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1Faculty of Aerospace Engineering, TU Delft, Delft, The Netherlands, 2Lunar and Planetary Laboratory, University of
Arizona, Tucson, AZ, USA, 3Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena,
CA, USA, 4European Space Research and Technology Centre, ESA, Noordwijk, The Netherlands

Abstract Juice (JUpiter ICy moons Explorer) 3GM Radio Science Experiment will map the gravitational
field of Ganymede with unprecedented accuracy and measure tidally‐induced variations. These measurements
will allow the characterization of its putative ocean and may resolve lateral variations in internal structure.
Lateral variations cause an additional tidal signal that depends on their wavelength and amplitude. We show that
shell thickness variations of 10 − 100% the mean thickness produce an additional tidal signal ∼102 − 103

times smaller than the main tidal signal, detectable given the accuracy of Juice. Using a Bayesian framework, we
show that measuring differences between k20 and k22 constrain equator to pole shell thickness differences. Also
measuring the degree‐3 spherical harmonic signal due to degree 2 forcing constrain degree‐1 and degree‐3
structure. This demonstrates tidal tomography's potential to map three dimensional structure and supports its
consideration for future missions.

Plain Language Summary In 2034, the Juice (JUpiter ICy moons Explorer) spacecraft is set to enter
orbit around Jupiter's moon Ganymede. Measurements of its tidal deformation will allow confirmation of the
existence of a subsurface water ocean and determine the thickness of its icy crust. Juice's highly accurate tidal
measurements will make it possible to map lateral variations in Ganymede's ice shell thickness using tidal
tomography, a technique previously only used on Earth. Inferring the presence of these variations offers a
window into the satellite's internal dynamics (e.g., ocean circulation and the long‐term evolution of the ice
shell).

1. Introduction
Tidal observations have constrained the interior properties of several planetary bodies beyond Earth, including
Mercury (e.g., Padovan et al., 2014), Venus (e.g., Konopliv & Yoder, 1996), the Moon (e.g., Goossens, Mat-
suyama, et al., 2024; Williams et al., 2014), Mars (e.g., Pou et al., 2022; Yoder et al., 2003), Titan (e.g., Durante
et al., 2019; Goossens, van Noort et al., 2024; Iess et al., 2012) and Io (Park et al., 2024). If all goes well,
Ganymede will be soon added to this list.

After a successful launch in 2023, the JUpiter ICy moons Explorer (Juice) mission is on its way to Jupiter, where it
will investigate the habitability of the Galilean moons with special emphasis on Ganymede (Grasset et al., 2013).
In 2034, Juice will enter orbit around Ganymede, starting with a 150‐day long high‐altitude phase and culminating
with a 130‐day long 490 km (GCO‐500) and a 30‐day long 200 km (GCO‐200) circular orbit phase (Boutonnet
et al., 2024). This will allow the characterization of Ganymede's ice shell and putative subsurface ocean using,
among other observations, measurements of tidal deformation over the course of the moon's 7 day elliptical orbit
around Jupiter (e.g., Kivelson et al., 2002; Saur et al., 2015; Van Hoolst et al., 2024). During Juice's orbital phase,
two instruments will measure Ganymede's tides: GALA (Ganymede Laser Altimeter) will directly measure
tidally‐induced radial displacements of the outer surface (Hussmann et al., 2019) and the 3GM Radio Science
Experiment (Geodesy and Geophysics of Jupiter and the Galilean Moons) will measure the impact of Ganymede's
tides on the satellite's time varying gravity field via subtle changes in Juice's orbit (Cappuccio et al., 2020).

With the notable exception of A et al. (2014), previous studies have focused on exploiting tidal observations to
constrain the mean thickness of the ice shell and ocean. Though constraints on radial structure are important for
understanding the internal dynamics of any planetary body, descriptions of lateral structure additionally allows
characterization of processes which create planetary‐scale deviation from hydrostatic equilibrium. For example,
tidal heating and ocean circulation. Tidal heating and ocean circulation are both expected to result in lateral
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variations in shell thickness (Kang, 2023; Kang & Jansen, 2022; Ojakangas & Stevenson, 1989). Ganymede's
surface is characterized by dark and bright regions—with more dark terrain in the leading hemisphere (Patterson
et al., 2010)—which might indicate lateral heterogeneity within the shell. Constraining lateral structures will thus
provide a window into the moon's dynamics.

