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The main reservoirs of liquid water in the Solar System are hidden beneath the icy shells of some of the “icy
moons” orbiting the gas giants Jupiter and Saturn. Although these moons lie well outside the traditional
habitable zone, tidal forces exerted by their parent planet and internal radiogenic heating can sustain subsurface
oceans of liquid water. These environments may offer the necessary conditions for life, making icy moons key
targets in the search for extraterrestrial biospheres. Unfortunately, direct exploration of these oceans remains out
of reach by current space mission technology, which is limited to surface observations. However, surface activity
observed on several of these moons suggests that internal processes may be coupled with surface dynamics,
potentially enabling surface-subsurface interactions. Previous global models have shown that large-scale fluid
motions within the oceans may lead to latitude-dependent variations in heat flux at the ice-ocean boundary. In
this study, we investigate intermediate-scale, localized convective dynamics within the subsurface oceans of icy
moons, showing that these oceans can be dominated by intense thermal convection which can generate differ-
ential heat fluxes and local interactions at the ice-water interface. To explore this issue, we numerically integrate
a simplified turbulent convective fluid model, coupled with a linear approximation for the freeze-melt processes
of the overtopping ice layer. We observe that the resulting spatial variability in basal melting and freezing rates
could induce thickness variations of the ice shell. These predictions can be tested by upcoming missions such as
ESA’s JUpiter ICy moons Explorer through gravity and altimetry measurements, offering new insights into the
physical coupling between surface and interior also at small spatial scales.

1. Introduction the gas giants, namely Jupiter and Saturn (Nimmo and Pappalardo,

2016). In these environments, tidal heating generated by the gas giants,

Liquid water is one of the fundamental requirements for life as we
know it, as essential biochemical reactions rely on water to assemble the
building blocks of life. Water serves as the “universal solvent,” enabling
cells to transport and utilize substances such as oxygen and nutrients;
and it contributes to maintaining cellular structure (Pohorille and Pratt,
2012). From this perspective, the search for life in the universe has al-
ways been closely linked to the search for liquid water (Irion, 2002). In
this framework, the circumstellar habitable zone is defined as the region
of a planetary system where liquid water can exist on the surface of a
celestial body. However, the largest reservoirs of liquid water in the
Solar System are not necessarily found within the habitable zone defined
in this way but are hidden beneath the surfaces of several icy moons of

along with internal heating from radioactive decay in a silicate mantle,
sustains subsurface liquid water oceans that may provide the necessary
conditions for life to emerge and persist. Several studies investigated the
potential habitability of these worlds (Vance et al., 2018) and the sur-
vivability of potential ecosystems (Chyba and Phillips, 2001; Weber
et al., 2023). This makes icy moons a primary target for Solar System
exploration when dealing with the search for extraterrestrial life.
These satellites are directly accessible to space missions and have
already been explored in the past. NASA’s Galileo mission investigated
the icy moons of Jupiter, while NASA’s Cassini mission studied the icy
moons of Saturn. New missions entirely devoted to Jupiter’s icy ocean
worlds—Europa, Ganymede, and Callisto—are currently on their way.
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NASA’s Europa Clipper will focus on Europa, one of the most promising
candidates in the search for extraterrestrial life owing to the possible
direct interactions between its subsurface ocean and the rocky mantle
(Vance et al., 2023). This connection may support water-rock in-
teractions and, consequently, potential hydrothermal systems, which
can have played a crucial role also in the emergence of life on Earth, by
providing prebiotic molecules and essential nutrients (Westall et al.,
2018). Meanwhile, ESA’s JUICE (JUpiter ICy moons Explorer) mission
will primarily study Ganymede, the largest moon in the Solar System,
which appears to host a subsurface ocean that could be the most
extensive liquid water reservoir in the entire planetary system.

