gravity and Topography

A planetary shape can be represented in terms of spherical harmonic expansion:

00 1
PO ®) = Ruean Y Y [Aim cOS(mA) + By sin(mi)] Py (sin(g)), )
=0 m=0

where r is the radius, ¢ is the latitude, A is the longitude, Ry, is the mean radius of the
body, Ajm and By, are the normalized spherical harmonic coefficients and P, are the nor-
malized associated Legendre functions. The quantities / and m are the spherical harmonic
degree and order, respectively. The gravitational potential can also be represented in spheri-
cal harmonics:

GM

oo I R 1 _ ~ _
UGrih)=—=3"%" (7") [Cim cOs(m2) + Sy sin(mi)] P (sin(@)),  (6)
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where Ry is the reference radius of the gravity field model and Cj,,, Sy, are the normalized
gravity coefficients. The shapes of tidally-locked moons are dictated by their tidal and rota-
tional parameters, internal density distribution, and any deviations from hydrostatic equilib-
rium (that is, a situation in which the body is responding like a fluid). For a tidally-locked
moon, tidal and rotational potentials produce a permanent bulge, which has the largest con-
tribution for the / = 2 shape and gravity terms. The amount of tidal and rotational distortion
is related to the internal structure and, most importantly, to the differentiation state of the
moon that determines its radial density profile (Schubert et al. 2004). Both hydrostatic grav-
ity and shape data can be used to assess the state of internal differentiation. However, as
no planetary body is perfectly hydrostatic, the non-hydrostatic contributions to gravity and

4This would not be true if the ocean’s thermal expansivity were negative - unlikely for Galilean moons.
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Table 2 Summary of ellipsoidal shape parameters of the Galilean moons. *For Ganymede and Callisto the
values are theoretical, based on gravity measurements, not observed. CPN=control point network. LP=limb
profiles. HE=hydrostatic equilibrium assumed

Body a — b (km) a — ¢ (km) Comment Reference

To 10.7£0.5 14.54+0.5 Measured (CPN) Oberst and Schuster (2004)
Europa 2.3+0.7 3.1£1.0 Measured (LP) Nimmo et al. (2007)
Ganymede 1.38%+£0.02 1.84*£0.03 HE Gomez Casajus et al. (2022)
Callisto 0.283*+0.004 0.377%40.006 HE Anderson et al. (2001)

shape act as a source of noise that could bias internal structure inference (Gao and Steven-
son 2013). Spherical harmonic coefficients of gravity (Cims Sim) and shape (Apn, Bi) can
be expressed as a sum of hydrostatic and non-hydrostatic parts, denoted by superscripts “h”
and “nh”, respectively:

{Aim: Bin} = {Al,,. B} +{A}, Bin) M
{élrnv Slm} = {C;;n, Svliin} + {C_‘lnrr}lf S‘lrir}zl} (8)

The hydrostatic part can be computed using the Radau-Darwin relationship for a given
moment of inertia (e.g., Dahlen and Tromp 1998) or using a more accurate theory of figures
(Zharkov et al. 1985; Zharkov 2004; Zharkov and Karamurzov 2006; Zharkov and Gudkova
2010; Tricarico 2014) for a given density profile. Conversely, once the hydrostatic part (ei-
ther in shape or in gravity) is isolated, these theories can then be used to directly recover the
moment of inertia.

Iess et al. (2014) proposed that non-hydrostatic contributions to the shape and gravity
degree-2 coefficients can be separated by assuming that the admittance depends on wave-
length but not the spatial pattern of deformation. This isotropic assumption requires a con-
stant ratio between the non-hydrostatic components of gravity and shape:

@ = 2 )
Ay An

Thus, with both degree-2 shape and gravity coefficients determined, it is possible to
separate the hydrostatic and non-hydrostatic contributions by varying the internal structure
model, and hence to determine the Mol. However, the gravity and shape coefficients need
to be determined to a commensurate accuracy, which is challenging in the Jovian system as
the current data were collected over a handful of flybys by Voyager, Galileo and Juno.

The ellipsoidal parameters for the Galilean moons are given in Table 2; for hydostatic
bodies, the ratio (¢ — b)/(a — ¢) = 3/4, so this ratio provides a test of hydrostaticity. While
Io is evidently close to hydrostatic, uncertainties in the shapes of the other bodies are too
large to make any firm conclusions.

For Io, Europa and Ganymede, shape non-sphericity has been detected. However, the rel-
atively low non-sphericity prevents use of the derived oblatenesses of Europa and Ganymede
to study their interior. For example, the shape of Europa has been determined by fitting limb
profiles and the uncertainty on the ellipsoidal axes is on the order of 0.3 km (Nimmo et al.
2007). This uncertainty corresponds to a moment of inertia uncertainty of ~0.1. Therefore,
the knowledge of Europa’s shape is currently insufficient to meaningfully constrain Europa’s
interior. Ganymede’s shape has been determined with and without enforcing hydrostaticity.
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Zubarev et al. (2015) and Nadezhdina et al. (2024) developed a control point network (CPN)
for Ganymede. However, if not constrained by hydrostatic equilibrium, their best-fit ellip-
soids show surprisingly large non-sphericity (= 7 km). Therefore, Ganymede’s shape needs
to have an in-built assumption on the moment of inertia and cannot be used to constrain
Ganymede’s interior. Callisto’s non-sphericity has not been detected (Anderson et al. 2001).

As discussed in Sect. 2.1, non-hydrostatic gravity (/ > 2) has not been detected at Io or
Europa, while Ganymede shows significant non-hydrostatic gravity anomalies at degree 3
to 5 (Gomez Casajus et al. 2022). For Callisto, the Galileo data has only been analyzed
by enforcing the hydrostatic ratio J,/C,, = 10/3, which led to the conclusion of a large
moment of inertia and, therefore, an undifferentiated interior (Anderson et al. 2001) (see
Sect. 2.6). However, due Callisto’s slow rotation and large distance to Jupiter, the amplitude
of the hydrostatic signal is small. Therefore, even a modest amount of non-hydrostaticity,
such as due to presence of Valhalla basin, can bias the inferred moment of inertia (McKinnon
1997).