Lateral variations in interior properties alter the tidal response of planets and moons (e.g., Berne et al., 2023; Lau
et al., 2015; Qin et al., 2014; Rovira‐Navarro et al., 2024; Zhong et al., 2012). The wavelength of the tide of a body
whose interior properties only depend on radial distance is the same as that of the tidal force. By contrast, if the
interior properties also depend on latitude and longitude, the tidal deformation also contains wavelengths different
than the wavelength of the forcing. This coupling of tidal modes can be understood by noting that regions with
weak mechanical resistance are more prone to deformation under tidal stresses than more rigid regions (see
Figure 1).

The additional tidal signal arising from lateral variations can be used to constrain the nature of lateral hetero-
geneites, a technique known as tidal tomography (Qin et al., 2016; Rovira‐Navarro et al., 2024; Zhong
et al., 2012). The amplitude of this signal is typically small, nonetheless, tidal tomography has already been used
to reveal a deep mantle plume in the Earth (Lau et al., 2017). The dual‐frequency X‐ and Ka‐band radio link of the
3GM experiment will provide unprecedented range‐rate and range accuracy (Cappuccio et al., 2020). This will
not only make it possible to measure the Jovian tide but might also enable the detection of the much weaker moon‐
moon (e.g., Ganymede‐Callisto, Ganymede‐Europa) ocean tides (De Marchi et al., 2022; Hay et al., 2022) and
potentially the tidal signal associated with the presence of lateral heterogenities within Ganymede. Here, we
demonstrate the potential of using tidal tomography to reveal lateral heterogenities within Ganymede.

2. Methods
2.1. Time‐Changing Gravity Field and Extended Love Numbers

The gravitational potential ϕ of a body is typically written in terms of spherical harmonic coefficients C̄lm and S̄lm

ϕ(r,θ,φ) =
GM
r
∑
∞

l=0
∑
l

m=0
{(
R
r
)

l

P̄lm(cos θ)[C̄lm cos (mφ) + S̄lm sin (mφ)]}; (1)

Figure 1. Schematic representation of the tidal response for a body with lateral variations of interior properties. The additional
tidal response is expected to be less than 1% of the tidal response, and is exaggerated for visual purposes. Weak regions
represent either regions with thinner ice shell or lower shear modulus.
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whereM and R are the mass and the mean volumetric radius of the body; r, θ, and φ the radial distance, co‐latitude
and longitude where the gravitational potential is evaluated; and P̄lm are the normalized associated Legendre
polynomials of degree l and order m.

The gravitational coefficients (C̄lm, S̄lm) contain both time‐independent and a time‐dependent components. For
synchronous moons with a non‐zero eccentricity and obliquity, the latter is mainly caused by tidally‐driven
deformation at the diurnal period (e.g., 7.1 days for Ganymede). For a spherically‐symmetric body, the pertur-
bation to the gravitational field at degree l linearly depends on the forcing at that same degree l, as given by the
gravitational Love numbers kl. Because of this, the effect of tides in the gravitational field is often included as a
correction to the gravitational field of the form

ΔC̄lm = kl
1

2l + 1
Mj
M
(
R
d
)

l+1

P̄lm (θj) cos (mφj) = klVlm (2a)

Δ S̄lm = kl
1

2l + 1
Mj
M
(
R
d
)

l+1

P̄lm (θj) sin (mφj) = klVl,− m (2b)

withm ≥ 0 andMj, φj and θj being the mass and the longitude and co‐latitude of the tide‐raising and d the distance
from the center of the body to the tide raising body (e.g., Eanes et al., 1983; Konopliv et al., 2013). Vlm is the
amplitude of the tidal force. Figure 2 shows the degree‐2 and 3 time‐varying component of Jovian tide at
Ganymede during Juice's orbit (Vlm) as well as the expected gravity‐field changes due to the moon's deformation
(ΔC̄lm,Δ S̄lm). Because the scaling of the tidal potential amplitude with degree ∝(R/d) l+ 1, the tidal response is
overwhelmingly dominated by degree‐two (l = 2) terms.