Today’s technology allows access only to the surface, enabling the
investigation of morphology and composition and providing indirect
clues about the internal structure (Schubert et al., 2004). However, it
does not permit direct exploration of the subsurface oceans, leaving
them largely beyond our measurement capabilities. Nevertheless, these
worlds appear to be active today (Becker et al., 2023; Rovira-Navarro
et al., 2024)—or have been in the past (Lee Allison and Clifford, 1987)—
potentially supporting connections between the ocean and the surface. If
such connection areas, or “hotspots,” are identified, surface observations
could offer valuable insights into the characteristics of the hidden
oceans, helping to determine whether they could sustain potential
ecosystems. Finding hotspots depends on the dynamics of the internal
oceans (Soderlund et al., 2014) that can transport heat from the bottom
of the ocean to the water-ice interface, on the dynamics of the ice shell
(Mitri and Showman, 2005; Soderlund, 2019) and on the effects of tidal
stresses (Moore, 2000).

Previous studies on the dynamics of ice-covered oceans mostly
addressed large-scale, planetary dynamics. Some studies focused on
thermal effects, showing enhanced heat transport towards the equator;
others emphasized the role of salinity and ice melting/freezing pro-
cesses, highlighting the formation of Taylor columns and a more uni-
form latitudinal heat distribution. For instance, Soderlund et al., 2014
demonstrated that large-scale thermal convection can drive equator-
ward heat fluxes, while Ashkenazy and Tziperman (2021) showed that
salinity-dominated stratification may lead to more symmetric circula-
tion patterns and Terra-Nova et al. (2023) explored the effects of a non-
homogeneous heat flux at the ocean bottom. In doing so, however, such
studies had to necessarily discard a more detailed and spatially-resolved
description of the smaller-scale turbulent convective motions possibly
existing in the oceans and of the associated vertical heat transfer pro-
cesses. Currently, it is not yet possible to formulate a numerical
description of icy-moon oceans encompassing the whole range of scales
from turbulent convective plumes to the global ocean circulation.

The present study provides a complementary view of the ocean dy-
namics, and it focuses on the role of the (expectedly turbulent) km-scale
convective dynamics of the hidden oceans, with special attention on the
vertical heat transfer mechanisms associated with this intermediate-
scale turbulent convection. In this context the role of rotating convec-
tion is crucial since, as outlined in previous studies (Brummell et al.,
1996; Julien and Knobloch, 1998; Currie et al., 2020), it reorganizes
plumes into anisotropic structures and alters transport laws. From this
perspective, this work intends to quantify the role of turbulent convec-
tive processes on water-ice interaction and thus on the generation of
connection hotspots. The aim is to determine if and where the interface
can undergo phase changes due to the upcoming heat flux generated by
convection and quantifying it with a proper description. It leads to the
definition of maximum heating and freezing at different latitudes, a
quantification of the topographic profile of the water-ice interface and
the suggestion of the typical dimensions of the hotspots.

To isolate the thermal contribution, a simplified yet fundamental
fluid dynamics model was adopted, based on Rayleigh-Bénard (RB)
convection. The system is composed of a fluid layer heated from below
and cooled from above and is a cornerstone for studying buoyancy-
driven turbulence (Goluskin, 2016). The model configuration adopted
here describes a three-dimensional, rotating incompressible fluid layer
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bounded above and below by rigid horizontal surfaces and periodic
lateral boundary conditions (Passoni et al., 2002; von Hardenberg et al.,
2008; Novi et al., 2019). This setup is meant to simulate a local portion
(with horizontal scale of a few hundred kilometers) of the ocean at
various latitudes in a Cartesian geometry. The convective dynamics is
complemented by modeling the freeze-melt processes of the overtopping
ice layer, which allows to estimate ice thickness variations as a result of
the convective motions in the ocean. This phenomenon has been pre-
viously investigated with complex and fully coupled models
(Rabbanipour Esfahani et al., 2018; Yang et al., 2023). Here, we adopted
a simplified, linear approximation for the freeze-melt processes consis-
tent with our formulation, which keeps the problem tractable.

Even though the conceptual fluid model used here is extremely
simplified, the results of this study (a) indicate the relevance of thermal
convective motions in icy moons’ oceans, and (b) offer a possible
framework to estimate where hotspots are most likely to occur, sup-
porting future interpretations of gravity and altimetry data from mis-
sions such as JUICE and Europa Clipper. Thus, the focus was on Jupiter’s
icy moons—Europa, Ganymede, and Callisto—as they represent the
most promising candidates for detecting active surface-subsurface
interactions.