Having the shape expanded in spherical harmonics allows exploration in the spectral
domain. The topographic Root-Mean-Square (RMS) spectrum can be found using spherical
harmonic coefficients as:

! - - 1/2
Mtt — Zm:O A12m + Blzm (10)
2041

1 ~2 2 V2
MS88 = |:Zm-0clm+slm:| . (11)

2l +1

The gravity and topography RMS spectra depend on the mechanical strength of the
body, i.e., the magnitude of non-hydrostatic stresses that can be supported over geologi-
cal timescales. At high spherical harmonic degrees (short wavelengths), the RMS spectra of
planetary shape can be well described by a power law (Meinesz 1950; Ermakov et al. 2018):

M" =klP (12)

where k is the wavenumber and f is a constant. For low spherical harmonic degrees, where
elastic stresses are not sufficient to support topography, the topographic power spectra have
been observed to have a subdued power (Nimmo et al. 2011; Ermakov et al. 2018). The
elastic support at low degrees depends on the thermal structure of the icy shells as warmer
shells would yield more easily leading to more sudued topography (Conrad et al. 2021).
This effect can be parametrized by introducing the effect of bending and membrane stresses
in supporting topographic loads:

M" =kl? . F, (13)

where F; = [(1 4 (Osheir / Pocean — Pshell) * C17', G is the degree of compensation (Turcotte
et al. 1981) that critically depends on the thickness of the elastic layer, and ps.; and pocean
are the density of the shell and ocean. In the limit of C; approaching zero, the resulting
topography is equivalent to the load. Alternatively, in the limit of C; approaching unity, the
topography is supported solely by the buoyancy force (i.e., isostatically compensated). Thus,
we can use RMS topographic spectra to constrain the thickness of the elastic layer, which is
related to the thermal state of the outer shell. A low degree of support indicates a thin elastic
layer, which means that the ice is warm and ductile at shallow depths, indicating a higher
heat flux.
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Another potential way of determining the degree of elastic support is to use gravity-
topography admittance (Akiba et al. 2022). Unfortunately, at Europa the gravity signal from
the rock-ocean interface is likely to dominate at long wavelengths (see below). As a result,
gravity-admittance probes of the ice shell require high spatial resolution gravity fields to
be successful (Koh et al. 2022). In any event, future measurements of gravity and shape of
the Galilean moons can be used to provide independent constraints on the icy shell thermal
structure.

Unlike for terrestrial worlds, it is possible that subsurface density interfaces contribute
more to the gravity of Galilean moons than the surface. The density contrast between ice
and vacuum is &~ 900 kg/m?, whereas the density contrast of the ocean-rock interface could
reach 2000 kg/m3. However, the gravity signal of the ocean bottom topography will be
attenuated by an upward continuation factor (Focean bottom/ Rsateliite)’- Thus, it is possible that
low spherical harmonic degrees in gravity will be dominated by the ocean floor topography
signal (Pauer et al. 2010; Dombard and Sessa 2019; Koh et al. 2022). The power spectrum
of the gravity signal can in principle be used to provide a constraint on the depth to the ocean
floor (Cascioli et al. 2024), although this requires assumptions to be made about the power
spectral slope of the ocean floor topography, which is unknown. If the ocean depth can be
constrained via other means (e.g. induction), the gravity spectrum can then be used to derive
the spectral properties of the ocean floor topography.

4.2 Tidal Response

Because of the moons’ proximity to their large parent, their shapes are ellipsoidal rather
than spherical — they have a permanent tidal bulge (see Sect. 4.1). Furthermore, because
their orbits are not circular, the size and orientation of this bulge varies over the course of
each orbit. This time-variable (diurnal) component of the tidal bulge is responsible for tidal
heating of these bodies, and measurement of it can be used to place constraints on their
internal structure.

The amplitude H of the diurnal tidal bulge is given by equation (3) and depends on
the degree-two tidal Love number 4, which provides a dimensionless measure of how de-
formable the satellite is. A measurement of /i, provides constraints on the internal struc-
ture of a body: a fluid (strengthless), uniform body has 4, = 2.5 and a more rigid or more
centrally-condensed body has a lower /,. For Europa, the amplitude H given by equation (3)
is23mif h, =1.

The surface deflections implied by equation (3) are generally small enough that to mea-
sure them requires a laser altimeter, such as that carried by JUICE (Kimura et al. 2019).
Europa’s surface deflection will be measured using radar altimetry (Steinbriigge et al. 2018),
but the uncertainties are likely to be large.

Diurnal tides also involve periodic redistribution of mass, and thus a periodically varying
gravity field. The amplitude of this variation is characterized by the tidal Love number &,
where a uniform, strengthless body has a k, of 1.5. Measurement of k, can be obtained by
spacecraft tracking and is thus easier to achieve than measurement of ;. A combination of
Galileo and Juno flybys have been used to deduce the &, of Io (Park et al. 2025a). JUICE and
Europa Clipper will measure both k, and , of Ganymede (Cappuccio et al. 2020; Stein-
briigge et al. 2015) and Europa (Mazarico et al. 2023; Steinbriigge et al. 2018), respectively,
with the accuracy of the former being several orders of magnitude better. JUICE will also
assess the k; of Callisto, with much less accuracy, but still comparable to what was achieved
at Titan by Cassini (Cappuccio et al. 2022).

For a purely elastic or completely inviscid body, the tidal response is exactly in phase
with the tidal forcing. For real bodies, the tidal response will lag the forcing, and it is this
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lag that gives rise to both tidal torques and tidal heating (Goldreich and Soter 1966). For a
satellite, the lag angle is approximated by 1/2Q (Murray and Dermott 1999) where Q is the
so-called dissipation factor, and a small Q means large dissipation. The tidal heating rate
(equation (1)) is proportional to k,/Q, which can also be written as Im(k,), where k, is
now taken to be a complex quantity and is dependent on both the mechanical properties of
the satellite and the forcing frequency. JUICE gravity measurements should be sufficiently
accurate that the k,/Q of Ganymede can be determined (Cappuccio et al. 2020). The gravity
measurements performed at Callisto by JUICE will not be accurate enough to detect k,/Q
unless it is larger than 0.05-0.1, which seems unlikely; Tianwen-4, however, may be able to
measure this quantity (Sun et al. 2026).