Lateral variations of interior properties induce mode‐coupling; a forcing at spherical harmonic degree and order
(l,m) can induce a response at degree and order (ĺ,mʹ) ≠ (l,m) (Berne et al., 2023; Dahlen & Tromp, 1999; Lau
et al., 2015; Rovira‐Navarro et al., 2024; Qin et al., 2016). The generalized relationship between forcing and

Figure 2. Ganymede's Jovian tide at degree 2 and 3 (Vlm) and time‐varying components of the gravity field coefficients for a
spherically‐symmetric Ganymede and one with degree‐2 and 1 lateral variations (see Equations 2 and 3). The shaded regions
indicate the expected sensitivity of Juice. The computation uses the NOE‐5‐2021 ephemeris of Ganymede (https://ftp.imcce.
fr/pub/ephem/satel/NOE/JUPITER/2021/), which represents an extended analysis of the ephemeris presented by Lainey
et al. (2009). The Ganymede rotation model assumes the equator is aligned with the instantaneous orbital plane, and that
Ganymede's long‐axis (assumed to be aligned with the zero longitude meridian) points to the instantaneous empty focus of
the orbit (i.e., no physical libration and obliquity) (Dirkx et al., 2016). The mean values of Vlm have been subtracted, since
these represent the permanent tide.

Geophysical Research Letters 10.1029/2025GL114708
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response can be written in terms of extended Love numbers,K lʹmʹ
lm , which relate the response at degree and orders

(l′,m′) to a forcing at degree and order (l,m) (see Text S1 in Supporting Information S1)

ΔC̄lʹmʹ =∑
∞

l=2
∑
l

m=0
(K lʹmʹ

lm Vlm +K lʹmʹ
l,− m Vl,− m) (3a)

Δ S̄lʹmʹ =∑
∞

l=2
∑
l

m=0
(K lʹ ,− mʹ

lm Vlm +K lʹ ,− mʹ
l,− m Vl,− m) (3b)

Without lateral heterogeneities, the only non‐zero terms are the “diagonal” Love numbers, l = lʹ and m = mʹ.
Moreover, the tidal response does not depend on the order of the tide. When this is the case, we have K lm

lm = kl,
reducing Equation 3 to Equation 2.

As evidenced from Equation 3, a laterally heterogeneous body experiences a richer response to forcing than would
a spherically symmetric body. The tidal response depends on the forcing order forcingm, and the degree 2 tide can
induce a tidal response at higher degrees. As the degree‐2 forcing is much larger in amplitude than that at other
degrees, ΔC̄3m might be dominated by the “off‐diagonal” Love numbers with l = 2 and lʹ = 3 describing the
degree‐3 response due to degree‐2 forcing (see Figure 2).

2.2. Modeling the Tidal Response of a Body With Lateral Heterogeneities

Linking the extended Love number spectra (K l′m′
lm ) to interior properties requires a forward model capable of

computing the tides of bodies with lateral heterogeneities. The tides of spherically‐symmetric bodies have
traditionally been computed using analytical and semi‐analytical spectral method based on spherical harmonic
functions (Love, 1911; Sabadini et al., 2016). Because of mode‐coupling, this computation is more challenging if
the body contains lateral heterogenities. Two different approaches have been employed: finite element methods
(FEM) (Zhong et al., 2012; A et al., 2014; Berne et al., 2023; Souček et al., 2016, 2019) and spectral methods
(Beuthe, 2018; Lau et al., 2017; Qin et al., 2014; Rovira‐Navarro et al., 2024). The main advantage of FEM is that
they are very versatile. Complicated non‐linear relations between stress and strain tensor can be incorporated,
making it possible to employ more realistic rheological models and even capture the influence of cracks and faults
in the tidal response (Berne et al., 2024; Souček et al., 2024). However, FEMs are typically computationally
expensive, limiting these techniques' utility for exploring a wide parameter space and exploiting the power of
Bayesian statistics for inversions. In contrast, spectral methods do not have the flexibility typical of FEMs but are
much more computationally‐efficient and hence more amenable to statistical analysis.