2. Materials and methods
2.1. Model equations

This work adopts a 3D formulation of Rayleigh-Bénard convection
for a Newtonian fluid layer, set in a box of thickness D and horizontal
sides 27D. Periodic boundary conditions are used along the two hori-
zontal axes x and y at x = 0, 27D and y = 0, 2zD. With periodic boundary
conditions, the net lateral fluxes of mass, momentum and heat are zero,
so the domain-mean budgets close without sidewall contributions, ¢ (x +
27Dy, z,t) = ¢(x,y,2,t), p(x,y + 22D, 2,t) = ¢(x,y,2,t). This configu-
ration approximates a local patch of a large, horizontally homogeneous
ocean. Boundary conditions on temperature salinity and velocity along
the vertical directions z at z= 0 and z = D are discussed below. Gravity is
aligned with the vertical direction and points opposite to the z axis, i.e.,
g = (0,0,—g). The model includes rotation, that can be set in any di-
rection in the y-z plane, O = (0,9,,9;). The fluid is considered
incompressible, and the model uses the Boussinesq approximation
(Rayleigh, 1916; Chandrasekhar, 1961).

The system of model equations is:

Veu=0 Continuity equation (2.1)

Du 1 9 .

Dt fp—Vp —2Qxu+gaT+vVu Momentum equation (2.2)
0

DT

e V2T  Heat equation (2.3)

where T is temperature, u = (u, v, w) is the three-dimensional fluid ve-
locity, with w positive upward along the vertical, p,is a reference
density and o is the coefficient of thermal expansion. In accordance with
the (so-called “strong™) Boussinesq approximation, kinematic viscosity v
and thermal diffusivity x are assumed constant and density fluctuations
around p, depend linearly on temperature fluctuations. In the current
preliminary exploration, the study refers to pure water properties.

The above equations admit a static (time-independent), horizontally
homogeneous and conduction-dominated solution with linear depen-
dence of temperature along the vertical and null velocities. Two
important non-dimensional parameter for the above set of equations are
the Prandtl number, Pr = v/x and the Rayleigh number (Ra), which for

agD*F
vk2pey

the imposed average heat flux across the horizontal boundaries (Choblet
et al., 2017). The Rayleigh number controls the stability of the static

imposed-flux conditions is classically defined as Ra = where F is
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solution and more generally the characteristics of the flow; in particular,
for values of Ra above a critical threshold (between about 650 and 2000
depending upon the boundary conditions on temperature and velocity,
see e.g. Chandrasekhar, 1961), the static conductive solution becomes
unstable and convective motions ensue. Typically, turbulent convective
plumes emerge for values of the Rayleigh number in excess of 10* (e.g.
Parodi et al., 2004) (Fig. 1).

2.2. Boundary conditions

We assume that the simulated portion of the ocean spans the whole
ocean depth between the lower boundary, set as z = 0 at the bottom
ocean-ice (or rock) interface and the upper boundary, set as z = D at the
average position of the upper ocean-ice interface. For all Jupiter’s icy
moons, it can be reasonably assumed that phase changes do not occur at
the lower boundary, whether composed of a high-pressure ice layer or a
rocky mantle. In contrast, possible melting/freezing at the upper ice
layer must be considered.

2.2.1. Bottom boundary (seafloor)

As mentioned, no phase-changing processes are assumed at z = 0.
Velocity is considered null at the sea floor. The boundary conditions
then become:

Velocity:
Whottom = O; Upottom = Vbottom = 0 No SllP (24)
Temperature:
oT
—p cPKE =F Fixed flux (2.5)

where F is an imposed, spatially homogeneous heat flux at the bottom of
the ocean. The choice of fixed-flux lower boundary condition is due to
the fact that the temperature at the bottom of the ocean is not known,
while the internal heat flux can be estimated through models that ac-
count for tidal heating and radiogenic heat production (Lebec et al.,
2023), and, supposing a statistically stationary thermal state of the
ocean and of the upper ice cover, it is mirrored by the value of the heat
flux emerging from the external surface of the icy moon. Here, we as-
sume the bottom heat flux to be constant in the simulation box, but in
principle it could assume a different value for boxes located at different
latitudes.