Apart from the degree 2 tide, the tidal force also contains shorter wavelength components
that also produce tidal deformations. However, the amplitude of the tide quickly decays with
degree I as oc (R/a)’, making it challenging to measure. Lateral heterogeneities within a
moon (e.g., shell thickness variations, variations in shear modulus and viscosity) and ocean
dynamics make it possible for the degree 2 tide to excite a response at [ > 2 (A et al. 2014;
Qin et al. 2016). Moreover, the tidal response also depends on the order m of the forcing.
This challenges the traditional parametrization of the tidal response with a unique Love
number per degree. To capture mode-coupling a more generalized version of Love numbers
is needed: k., which indicate the tidal response at degree and order I and m' due to a
forcing at degree [ and m. Europa Clipper will not be able to distinguish differences in the
tidal response at different orders for Europa (Mazarico et al. 2023), but JUICE will. JUICE
might be able to measure the different orders at degree 2, as well as potentially degrees
[ > 2 of the tidal response of Ganymede, as GRAIL did for the Moon (Williams et al. 2014).
Due to the very high accuracy of 3GM gravity measurements, JUICE will also have the
capability to detect any response to moon-moon tidal forcing (Hay et al. 2020) occurring at
frequencies different from the main eccentricity tide (De Marchi et al. 2022).

4.2.1 Interpretation of k» and h;
Once measurements of k,, 7, and potentially Q have been made, what can they tell us?

Presence of an Ocean The simplest use of Love numbers is to determine whether near-
surface oceans are present. An ocean has no shear strength; by decoupling the shell from the
deeper interior, it greatly reduces the ability of the shell to resist tidal stresses and as a result
h; and k;, are expected to be larger for ocean-bearing than ocean-free worlds (e.g. Moore and
Schubert 2000, 2003).> The magnitude of the difference will be smaller for smaller bodies
or for thicker shells (i.e. deeper oceans) (e.g. Goldreich and Mitchell 2010). Both amplitude
and phase lag of the Love numbers are needed to confirm the presence of an ocean, as a very
low viscosity, fully solid interior may result in high values of Love numbers comparable to
models with an internal ocean (Moore and Schubert 2000, 2003; Kamata et al. 2016). At
Io, a recent measurement of k, (Park et al. 2025a) has been used to rule out the presence
of a shallow magma ocean (Sect. 2.3). The presence of an ocean would be confirmed by a
low phase lag (< 10°) and k, > 0.2 on Europa (Moore and Schubert 2000), or k, > 0.3 on
Ganymede and Callisto (Moore and Schubert 2003; Kamata et al. 2016). To some extent,
the combined amplitude and phase lag of k, and %, can be used to constrain the thickness
and mechanical properties of the outer layer, as well as the density of the liquid layer (see
below).

5Note that Love numbers do not always increase in the presence of an ocean; at Titan the reverse may be the
case (Petricca et al. 2025b).
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Shell Parameters (Thickness and Rigidity) Because the main role of the ocean is to act as
a decoupling layer, the tidal response of an ocean-bearing body is not very sensitive to the
ocean thickness (unless the ocean happens to be in a resonant configuration - see Sect. 3.2). It
is, however, quite sensitive to the thickness and rigidity of the shell. In fact, it depends on the
product of these two parameters; thus, by measuring Love numbers alone it is not possible to
determine the thickness of the shell d unless the rigidity w is known a priori. Measurement
of a single Love number is also non-unique because of tradeoffs with ocean and shell density
and mantle rigidity; measurement of both %, and k, reduces these tradeoffs but does not
solve the d — u tradeoff (Wahr et al. 2006). A shell with a sizeable low-viscosity layer (e.g.
one that is convecting) would be expected to display a phase lag in its tidal response (e.g.
Moore and Schubert 2000).

Ocean Characteristics Although not in general very sensitive to the ocean thickness, the tidal

response of a body does care about the ocean density. In the absence of an overlying shell,
the k, Love number is (e.g. Idini and Nimmo 2024)

k= ——, (14)

where p is the bulk density of the body and p the ocean density. A denser ocean enhances the
tidal response. The presence of a rigid shell will suppress the response, but for the relatively
thin-shell, large Galilean satellites this effect is relatively small (Goldreich and Mitchell
2010).

A perhaps more important characteristic of ocean layers is that they can exhibit inertial
effects (sloshing) not present in solid layers. As a consequence, their tidal response can be
more complicated, resulting in unexpected Love numbers. As explained in detail in Sect. 3.2,
two cases are of particular interest.

First, in very thin (<1 km) oceans the gravity wave speed can equal the tidal forcing,
leading to resonance. For obliquity tides, this resonance appears at much larger ocean thick-
nesses. Second, if the ocean is stably stratified, different combinations of thickness and
stratification can lead to resonances with internal waves, and enhanced Love numbers (Idini
and Nimmo 2024).

Deep Interior The decoupling effect of an ocean makes the tidal response relatively insen-
sitive to the deep structure of a satellite. However, if the interior is sufficiently inviscid, then
the difference between the phase lag as measured by k, and by £, is expected to exceed a
few degrees (Hussmann et al. 2016). Measurements of this level of precision are expected at
Ganymede with JUICE and Callisto with Tianwen-4 (because these spacecraft are orbiters),
but not at Europa.

3D Structure The effect of lateral heterogenities in the tidal response opens the door to using
tidal tomography to constrain 3D structure (Qin et al. 2016; A et al. 2014; Berne et al. 2023;
Rovira-Navarro et al. 2024). Tidal tomography requires very precise measurements of the
tidal response, and therefore has only been applied to the Earth (Lau et al. 2017) and recently
the Moon (Park et al. 2025b). JUICE’s orbital phase might provide the opportunity to use
tidal tomography to constrain Ganymede’s ice shell thickness variations (Rovira-Navarro
et al. 2025). Measuring order differences in the degree two response would allow equator-
to-pole shell thickness variations to be constrained, while additionally measuring the degree
3 response would allow detection of a North/South dichotomy and/or longitudinal shell
thickness variations with a wavelength equal to or half the moon’s circumference.
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4.3 Rotation State

Readers interested in Galilean satellite rotation parameters are cautioned that the formal
IAU values for these parameters are misleading, as they assume uniform rotation and zero
obliquity, neither of which can be strictly correct (as explained below). Further discussion
may be found in (Bills and Scott 2022; Yseboodt and Baland 2026) and (in the case of
Europa) Steinbriigge et al. (2026).