Here, we use the semi‐analytical spectral method of Rovira‐Navarro et al. (2024) implemented in the LOV3D
software package (Rovira‐Navarro et al., 2025) (see Text S2 in Supporting Information S1). In LOV3D, lateral
variations of interior properties are represented using spherical harmonics. The thickness (H) and elastic shear
modulus of a layer (μ) are split into their mean (H0,μ0) and a laterally‐varying component dependent on spherical
harmonic degree and order (Hml , μml ):

(H,μ) = (H0,μ0) +∑
l,m
(Hmn ,μ

m
l )Yml , (4)

where Yml are real spherical harmonics (Text S1 in Supporting Information S1).

2.3. Ganymede Interior Model

To test the sensitivity of the tidal response to lateral variations, we build a fiducial interior model that includes
both radial and lateral variations of interior properties. Our putative Ganymede consists of five layers: a fluid
metallic core, a silicate mantle, a high pressure ice layer, a liquid ocean and an outer ice shell (see Table S1 in
Supporting Information S1), all consistent with current knowledge of Ganymede (Kamata et al., 2016; Vance
et al., 2014, 2018). We neglect the effect of viscoelastic rheology, which is expected to induce a phase‐lag
(<10deg) in the tide (Hussmann et al., 2016), and focus on the elastic response. Additionally, we assume all
internal layers are incompressible. The effect of both of these assumptions is examined below.

Geophysical Research Letters 10.1029/2025GL114708
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The wavelength and amplitude of potential lateral variations in the Ganymede's ice shell and deep interior are not
currently known. Lateral variations in tidal heating in both the shell and deep interior are expected to produce shell
thickness variations characterized by degree 2 and 4 and orders 0 ± 2 and±4 patterns (Beuthe, 2013; Ojakangas
& Stevenson, 1989). Ocean dynamics can similarly produce zonal lateral variations of shell thickness (Kang &
Jansen, 2022; Soderlund, 2019). Other processes might also cause ice lateral variations. For instance, Enceladus
presents a polar dichotomy in shell thickness of unknown origin (Hemingway &Mittal, 2019; Čadek et al., 2016)
and the Moon has a well known nears‐side/far‐side dichotomy (e.g., Jolliff et al., 2000; Laneuville et al., 2013).
We define a fiducial model that contains the patterns expected to dominate tidal heating (l = 2,m = 0) and (2,2),
as well as polar dichotomy (1,0) and near‐side/far‐side dichotomy (1,1) (see Figure 4 and Table S2 in Supporting
Information S1). The total amplitude of lateral variations is aligned with the plausible range of shell thickness
variations estimated by A et al. (2014).

3. Results
3.1. Sensitivity of Ganymede's Response to Lateral Heterogenities

The additional tidal signal arising from lateral heterogenities depends on the geographical distribution, depth and
amplitude of such heterogenities. Here, we first explore the effect of lateral structures within the shell and then
compare them to the effect of heterogeneities in deeper layers.

The wavelength of lateral variations in internal structure determines the wavelength of the response. For instance,
a body with a near‐side/far‐side dichotomy (i.e., (1,1) lateral variation) under a degree‐2 forcing exhibits an

Figure 3. Sensitivity of Ganymede's tidal response to wavelength (a), amplitude (b) and depth (c) of lateral heterogeneities.
(a) Shows the Love number spectra arising from 10% shell thickness lateral variations of degree and order (lLV ,mLV ), the
highest term of the tidal response indicated with a cross. The tidal spectra for order 2 and − 2 forcing can be found in Figure S1 in
Supporting Information S1. (b) Shows the change in amplitude of the leading term with increasing amplitude of lateral
variations, the expected uncertainty of Juice's k2 measurement and the assumed uncertainty in the degree three tidal
measurements are indicated with dashed‐lines. Due to symmetry, the effect of ±m lateral variations is the same. Figure S2 in
Supporting Information S1 displays the same but for an order 2 forcing. (c) Compares the effect of zonal degree two lateral
variations in the ice shell and the deep mantle in the main degree two tidal response. The dashed line indicates Juice's
uncertainty. A similar plot but for degree one zonal variations can be found in Figure S4 in Supporting Information S1.