2.2.2. Upper boundary (top of the ocean)

Observations and thermal models suggest the presence of a surface
ice I layer above the ocean, with an average thickness < H>. At the top
of this layer, the temperature is fixed at the orbit-mean value Ts that may
vary with latitude. At the contact between ice and water, which corre-
sponds to the upper boundary of the ocean, the temperature at the ice-
water interface is fixed at the pure ice melting temperature Ty, here for

=(0,0,—8)

g
a=(0,9,9,)

D I 27D

2D

Fig. 1. Schematic configuration of the Rayleigh-Bénard model setup.
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simplicity assumed at 273.15 K (other values generated by the high
pressure of the overtopping ice layer do not qualitatively change the
results). Water velocity is considered null at the contact with the ice
(assuming the possible ice motions to be much slower than those of the
water). With this choice, the boundary conditions at the top of the ocean
become:

Velocity:

Wiop = 05 Uop = Vigp =0 No slip (2.6)
Temperature:

Ty = T5 Fixed temperature 2.7

Here, we impose w = 0 because, as it will be explicitly shown in
section 2.5, the ice dynamics is much slower than those of the ocean and
thus the speed of ice edge motions can be neglected on the time scale of
ocean motions. This choice is consistent with the fact that ice thickness
variations are computed in post-processing.

2.3. Static conductive solution

For the static solution, all variables are homogeneous on the hori-
zontal, the top of the ocean is at z = D and heat is transferred by con-
duction. Inside the ocean, the static temperature profile is linear along
the vertical,

Tsmt(z) (D - Z) + Tf (2.8)

XS

and the heat flux from the ocean at the upper boundary is Foc = F. Using
a simple diffusive heat transfer in the upper ice layer, thus neglecting
possible convective motions in the ice, we can write

T; — Ts
Hstat

2.9

Foc = F = Fice = picg Cpce Kice

which determines the ice thickness Hyy, for the static solution for given
values of F and Ts. Using the estimated parameter values reported in
Table 1 below for Ganymede, we obtain that Hg, is about 69 km, in
agreement with the estimated thickness (Table 1). Notice, also, that eq.
(2.8) allows for determining the temperature at the lower ocean
boundary (z = 0) in the static case, to be discussed further below:

FD

Tbottom = Ts[atlz:o = m‘i’ Tf

(2.10)

2.4. Dynamics at the water-ice interface

At the upper ocean boundary, when only conduction is present, the
heat flux is constant in space and time (Foc) = F. When convection is
present, the heat flux can vary in space and time and can locally differ
from the average value. In this case, localized phase changes can occur
as ice may either freeze or melt depending on the heat flux transported
by the oceanic convection. As a result, the upper ice-ocean boundary
will become modulated in space and time. If the heat flux from the ocean
is locally larger than the static value F, ice will melt, while if it is lower
than F, water will freeze, and the ice thickness will locally increase. In
statistically stationary conditions (i.e., the average heat flux from the
lower boundary equals that emerging from the surface of the satellite)
the spatial average of the local heat flux from the ocean must be equal to
F, so the average thickness of the upper ice layer, <H>, will remain
equal to Hgyg.

In the present formulation, we adopt a simplified description based
of the local ice thickness dynamics as a function of the heat flux supplied
by convection. We assume that 7 is a local fluctuation of the boundary at
the ice-ocean interface, assumed positive upward, generated by local ice
melting/freezing dynamics. The local ice thickness becomes H <H > —
= Hgq - 17 (notice that when 7 is positive, the local ice thickness is smaller
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Table 1

Values of the main parameters adopted in the numerical simulation, for the case
of Ganymede. In brackets, the source of the information.