4.3.1 Librations

The Galilean moons are thought to occupy a so-called Cassini state, i.e. a stable equilibrium
rotation state in which their spin period is equal to their orbital period and the spin axis
precesses together with the orbit normal maintaining a roughly constant and small angle
(the obliquity) between them (Bills 2005). Equilibrium, however, does not imply a constant
rotation rate since Jupiter exerts a gravitational torque on the moons as a result of (1) their
triaxial ellipsoidal shape and (2) the deviation of their equatorial long axis from the direction
to Jupiter. In the Newtonian two-body problem, for a low-eccentricity elliptical orbit, the
moon’s long axis is always directed to the empty focus of the orbit, and the largest deviation
between the long axis and the direction to Jupiter is given by twice the eccentricity (e.g.
Murray and Dermott 1999). Therefore, Jupiter exerts a periodic gravitational torque on the
moons that is proportional to the orbital eccentricity and to the equatorial flattening of the
moon. Knowledge of the resulting rotation variations, or longitudinal librations, is needed
for cartography of the moons, but more importantly can give information on the interior of
the moons.

If the moons were entirely solid and infinitely rigid, measurements of libration would
allow determination of the equatorial flattening of the moon, given by the inertia ratio
(B — A)/C, where A and B are the two principal equatorial moments of inertia and C the
principal polar moment of inertia. Combined with measurements of the degree-two gravity
field (C»; is proportional to B — A), libration could then in principle be used to determine
each of the three principal moments of inertia independently. From those values, the mean
moment of inertia can be determined, which is an essential quantity giving information on
the radial density distribution in the moon (Sect. 2.1). The estimated libration amplitude
for a solid and infinitely rigid lo, Europa, Ganymede and Callisto is about 270 m, 135 m,
10 m, and 12 m, respectively (Baland and Van Hoolst 2010), and can be measured with an
orbiting spacecraft, such as JUICE for Ganymede (Van Hoolst et al. 2024), or through mul-
tiple spacecraft flybys, such as with Clipper for Europa (Roberts et al. 2023) and JUICE for
Callisto (Van Hoolst et al. 2024).

The Galilean moons, however, are neither solid nor infinitely rigid. Subsurface oceans
in Europa, Ganymede and Callisto and a magma ocean (if one exists) in Io would allow
for differential rotation between the solid layers above and below. Although not equal, the
librations of these two solid layers are coupled through a gravitational torque between them
and through pressure couplings at the interfaces with the liquid layer. Viscous and electro-
magnetic torques are thought to have a negligible influence on the short period librations
(Van Hoolst et al. 2008). A liquid subsurface layer can significantly increase the libration
amplitude of the outer shell, in particular if it is thin. For Enceladus, the observed libration
amplitude (Thomas et al. 2016) is about four times larger than the value of 135 m expected
for an entirely solid and rigid moon. The large increase of the libration of the ice shell is
mainly due to the moment of inertia of the shell being about five times smaller than that of
the whole moon and to the fact that the torque on the shell from Saturn and the underlying
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layers is about 2/3 of the total torque on the moon. The large observed libration amplitude
is convincing proof that Enceladus has a global subsurface ocean. One might anticipate that
a similar conclusion could be reached for the Galilean moons. For example, for a Europa
with infinitely rigid solid layers, a subsurface ocean can increase the libration amplitude by
up to 20 m (Van Hoolst et al. 2008), which can be measured. However, for satellites larger
than Enceladus, the effect of the finite rigidity of the solid layers cannot be neglected and
can even become dominant.

A moon with finite rigidity will deform in response to a changing potential, and this
deformation can drastically change the librational response of a large moon. Deformation
reduces the effective torque on the moon and its different internal layers (Van Hoolst et al.
2013) and therefore reduces libration; equally, this effect can be thought of as the result of
elastic energy being required to deform the shell (Goldreich and Mitchell 2010). For large
icy satellites, the crust almost deforms as a layer in hydrostatic equilibrium and its shape
conforms to that of the response of the liquid layer beneath. This results in a small libration.
Beuthe (2018) classified this tidal deformation behaviour as soft, whereas Enceladus’s ice
shell can be considered as hard. For example for Enceladus, the total torque on the ice shell
is reduced by only ~3% with respect to an infinitely rigid moon. The effect is larger for the
larger Galilean icy moons and can be up to 90% (Van Hoolst et al. 2013). The amplitude
of the libration of the ice shell of Europa is therefore expected to be between about 70 m
and 180 m, depending mainly on the ice shell thickness, rigidity and density (Van Hoolst
et al. 2013). As a consequence, librations alone cannot be used to determine Europa’s ice
shell properties, although when combined with other measurements they are useful (Roberts
et al. 2023). For example, adding libration constraints to Love number measurements can
break the degeneracy between rigidity and shell thickness (Petricca et al. 2026).

The expected libration amplitudes of the ice shell of Ganymede and Callisto are within a
few meters of the values for an entirely solid moon and depend only weakly on the properties
of the ice shell (Van Hoolst et al. 2013). The libration of the solid interior beneath a liquid
layer is slightly smaller than that of the shell for Europa, Ganymede and Callisto. Since it
induces a time-dependent component in the degree-2 gravitational coefficients Cy, and Sy,
the interior libration can in principle be observed from radio-tracking gravity measurements
(Van Hoolst et al. 2013).

Since Io is now not thought to have a magma ocean (Sect. 2.3), its libration amplitude
is expected to be about 270 m (Van Hoolst et al. 2020). A measurement of Io’s libration
amplitude might thus provide a test of the inference that no magma ocean exists.