Geophysical Research Letters 10.1029/2025GL114708
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additional degree‐3 response with a similar hemispherical dichotomy in addition to the typical degree‐2 response
(see Figure 1). Other types of lateral variations yield a response characterized by other wavelengths. Figure 3a
displays the tidal spectra for models with 10% shell thickness variations for geographical patterns of specific
spherical harmonic degrees and orders. Each pattern excites unique tidal spectra, yet the amplitude of the tidal
components quickly decays as the degree of the response mode increases. In general, the effect of lateral vari-
ations depends on the component of the tidal force (see Figures S1 and S2 in Supporting Information S1). For
instance, (l,m) = (2,0) lateral variations increase the (2,0) tidal response and decrease the (2,2) response. Such

Figure 4. Recovered lateral variations from experiments 1–4 (see Table S3 in Supporting Information S1). The contours
correspond to combinations of parameters with a count higher than 5% of the maximum count of said parameters and the
black lines indicate the values corresponding to the fiducial model. Maps for the fiducial (upper right) and recovered shell
thickness variations for experiments E1–E4 (lower panel) are also given.

Geophysical Research Letters 10.1029/2025GL114708

ROVIRA‐NAVARRO ET AL. 6 of 11

 19448007, 2025, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
114708 by T

echnical U
niversity D

elft, W
iley O

nline L
ibrary on [16/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



an effect cannot be mimicked by radial variations in interior properties. Measuring the Love numbers at different
orders (e.g., k20, k22), should therefore help distinguish 1D structure from potential 3D structure.

Degree‐1 and 2 lateral variations couple most with the degree 2 tidal forcing (Figure 3b). As expected, the
amplitude of the additional tidal response depends on the amplitude of lateral heterogenities (see Figure 3b). The
additional signal arising from these terms is of the order of ∼(10− 2‐10− 3) ⋅ k2 (with k2 = 0.41) for lateral vari-
ations ranging between ∼10% − 100% the mean shell thickness value. If we consider the degree 2 response, this
is well above the expected accuracy of the 3GM experiment σk2 ∼ 10− 4 ∼ 2 ⋅ 10− 4k2 (Cappuccio et al., 2020).
A pole/equator dichotomy (zonal degree two lateral variations) of a few percent produces a signal above this
threshold, indicating Juice will be able to detect this kind of lateral structure.

Discerning the accuracy to which Juice can measure higher degree terms, l > 2, requires a full covariance
analysis of simulated range and range‐rate Juice data, akin to that done in De Marchi et al. (2022) for the degree 2
frequency‐dependent tidal response but incorporating the new parametrization of the tidal response introduced in
Section 2.1. For the degree 3 terms we can get an estimate by using the uncertainty of the degree‐three gravity
field coefficients, which will be in the order of 10− 10 (Cappuccio et al., 2020). As shown in Figure 2, this un-
certainty is of the same order as the expected time‐varying signal arising from a spherically‐symmetric Gany-
mede, k3V3m. From Equation 3, σK3m

2m
can be estimated as σK3mʹ

2m
∼ k3V3m/V2m, from which we get σK3mʹ

2m
∼ 10− 3.

This uncertainty would imply sensitivity to degree‐1 shell thickness variations of ∼10% the mean shell thickness
(Figures 2 and 3b).