Parameters Values Adopted value
300 km (Bire et al., 2022)
Ocean depth (D) 361 km (Soderlund, 2019) 300 km
A"(eHr;‘ge fce thickness 74 1 (Soderlund, 2019) 70 km
A‘;:sgzl:glf::e 120 K (Spohn and Schubert, 2003) 120 K
P 100 K (Journaux et al., 2020)
(Ts)
Heat flux (F) 40 mW/m?(Lebec et al., 2023) 40 mW/m?
Kinematic viscosity of molecular (at 274 K): not used
water, () 1.74x 10°°m?/s
Eddy viscosity of unknown 35m? /s
water, ( vg)
Thermal diffusivity of molecular (at 274 K): not used
water, (k) 0.14 x 10°° m?/s
Eddy thermal
diffusivity of water, unknown 35m?/s
(xE)
Kinematic viscosity of 5.2 5 2
the ice (xicr) 107> m?/s 107> m?/s
. 1x107°%s7!
Rotat; te (Q 7571
otation rate () (Soderlund, 2019) 4x107s
. 1.0 x 10% kg/m? (Spohn and Schubert, 1.0 x
Water density (py) 2003, Hussmann et al., 2015) 10° kg/m?
. 1.0 x 103 kg/m3(Spohn and Schubert, 1.0x
lee density (prce) 2003, Hussmann et al., 2015) 10° kg/m?
. 1.58 m/s? (Spohn and Schubert, 2003)
G ’ 1.58 2
ravity (g) 1.6 m/s? (Lebec et al., 2023) m/s
Specific heat capacity 3 x 10 J/(kg K) 3x
of water (cp) (Soderlund, 2019) 10% J/(kg K)
Specific heat capacity 1.8x

of ice (¢py, )

1.8 x 10% J/(kg K) (Soderlund, 2019)

10% J/(kg K)

2.5x 1074 K!
Th 1 ivi Bire et al., 2022
ermal expansivity (Bire e 174 > ) 25x 1074 K1
() 1.5x 104K

(Lebec et al., 2023)

and we have discarded possible changes of the external ice surface).
The heat flux at the top of the ocean should then be represented by

T
Foc = 7pCpKafz

z=D+1

In principle, this quantity should be evaluated at the ice-water

interface located at z = D+ 5, which generates a so-called Stefan prob-
lem (Crank, 1984). However, given that in general we are looking for
cases where the local fluctuation in ice thickness is very small, that is | 5
| < < Hga < D, for simplicity the boundary conditions are applied at z
= D. Thus, it is imposed that:

T
FOC: —pPCpK— (211)

0z

z=D

The heat flux coming from the ocean, then, must equal the heat flux
going through the ice plus the heat input or output associated with the
phase changes of ice:

=F—Lgq (2.12)

FOC: —pCpK'a—z

z=D

where L is the latent heat and L g the latent heat flux that is negative if
heat is absorbed by the ice (ice melting) and positive if new ice freezes
from the ocean water. For ice melting/freezing, q can be written as:
dH
= — 2.13
q = Pice dt ( )

where & s the variation in the thickness of the ice layer above the
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ocean. The equation for the time evolution of upper ice layer thickness
can then be written as:

Ty — Ts

—pek = . +L prg ‘Z—I;I = Pick Cp.ck Kice (2.14)

This formulation can generate local deviation of the ice thickness
from its mean value Hg,,. As mentioned above, it is assumed that such
deviations are small compared with both Hy, and D and thus, after
linearizing the equation around Hy, and consistent with applying the
boundary conditions at z = D, eq. (2.13) becomes:

d Ty — T
=L pieg d% = PicE Cp.cE KicE th 5 5 (1 + 1 ) (2.15)
stai

c oT
_ K —
P 0% Hsmt

z=D

where H= Hy,, - n and we used the fact that Hy,, is constant.
2.5. Non-dimensional formulation

The non-dimensional formulation is obtained by using as space scale
the ocean depth, D, and for time the thermal diffusive time scale, 77y =
D?/x. The thermal diffusive time indicates the time that heat takes to be
transferred from the lower to the upper ocean boundary by pure thermal
diffusion, and it usually much longer than the typical heat transfer time
due to turbulent convective dynamics, 74n = (T1rTvis /Ra)l/ 2 when the
Rayleigh number is large. Here, 7,;; = D2 /v is the viscous time.