For a Galilean satellite in a Keplerian orbit, the gravitational torque from Jupiter not
only excites a libration at orbital frequency but also at harmonics (integral multiples) of it.
The amplitudes of those librations at the n-th harmonic frequency are a factor ¢” smaller
than the orbital libration. More interesting are librations due to deviations from a Keplerian
orbit (Lainey et al. 2006), which perturb the gravitational torque exerted by Jupiter and
lead to additional librations at the periods of the orbital perturbations, typically a few years
(Henrard 2005). They are particularly relevant as a means to probe the moon’s interior if
their period is close to a libration eigenperiod (Rambaux et al. 2011). The periods of the
libration eigenmodes are between 7.5 days and 61 days for Europa, between 63 days and
0.9 yr for Ganymede, and between 0.74 yr and 3.3 yr for Callisto (Van Hoolst et al. 2013).
These can be close to orbital perturbation periods (Lainey et al. 2006); the Laplace resonance
produces strong orbital fluctuations with periods in the range 462-485 days (Rambaux et al.
2011). The shells of the Galilean icy moons could also spin at a rate slightly below or
above synchronous due to tidal or oceanic torques (Sect. 3.2). According to Ashkenazy et al.
(2023) the differential rotation with respect to the synchronous rotation rate due to ocean
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torques could exceed 30 m/yr (either prograde or retrograde) for Europa. Since the long-
period librations can easily be distinguished from the diurnal libration, they are unlikely
to affect the determination of the diurnal libration amplitude, but they could degrade any
attempt to look for non-synchronous rotation.

4.3.2 Obliquity and Departure from Cassini State

In the Cassini state occupied by the Galilean moons, the obliquity cannot be zero because
of orbital precession. If it were zero, the torque causing the precession of the moon would
vanish and the moon’s spin axis would not be able to follow the orbit normal, which is the
requirement for a Cassini state (Bills 2005). The obliquity depends on how well the spin axis
can track the motion of the orbit pole. For a spin precession much faster than the periods
on which the orbit changes, obliquity is very small. For a spin precession period longer
than the orbital precession, the spin axis would not be able to track the orbit normal, so
the obliquity would be equal to the mean orbital inclination. Orbital precession occurs at
different timescales, ranging from less than one year to several hundred years. The period of
spin precession depends on the gravitational torque from Jupiter on the moon, and therefore
depends on the interior structure of the moon (the degree-2 gravity moments) and tends to
be smaller for shorter distances to the planet. For entirely solid moons, the spin precession
period increases from 0.41 yr for Io to 203 yr for Callisto (Baland et al. 2012). Obliquity
and the amplitude of oscillations in obliquity are therefore expected to be smallest for Io
and largest for Callisto, with mean obliquities ranging from 0.002° for Io to about 0.15° for
Callisto (Baland et al. 2012; Chen et al. 2014).

In the absence of a global internal liquid layer, measurements of the obliquity, as will
be done by JUICE for Ganymede and Tianwen-4 for Callisto in the early 2030s, together
with the measurement of the degree-2 gravity field will help determine the mean moment of
inertia of the moon (Bills 2005). With a global internal ocean, the situation becomes more
complex and more interesting. Resonances can occur from proximity between spin preces-
sion periods and orbital precession periods, which can substantially increase the obliquity.
Although resonances are also possible for an entirely solid Galilean moon, the interior struc-
ture with a global subsurface ocean offers more possibilities for resonances. The high oblig-
uity of Titan was argued to be the consequence of such a resonance (Baland et al. 2011) or
because of an ocean’s decoupling effect (Bills and Nimmo 2011); more recent work, how-
ever, has attributed it to the large tidal response and concludes that an ocean is not present
(Petricca et al. 2025b). In any event, detection of an ocean in the Galilean moons through
obliquity measurements may be possible if the moon’s internal structure leads to an oblig-
uity measurably different from that expected for a solid moon.

The obliquity also offers insight into the interior structure, but direct determination of a
specific interior property, such a shell thickness, is nontrivial since different interior struc-
tures can lead to about the same obliquity (Baland et al. 2012). However, whereas tides and
libration are mainly determined by properties of the hydrosphere of the Galilean icy moons,
obliquity also depends on the interior below the ocean. Joint inversion of these quantities
can then be used to probe the deeper interior. In addition, obliquity can inform on dissipa-
tion processes in the moon’s interior since it can lead to a small offset of the Cassini state
from coplanarity (e.g. Williams et al. 2001 for the Moon, Baland et al. 2017 for Mercury,
Downey and Nimmo 2025 for Titan). As an example, the projected uncertainty of JUICE’s
measurement of Ganymede’s obliquity (Cappuccio et al. 2020) should allow detection of
k>/ Q as long as it exceeds 0.0016 (Downey and Nimmo 2025). Moreover, comparison of
the obliquity of the ice shell, as observed by remote sensing instruments and the whole body
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obliquity determined by gravity, can provide further information on the mass distribution
and mechanical coupling.

4.4 Magnetic Measurements

Magnetic induction has been very successful at detecting high-conductivity layers at all four
Galilean satellites (Sects. 2.3-2.6). However, current results are limited by the use of only
a single forcing frequency. In this case, the technique is sensitive only to the product of
conductivity and layer thickness, so that neither characteristic can be uniquely determined
(Khurana et al. 2002). Furthermore, the induction response can saturate, so that (for instance)
at Jo it is not possible to use induction to distinguish between a partially-molten and a fully-
molten mantle (Khurana et al. 2011).

In principle, both these obstacles can be overcome by measuring the induction response
at multiple frequencies. Although the main forcing frequency is at Jupiter’s synodic rota-
tion period, there is also a signal at the orbital period, and both frequencies also have higher
harmonics. A multi-frequency approach should be able to independently constrain the thick-
ness and conductivity of a near-surface ocean (e.g. Biersteker et al. 2023). This approach is
particularly powerful when combined with other techniques (e.g. Petricca et al. 2026), since
(for instance) the tidal response (Sect. 4.2) depends on the thickness of the rigid part of the
ice shell, while the induction response depends on the total thickness.

It would also be of interest to use magnetic induction to probe the deep interiors of these
bodies, as has been done at the Moon (Hood et al. 1982). However, it seems likely that the
induction signal of the shallow, highly conductive layer (the ocean or magma ocean) will
swamp any signal from deeper conductive layers (Seufert et al. 2011). It thus appears that
induction may be unsuitable for deep sounding, and that other techniques, such as precise
rotational observations (cf. Williams et al. 2001) should be used instead.