Lateral variations in deeper layers (high pressure ice and mantle) also induce an additional response. The relation
between wavelength of lateral variations and the response is the same as for variations in the shell (Figure S3 in
Supporting Information S1), however the amplitude is much smaller. To illustrate this point, we consider the
sensitivity of the diurnal tide to shear modulus variations in different regions of Ganymede's outer ice shell, high
pressure ice, and mantle. We find that Ganymede’ time‐variable gravity is about 102 times more sensitive to
structure in the outer ice shell than to heterogenities in the deeper interior (see Figure S5 in Supporting Infor-
mation S1). For instance, with our reference interior model, producing the same tidal signature of a 3% shell
variation requires a 60% variation of mantle shear modulus (Figure 3c). While, deep interior variations of > 10%
are above the detectability threshold, they are not expected—a shear modulus anomaly of ∼10% requires a
thermal anomaly of ∼500 K (Isaak, 1992). Moreover, any small variations in shell thickness properties would
conceal this signal.

Ganymede's response is also affected by compressibility and viscous effects. A compressible shell with a bulk
modulus of 10 GPa yields a tidal Love number∼1% higher than an incompressible shell, roughly the same as that
produced by∼50% shell thickness variations and well above the detectability threshold of Juice. However, unlike
compressibility effects, shell variations result in a response that is order‐dependent (i.e., k20 ≠ k22). Simultaneous
measurements of time‐variations in the zonal and sectoral components of Ganymede's gravity field should
therefore help to distinguish the two effects. 3D variations in bulk modulus are expected to be smaller than shell
thickness variations and also have a smaller effect on the tidal response than both thickness and shear modulus
variations (Qin et al., 2016). Disentangling viscoelastic effects might be more problematic since they can induce a
tidal response that appears similar to that produced by 3D structure. For example, a (l,m) = (2,2) response
induced by (2, 2) structure interacting with the (2, 0) component of the tidal force could be misinterpreted as a
phase lag. Here again, careful consideration of the order dependence of the response should allow separation of
the two effects, but this requires further investigation.

3.2. Recovering Ganymede Lateral Variations Using a Bayesian Framework

To assess the potential of using tidal tomography to constrain lateral heterogenities, we perform a simulated
inversion of internal structure assuming different sets of measurements and uncertainties of gravity field per-
turbations. We obtain the Love number spectra of the fiducial model of Section 2.3, add Gaussian noise repre-
sentative of the expected gravity measurements and try to recover the fiducial lateral variations using a Bayesian
Markov Chain Monte Carlo inversion with a Metropolis‐Hastings sampling algorithm (see Text S3 in Supporting
Information S1).
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We consider four different experiments in which we vary the number of measured terms of the Love spectra and
the complexity of the interior model we try to invert for (see Table S2 in Supporting Information S1). In the first
experiment (E1) we assume that only the diagonal Love numbers typically estimated in gravity determination
(K2,0

2,0,K
2,2
2,2 andK

2, − 2
2, − 2) are measured and try to infer zonal shell thickness variations up to degree 3. In the second

(E2), we consider that the degree 3 Love numbers due to forcing at degree 2 arising from zonal lateral variations
are also measured (six terms of the Love number spectra also including K3,0

2,0 and K3,2
2,2). In the third experiment

(E3) we also try to obtain sectoral lateral variations up to degree 2 using the same observables as in E2. Finally, in
the last experiment (E4), we try to infer zonal (degree 1–3) and sectoral (degree 1–2) using up to 20 terms of the
Love number spectra (including degree 2 and 3 terms expected to be excited from sectoral variations) (see Text S2
in Supporting Information S1). From the arguments in the previous section, we set the uncertainty with which
Love numbers can be retrieve from Juice tracking data to σK2mʹ

2m
= 10− 4 and σK3mʹ

2m
= 10− 3.

In all experiments, we assume the radial profile of interior properties is known. While a joint inversion of 1D and
3D structure using various types of observations (static gravity and shape, tides, spin‐state, radar sounding and
magnetic observations) might be desirable, the order dependence of the tidal response for a laterally heteroge-
neous moon allows to distinguish 3D from 1D effects. Furthermore, given the small sensitivity to variations in the
deep interior, we also only consider lateral variations in shell thickness (Section 3.1), and ignore shear modulus
variations in the shell, as the latter are expected to be much smaller and have a smaller effect on the tidal response
(A et al., 2014). Moreover, as obliquity tides (l = 2 andm = 1) are expected to be smaller than eccentricity tides,
we focus on the response due to eccentricity tides (l = 2 and m = 0, m = ±2) (Chen et al., 2014). These as-
sumptions allow us to isolate the effects of lateral variations and illustrate the potential of using tidal tomography
in the simplest set‐up. Nonetheless, all stated assumptions may be relaxed in future work or real inversions of data
from the 3GM experiment.