Since adding a constant to the temperature does not change the
equations (temperature appears only as a difference/derivative in the
dynamical equations), from now we shall fix T = Oin the non-
dimensional formulation eq. (2.10). The equations thus become (from
now on, otherwise specifically indicated, all variables are non-
dimensional):

Veu=0 Continuity equation (2.16)

Du )~ ~ 2 .

il Vp-2Q rxu+PrRaTz+PrV-u Momentum equation
(2.17)

DT _, )

D= v°T Temperature equation (2.18)

with thermal boundary conditions

T,.,=0 Fixed temperature (2.19)

and

T
76— =1 Fixed flux (2.20)
4 2=0

In eq. (2.16), Q' is the moon’s rotation rate in units of the thermal
diffusive time.

With these choices, the non-dimensional equation for the ice thick-
ness becomes:

@:A[_@_H

n
1-B(1
a5, () |

(2.21)

where we have written

_JT
0%

_ %0
0%

2=1 z=1.

and 0 is the temperature fluctuation with respect to the static solution at
z = 1, recalling that the non-dimensional heat flux of the static solution
is equal to 1.

The two (positive) non-dimensional parameters A and B are (note
that the constants in their definitions below are dimensional):
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FD

A=
L picgx

(2.22)

_ Pice CpICE KICE Tf —T;

B
PCpK Hitar

(2.23)

It is worth noting that the parameter A introduced in eq. (2.22) can
be expressed as the inverse of the Stefan number as defined by Gastine
and Favier (2025), A = St™1. It is the ratio between latent and sensible
heat and it determines how much heat is required to have a phase
change with respect to that required to change temperature. Further
details will be provided in the following section.

The two parameters A and B can be estimated from the typical values
available in the literature for icy moons (see Table 1 for Ganymede). In
general, B turns out to be of order 1, and thus both terms on the right
side of the ice evolution equation are of the same order of A. Estimates of
A give a value of the order of 10~°. This indicates that the time scale over
which the ice shell thickness varies is much slower than the time scales
over which ocean dynamics take place.

is constant in time at a given location, eq.
z=1

(2.20) admits a stable, local stationary equilibrium, obtained by
imposing di/dt = 0. Such equilibrium is given by

1 20
()
z=1

He B\ 0z

Of course, in turbulent conditions the convective heat flux at a point
is expected not to be constant in time and the local ice thickness vari-
ation will usually be much smaller. In particular, at any given time the
ice thickness variation at a point in space will be the product of the
whole past history of heat flux variations at that point, as indicated by
eq. (2.20).

In case the heat flux —%

(2.24)

2.6. Computational approach

Fluid dynamical convection simulations have been performed using
RBsolve, a CFD code for Rayleigh-Benard problem simulation in the
Boussinesq approximation (Parodi et al., 2004). The code is written in
FORTRAN and solves a system of coupled equations for momentum and
temperature. All variables are non-dimensional. This code adopts a 3D
Cartesian box of a Newtonian fluid with depth D = 1, square horizontal
section of side L = 2x, and horizontally periodic boundary conditions in
the x and y directions. The fluid dynamical equations are integrated
numerically using a pseudospectral method in the horizontal directions
with 2/3 dealiasing, while second-order finite differences are used in the
vertical. A third-order fractional step method is adopted in time (Kim
and Moin, 1985). We use a resolution of 1282 grid points in the hori-
zontal and 129 vertical levels. The spatial resolution in the vertical is
more refined close to the top and bottom plates in order to better resolve
the boundary layers (Grotzbach, 1983). Numerical parallelization is
performed by partitioning the domain in horizontal slices, using the MPI
paradigm.

One important problem of this type of numerical simulation is that
the typical range of spatial scales involved. These span from the smallest
scales associated with molecular diffusion to the scales of ocean motions
(hundreds of kilometers); such range cannot be represented in a single
simulation. Thus, numerical simulations using the value of molecular
viscosity and thermal conductivity typically model only a few cubic
meters of fluid, while simulations dealing with much larger scales are
forced to use a form of closure of the small-scale motions, parameter-
izing the dynamics at the unresolved scales (Pope, 2000). The work
presented here focuses on the dynamics of the convective plumes at a
scale of a few km, thus neglecting the small turbulent flow structures.
From this perspective, v and k must be considered as “eddy” quantities,
vg and kg, much larger than the molecular values, as they represent the
effects of small-scale fluid turbulence through a simplified eddy-
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viscosity closure. Under this assumption, since both momentum and
heat diffusion are driven by smaller-scale turbulence acting uniformly
on them, it follows that v = kg= K, leading to a value of the “eddy”
Prandtl number Pr = vg / kg = 1.