The nature of Ganymede’s internal dynamo is currently not well understood (Soder-
Iund et al. 2025). JUICE will be able to characterize the spatial properties of the dynamo-
generated field (Masters et al. 2025), and potentially look for any long-term variations in
that field (such as the westwards drift of the terrestrial field).

4.5 Miscellaneous Measurements

Dissipation in Jupiter pushes the satellites outwards, but this effect is complicated by the
Laplace resonance, and dissipation inside the moons (which moves them inwards). Nonethe-
less, with sufficiently good astrometric measurements of the satellites’ orbital evolution, the
k>/ Q of the moons can be obtained. To date, this has only been done for Io (Lainey et al.
2009). Future measurements by Clipper, JUICE or Tianwen 4 will be able to use Galileo-
or Juno-era observations, thus achieving a long time baseline.

For Io, a direct measurement of k,/(Q can be obtained based on the total heat output
of about 10'* W (Veeder et al. 1994). Assuming that Io is in equilibrium, this heat output
must be arising from tidal heating and therefore depends on &,/ Q (equation (1)). The value
derived in this manner is consistent with those obtained from astrometry (Lainey et al. 2009)
and from gravity measurements (Park et al. 2025a).

In principle, such measurements could be carried out at the other moons. The problem is
that the tidal heat production is expected to be much lower, so the exogenic thermal output
will be hard to distinguish from insolation. At Europa, exogenic heat sources might possibly
be detectable near the poles using infra-red observations (Christensen et al. 2024), but not
elsewhere. Rather than using infra-red measurements, an alternative is to use a microwave
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radiometer, which can in principle detect thermal gradients in the ice shell (Brown et al.
2023; Levin et al. 2026). The problem here is that the presence of fractures or small amounts
of a conductive contaminant can change the microwave response of the shell, making the
problem highly non-unique.

One potentially powerful probe of the shallow subsurface is an ice-penetrating radar, as
carried by both JUICE and Clipper. The detailed structure of the near-surface ice, including
layering, fractures and intruded bodies of water, if any, should be clearly visible (Blanken-
ship et al. 2024). It is less likely, however, that the radar will be able to detect the ice-ocean
interface. The problem is that ice near the melting point is very dissipative at radar frequen-
cies (Moore 2000), so any returned signal will be so strongly attenuated as to be invisible.
Nonetheless, these radar instruments will at least be able to place a strong lower bound on
the potential ice shell thickness. Undulations in the depth to this attenuating layer would be
indicative of lateral variations in the temperature structure, signaling either convective up-
wellings/downwellings or variations in the conductive shell thickness. Either result would
be very interesting, and the two inferences could in principle be distinguished by also mea-
suring the surface topography.

An important aspect of both Clipper and JUICE’s investigations is the joint analysis of
multiple data sets (Roberts et al. 2023; Van Hoolst et al. 2024; Petricca et al. 2026). Thus,
for instance, induction sounding, tidal response measurements and radar can be combined to
determine Europa’s ice shell thickness. Similarly, Ganymede’s librations will be measured
both optically and by gravity, and a difference in the two measurements would provide
additional information about its internal structure and dynamics. The same comment applies
to measurements of k,/Q via gravity and rotation state measurements.

Finally, many of the spacecraft measurements described above can be complemented by
laboratory measurements. Although a lot of effort has been expended in determining likely
ocean electrical conductivities (e.g. Castillo-Rogez et al. 2022), the conductivity of ice (and
especially contaminated ice) at low temperatures is not currently well-characterized. The
dissipative behaviour of ice and rock, especially in the presence of partial melt, is also not
yet well understood (e.g. Takei 2017).

5 Outstanding Questions

Having surveyed our existing knowledge in Sects. 2 and 3, we will now summarize some of
the most important open questions that remain.

1. Is Callisto differentiated? As explained in Sect. 2.6, the conclusion that Callisto is
incompletely differentiated is based on an assumption of hydrostatic equilibrium which is
not known to be correct. The reason that this question is so important is that avoiding ice-
rock differentiation places stringent constraints on how Callisto could have accreted (e.g.
Barr and Canup 2008). This issue is discussed in more detail in Nimmo et al. (2026) but, in
brief, a partially-differentiated Callisto would require both slow accretion and an absence of
giant impacts.

2. Does Europa have an iron core? Existing moment of inertia determinations for Eu-
ropa are rather uncertain, but hint at a small (or even absent) core (Sect. 2.4). However,
the non-uniqueness of an Mol constraint precludes a definitive conclusion. If a separate core
does not exist, then that would place quite strong constraints on the body’s thermal evolution
(Trinh et al. 2023; Petricca et al. 2025a) and likely rule out strong tidal heating in Europa’s
mantle.
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3. Are there oceans on Callisto and Io? At Callisto, the existence of a thick ionosphere
has complicated investigations of whether it has a subsurface ocean or not (Sect. 2.6). Given
Callisto’s undeformed surface and (perhaps) incompletely-differentiated interior, an ocean
is slightly surprising (but is certainly not ruled out). Meanwhile, a recent measurement of
k, at Io is interpreted as ruling out a shallow magma ocean (Sect. 2.3). This conclusion is
consistent with the available magnetic data, but has not yet been confirmed by another obser-
vation (e.g. librations). The absence of a magma ocean can be explained by rapid upwards
migration and eruption of melt, but has important implications for the likelihood of magma
oceans elsewhere (such as close-in exoplanets).

4. What is the magnitude and spatial distribution of tidal heating on Io, Europa and
Ganymede? At Io, two independent measurements of k;/Q (from gravity and heat flow)
provide a good constraint on the present-day heat production rate (Sect. 2.3). However, it is
not yet clear whether the heating is concentrated more towards the equator or the poles (e.g.
Zambon et al. 2023; Davies et al. 2024). The pattern is important because it tells us whether
the tidal heating is more pronounced towards the surface or at depth, respectively (Ross et al.
1990). For Europa, no measurements of tidal heating exist. Although it is generally assumed
that heating is concentrated in the ice shell, there is no a priori reason that the mantle should
not be warm and dissipative. Ganymede’s low eccentricity and large distance suggest that
tidal heating should not be significant at the present day; there are no current constraints on
how much heating is happening, or where it is located.