The results of the inversion are shown in Figure 4, the recovered values and uncertainties are given in Table S3 in
Supporting Information S1 and differences between the fiducial and the recovered model are plotted in Figure S6
in Supporting Information S1. The unprecedented accuracy of the 3GM experiments implies that even if only the
degree two response at different orders is measured, as in the nominal 3GM goal, the zonal degree two lateral
variations can be recovered with an uncertainty of ±1% (see E1 in Figure 4 and Table S3 in Supporting
Information S1).

Measuring off‐diagonal terms arising from the degree two forcing allows for extraction of lateral variations with
other wavelengths. By measuring changes in the degree 3 gravity field the presence of a polar dichotomy (l = 1,3
and m = 0) can be unveiled. Degree 1 lateral variations can be constrained within a ∼ ± 7% accuracy, while
degree 3 lateral can be constrained between a 15% − 30% accuracy depending on the terms of the tidal spectra
measured. Constraining longitudinal variations in shell thickness is more challenging as it requires measuring
∼20 different extended Love numbers, but if this is done sectoral lateral variations can be also constrained to less
than ∼ ± 7% accuracy (E3, E4).

4. Summary and Implications
Lateral variations of interior properties induce a coupling between deformation modes of different spherical
harmonic degrees and orders. This affects the tidal response of moons and planets, making it possible to constrain
lateral structure from very accurate measurements of body tides. We demonstrate that tidal tomography can be
used to constrain shell thickness variations in Ganymede. The degree to which this can be done depends on how
many extended Love numbers can be extracted from observations. Future work on Juice gravity science should
strive to discern how many of these terms can be measured, and de‐correlated from other parameters to better‐
bound their uncertainty. While not explored in this work, recovering l > 3 tidal signals would allow to
recover shorter wavelength features.

While our work focused on gravity observations, the role of lateral heterogenities might also be detected using
altimetry measurements. Future work might explore the sensitivity of GALA measurements to lateral hetero-
genities, although the lower accuracy of these observations—σh2 ∼ 2 ⋅ 10− 2h2 versus σk2 ∼ 2 ⋅ 10− 4k2 (Stein-
brügge et al., 2015)—makes this more challenging. Dynamic gravity and shape data is especially sensitive to long
wavelength heterogenities in shallow regions (Figure 3). This technique can complement static shape and gravity
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measurements which also have sensitivity at lower spatial scales and deeper structure. Mapping shell thickness
would provide insight into different processes relevant for habitability, including the distribution of tidal heating
in Ganymede's interior and the global circulation and transport of energy within its subsurface ocean (e.g., Kang
& Jansen, 2022; Ojakangas & Stevenson, 1989; Soderlund et al., 2024).

Beyond Ganymede, this work illustrates the power of tidal tomography to detect lateral structures from orbit,
presenting an attractive alternative to techniques requiring a lander (e.g., seismology). To exploit this technique,
future gravity inversions should move away from the traditional parametrization of tides with diagonal Love

numbers (K2m
2m) to a more general one including off‐diagonal Love numbers (K l′m′

2m ) (Section 2.1). The flyby‐
based trajectory of Europa Clipper makes the independent determination of k20, k21, k22 unlikely (Mazarico
et al., 2023) but future mission might enable independent observations of these parameters. With icy moon
exploration being a top priority for ESA and NASA (National Academies of Sciences et al., 2023; Tacconi
et al., 2021), we suggest that tidal tomography be incorporated into the architecture of future missions to the outer
solar system.

Data Availability Statement
The software used in this article and which can be used to reproduce the result, LOV3D, is available at Rovira‐
Navarro et al. (2025).
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