The equation for the ice thickness time evolution (2.20) is numeri-
cally integrated once the temperature and velocity fields have been
computed. Here, another problem emerges, since the value of A in eq.
(2.22) is usually very small; the time scale of the ice reaction is corre-
spondingly much longer than the time scale of ocean convection. For this
reason, in this first exploration we do not include the feedback of the
changes in the upper ice cover on the ocean dynamics, consistent with
the assumption that ice thickness variations are small. To provide real-
istic results, we run the ocean simulation starting from random initial
conditions until a statistically stationary state for energy and heat
transfer is reached and the initial transient has ended. The simulation of
the ice dynamics is started only after this moment. During the ice
response integration we then use the full time-dependent ocean heat
flux, that is, the temperature gradient computed by the convection
simulations at each time. We estimate the heat flux at the upper
boundary of the ocean at the ice-ocean boundary, here represented by
the two uppermost grid points in the vertical numerical discretization.

3. Results

The methodology outlined above is applied to a portion of the sub-
surface ocean of an icy moon. Since this study is part of the JUICE Phase
E project, we specifically explore how the model behaves when
configured with the parameters representative of Ganymede. Several
studies have attempted to constrain Ganymede’s internal structure by
integrating gravity field measurements with compositional and thermal
evolution models (Bire et al., 2022; Bland et al., 2009; Hussmann et al.,
2015; Journaux et al., 2020; Lebec et al., 2023; Soderlund, 2019;
Soderlund et al., 2020; Spohn and Schubert, 2003; Vance et al., 2014).
These efforts have produced estimates for the physical properties of the
oceanic and ice layers, including ocean depth, ice layer thickness and
surface temperature, and internal heat flux. Although the local plane-
layer model adopted in this study cannot capture the whole of Gany-
mede’s ocean, and other limitations of the fluid model allow only for a
simplified conceptual description of the ocean-ice dynamics, the
parameter choice adopted here provides insight into how turbulent
convection alone may drive basal melting or freezing under conditions
consistent with those expected on Ganymede. Table 1 reports the main
parameters adopted in the simulations.

With these parameters, we obtain the parameter values A = 1.03 x
10 % and B =1 in egs. (2.21 and 2.22).

Since A is the inverse of the Stefan number, we can write:

L

St =
AT

=1.03x10%>1 3.1

This confirms that ice responds to timescales that are extremely slow
compared to those of water. Hence, assuming a fixed water—ice interface
and neglecting feedback effects is consistent within our framework.
Although this may appear as a limitation when investigating longer
timescales, A (and thus the Stefan number) acts essentially as a time-
—scale factor (at least when A < <1). Variations of A modify only the
characteristic timescale of the ice response, while the spatial patterns of
interface morphology remain similar. This implies that our results can be
extrapolated to geological timescales, as further illustrated in Appendix
B.

Another key step concerns kinematic viscosity. If we used the mo-
lecular values for viscosity and thermal diffusivity and the estimated
parameter values for Ganymede reported in Table 1, together with the
definition of the temperature difference in eq. (2.8), we would obtain a
value of the Rayleigh number of the order of 10%%, owing to the huge
depth of the ocean. This shows that even for the small heat flux observed
for icy moons, the ocean should be in a fully turbulent state, see the
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Discussion for further comments on these values.