5. What is the thickness of Europa and Ganymede’s ice shells, and what are their
structure and dynamics? Europa and Ganymede’s shell thicknesses, structure and dynam-
ics are currently very uncertain (Roberts et al. 2023; Vance et al. 2014; Van Hoolst et al.
2024). A shell thickness measurement would significantly improve our understanding of
either body’s thermal energy budget. The shells may undergo lateral flow, smoothing out
topography, and they may also be undergoing convection (Sect. 3.1) - but observations are
lacking. Lenses of water might be present in the ices of both moons. Melt pockets might
be present in Ganymede’s high pressure ice layer (Kalousova et al. 2018) and their pres-
ence in Europa’s outer shell could be responsible for circular surface features (Manga and
Michaut 2017). For Europa, there have been claims for eruptive plumes similar to those seen
at Enceladus (Roth et al. 2014), but the evidence is weak (Roth et al. 2026).

6. What are the depths, composition and dynamics of subsurface oceans? As ex-
plained in Sect. 4.4, single-frequency magnetic induction sounding has significant limita-
tions. We do not know the depth of any of the inferred oceans, and while we know they
are at least somewhat conductive, there is little direct compositional information (except for
surface spectra; Sect. 2.1). The dynamics of these oceans are even more poorly constrained
(Sect. 3.2) and depend on unknown parameters such as the degree (if any) of ocean stratifi-
cation, the basal heat flux and the roughness of the seafloor topography.

7. What is driving Ganymede’s dynamo? The existence of a dynamo at Ganymede,
and the absence of one at Io and Europa, is puzzling. Most workers assume that the dynamo
is driven primarily by compositional buoyancy (e.g. Hauck et al. 2006) but the details are
not well understood. As one of only a handful of active dynamos, a better characterization
of this example would help understand the presence (or absence) of dynamos elsewhere.

6 How Well Will Juno, JUICE, Clipper and Tianwen-4 Address These
Questions?

1. Is Callisto differentiated? This question seems very likely to be answered. As sum-
marized in Sect. 4.2, JUICE will carry out about 20 close flybys of Callisto which will
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be enough to thoroughly characterize the degree-2 gravity field and determine the non-
hydrostatic component (if any). Additional flybys by Europa Clipper and follow-up mea-
surements by Tianwen-4 will also help.

2. Does Europa have an iron core? While Clipper will improve Europa’s low-degree
gravity field measurements and hence Mol determination, the non-uniqueness problem will
remain. If the total hydrosphere thickness can be constrained from magnetic induction mea-
surements, the gravity data interpretation will provide less ambiguous solution on the deep
interior structure. As discussed in Sect. 4.4, induction sounding is unlikely to be useful as
a probe of deep interior structure; high-precision measurements of rotation state, however,
might provide a constraint.

3. Are there oceans on Callisto and Io? As with Q1, the number of close flybys by
JUICE, possibly complemented by flybys of Clipper, and later Tianwen-4, will be sufficient
to comprehensively answer this question for Callisto using induction measurements. At Io,
confirmation of the absence of a magma ocean would most readily be answered by a libra-
tion measurement (Sect. 4.3.1). This would most likely require a future spacecraft mission,
though in principle ground-based techniques could also be used (Margot et al. 2013).

4. What is the magnitude and spatial distribution of tidal heating on Io, Europa and
Ganymede? At o, further analysis of existing Juno heat flow data seems likely to answer
this question. At Europa, the situation is less clear-cut. A direct (gravity) measurement of
k>/ Q at Europa is challenging, unless if Q is very low (< 10), and surface heat flow prob-
ably won’t be large enough to be detectable, except in some local hotspots. Shell thickness
variations might be interpreted as arising from tidal heating variations, but the ocean and/or
lateral shell flow may provide confounding effects (Sect. 3.2), and whether the heating is lo-
cated in the mantle or the ice shell will be hard to determine. Radar profiles of the ice shell,
particularly when combined with MWR measurements (e.g. Levin et al. 2026), may provide
estimates of local thermal gradients and thus heat flux variations. Although radar is unlikely
to image the base of the shell (Sect. 4.5), a comparison of shell thickness bounds from radar
with shell thickness measurements (e.g. from induction) might allow the thickness of a basal,
tidally-heated layer to be determined. At Ganymede, present-day tidal heating is expected
to be small enough compared to radiogenic heating that measuring heat flow anomalies is
very unlikely. However, due to very high accuracy of the gravity measurements, JUICE will
be able to quantify the imaginary part of k, with a stated accuracy of 6.8 x 10~ (Cappuc-
cio et al. 2020), thus providing key constraints on the dissipative processes and viscosity
structure of the interior.

5. What is the thickness of Europa, Ganymede and Callisto’s ice shells, and what are
their structure and dynamics? A combination of induction measurements, radar sounding
and k,, h, and long-wavelength gravity-topography measurements should provide reason-
able constraints on Europa’s shell thickness (Roberts et al. 2023). Radar sounding should
certainly be able to identify hypothesized near-surface regions of liquid water. A large mis-
match between the radar penetration depth and the total ice shell thickness would be indica-
tive of a convecting ice shell. Plumes, or plume deposits, should be detectable by multiple
instruments - if they exist. Similar constraints, albeit with more precision, will be available
at Ganymede thanks to JUICE, which will orbit at low altitude (< 500 km) during at least
3 months (Van Hoolst et al. 2024). JUICE and Tianwen-4 will also provide geodetic data
(e.g. spin pole orientation and librations; Sect. 4.3.2) of a kind unavailable at Europa, that
may further sharpen our picture of Ganymede’s and Callisto’s interiors. Clipper and JUICE
will not provide short-wavelength gravity and topography data suitable for constraining Cal-
listo’s ice shell thickness and possible lateral variations, but Tianwen-4 will, being capable
of measuring the gravity field at ~200 km resolution (Sun et al. 2026).
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6. What are the depths, composition and dynamics of subsurface oceans? Multi-
frequency induction sounding (Sect. 4.4) should provide good constraints on both the thick-
nesses and the conductivities of the oceans at Europa, Ganymede and (with Tianwen-4) Cal-
listo. Converting from conductivity to composition is not straightforward, but will be aided
by much-improved surface composition measurements. Ocean dynamics, on the other hand,
are hard to determine. At Europa, shell thickness variations might help, but are complicated
to interpret (Sect. 3.2). Such variations will not arise at Callisto or Ganymede (the ice will
flow laterally). Non-synchronous rotation could provide another constraint (Sect. 3.2). Mean
ocean flows would generate a separate induction signal that could in principle be measured,
as has been done for Earth (Tyler et al. 2003), but the detection of such signals is very chal-
lenging as the expected magnitude at Europa is very weak (< 1 nT) (Sachl et al. 2025).
Detecting such a signal with orbiters - JUICE at Ganymede and Tianwen-4 at Callisto -
appears more promising but still challenging.

7. What is driving Ganymede’s dynamo? As an orbiter, JUICE should provide excel-
lent characterization of Ganymede’s dynamo. In particular, the slope of the magnetic power
spectrum should yield a depth to the top of the core (as is the case for Earth). More specula-
tively, the magnetic field might exhibit secular drift, which would provide constraints on the
mean flow speed and thus the energy driving the flow. These measurements would provide
at least partial answers to the question.

7 What High-Priority Questions Will Not Be Answered, and What Are
the Key Future Measurements?

Questions 1, 3 and 5 are likely to be answered by Juno and/or the forthcoming JUICE, Eu-
ropa Clipper and Tianwen-4 missions. Question 4 (tidal heating) is likely to be harder to
answer, except for lo. For Ganymede, the effects are expected to be small, though obliquity
measurements may constrain k,/ Q. At Europa the effects may be larger but Clipper mea-
surements may not yield a definitive answer. Question 2 (Europa core) likewise may be hard
to answer with Clipper data. It is hard to imagine how Question 7 (Ganymede dynamo)
could be answered definitively, although a determination of core size will yield a sulphur
concentration and thus clarify potential mechanisms somewhat. Question 6 (oceans) is in
some ways the most interesting question, because of its novelty (ocean dynamics of icy
worlds is a new field) and its connections to astrobiology. Determining ocean thicknesses
and conductivities are key aims of both JUICE and Clipper. Inferring ocean dynamics, how-
ever, is much harder: there are few observables that can be tied to ocean dynamics, and those
that do exist are often affected by other processes as well. This is not really a problem with
the available or anticipated measurements so much as a fundamental limitation imposed by
non-uniqueness and confounding factors.

Current strategic exploration plans for both NASA and ESA envisage a likely shift from
the Galilean satellites to Enceladus after JUICE/Clipper have completed their missions.
Nonetheless, it is of interest to speculate what follow-on missions might look like. At Eu-
ropa, a surface lander (Hand et al. 2022) would seem the obvious next step, especially if
recent or current activity is detected, while a landed element may form part of the Tianwen-
4 mission. From the Interiors perspective, radio tracking of a lander to derive rotation state
and surface deformation, and seismology to probe the structure of the ice shell ocean, and
deep interior (e.g. Panning et al. 2006), and also assess the level of geologic activity, would
be particularly valuable. A Europa Orbiter (e.g. Prockter et al. 2011) would be hampered
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by the expected short lifetime due to radiation damage, but would provide JUICE-like mea-
surements of gravity, topography, tidal response, induction and rotation state. In the post-
JUICE/Clipper era, the least well-understood moon will be Io. Although Juno has provided
important new information, the conclusion that Io lacks a global magma ocean is sufficiently
surprising that confirmation (e.g. via libration measurements) would be desirable, as would a
more precise set of induction measurements; such observations probably require a dedicated
spacecraft. Remote sensing of isotopic data by ALMA (de Kleer et al. 2024) will probably
continue to yield new information, but for transformative measurements, an Io sample return
mission could be envisaged (Ogliore et al. 2024).

8 Summary and Conclusions

Most of our current knowledge of the interiors of the Galilean satellites comes from static or
time-variable gravity data, and from magnetic induction studies. This is largely a reflection
of the fact that Galileo and Juno were both satellite flyby missions. Despite their limitations,
we have learned that all three icy moons likely possess subsurface oceans, while conversely
Io lacks a magma ocean. Callisto’s differentiation state remains an open question, as does the
thickness of Europa’s ice shell, the state and size of its core, and the distribution and magni-
tude of tidal heating on the three inner bodies. The dynamics of the subsurface oceans have
attracted a great deal of theoretical attention, but connecting ocean processes to observable
quantities such as non-synchronous rotation is challenging.

Forthcoming missions (JUICE, Clipper and Tianwen-4) will provide observations, such
as radar sounding, thermal and mass spectrographic measurements, of a kind not available
hitherto. Furthermore JUICE will orbit Ganymede - the first orbiter of an outer solar system
moon — and will thus provide very high precision geodetic measurements. It is tempting to
speculate as to what new discoveries these new instruments will make. As the more active
of the three outer moons, it seems plausible that thermal anomalies similar to those seen
at Enceladus will be observed at Europa. Ocean dynamics, however, are more likely to be
detected at Ganymede, most likely through a combination of rotation state measurements
and (perhaps) induction studies. Tidal measurements will give a better picture of the states
of the bodies” mantles (are they hot or cold?). And the question of the degree to which
Callisto is differentiated will surely be resolved.

Ultimately, of course, a major aim of all three missions is to determine how habitable
these ocean worlds are. Unless there is active venting of material (which seems unlikely),
direct measurements of ocean composition — as at Enceladus — may not be possible. But
the planned observations will not only vastly improve our knowledge of the subsurface struc-
ture, they will also open up new avenues to understanding the long-term histories of these
bodies, a key aspect of habitability. Those histories, in turn, will help us understand how the
moons formed in the first place. As reviewed in Nimmo et al. (2026), doing so will not be
straightforward. But it will provide intellectual challenges aplenty for the next generation of
outer solar system scientists.
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