On the other hand, here we have a horizontal resolution of about 5
km, and thus we are forced to use eddy values for kinematic viscosity
and thermal diffusivity. Such values for the ocean of Ganymede are
unknown. For the Earth’s ocean, the value of eddy viscosity depends on
the spatial scale at which the motions are unresolved. As an example, for
the open ocean such values are estimated to vary from 102 m?/s to 1
m?/s for small-scale turbulence (Ledwell et al., 1998; Nencioli et al.,
2013). For simplified ocean models in the quasigeostrophic approxi-
mation, on the other hand, the assumed eddy viscosity in general de-
creases with increasing model resolution, and it can reach values well
above 100 m?/s for low resolution (Maulik and San, 2016). Given the
horizontal resolution adopted here, we fixed an eddy value vg=xg=K =
35 m?%/s. Even for this relatively large value, we obtain a value of the
“eddy” Rayleigh number of the order of 10°, orders of magnitude above
the stability threshold for a conductive solution. The fluid motions in the
ocean layer are thus expected to be in a turbulent convective regime
dominated by convective plumes with horizontal scales of several km
(Marshall and Schott, 1999; Paluszkiewicz et al., 1994; Parodi et al.,
2004), complemented by sub-grid scale turbulent eddies which are un-
resolved here.

The dynamics of the oceanic portion and the associated ice response
were simulated for a total of one diffusive time, D?/k, in a statistically
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stationary turbulent convective regime. From the values in Table 1, this
corresponds to about 80 terrestrial years. In turn, this corresponds to
about 1000 dynamical times, which for our choice vg = kg = K is defined
as tg4yn = tg,u/Ra'/?. The dynamical time is roughly equivalent to the
time a single fluid parcel takes to cross the depth of the ocean due to
convection. Given the above values, the dimensional dynamical time is
about 29.8 terrestrial days, which implies convective speeds of almost
10 km/day, more than an order of magnitude larger than the strongest
ocean vertical velocities of up to 170 m/day observed at submesoscale
fronts on Earth (Zhu et al., 2024).

The angle between the rotation axis and the horizontal plane rep-
resents the tilt of the rotation axis, consistent with representing the local
dynamics and water-ice interactions at different latitudes within a
rotating fluid shell. Notice, also, that the non-dimensional rotation rate
simulated here is Q" = 500, corresponding to a rotation period of about
360 terrestrial days, more than an order of magnitude larger than the
rotation period of Ganymede. We were forced to use this value to assure
numerical stability of the simulations; for further consideration on this
issue see the Discussion section.

Fig. 2 reports the results of the simulations after one diffusive time
for three different latitudes, namely at the pole (rotation axis pointing in
the local vertical direction), midlatitudes (rotation axis inclined at 45°
with respect to the local vertical) and the equator (rotation axis
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Fig. 2. Left panels: Vertical sections in the x-z plane of the temperature field in the ocean at y = & in the 3D turbulent, rotating convective simulations. Central panels:
Horizontal sections of the non-dimensional heat flux at the water-ice interface. The non-dimensional heat flux is the total heat flux divided by the conductive heat
flux. Right panels: Ice thickness variation in meters, in these panels the horizontal dimension is also dimensional. All snapshots are taken after about 80 years of
simulation, corresponding to one thermal diffusive time and 1000 dynamical times. Upper panels: poles; middle: midlatitudes; lower: Equator. In the middle and

lower panels, North is pointing upwards.
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perpendicular to the local vertical). From this figure, several indications
can be drawn. At the poles, convective plumes generate small, mobile
hotspots, resulting in a maximum ice thickness difference between re-
gions of ice melting and ice freezing of approximately 0.10 m after 80 yr.
At mid-latitudes, a slight shear effect due to the rotation becomes
evident, elongating the structures in the North-South direction, consis-
tent with previous findings (Julien and Knobloch, 1998; Novi et al.,
2019; Currie et al., 2020). However, even in this region, the resulting
hotspots remain relatively small, leading to a similar maximum
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freezing/melting difference of about 0.12 m. At equatorial latitudes,
rotational shear plays a more significant role, causing the fluid to
organize into alternating bands of warmer and cooler regions, signifi-
cantly elongated along the North-South direction. This behavior leads to
the formation of larger hotspots and more intense ice melting/freezing,
reaching more than 0.24 m of ice thickness difference between melting
and freezing areas over the same timescale.

If the plume pattern and the corresponding heat flux shown in Fig. 2
were static in time, then using eq. (2.23) one would obtain a maximum
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Fig. 3. Left: Time series of the non-dimensional heat flux at the water-ice interface in the 3D turbulent, rotating convective simulations, at the central point in the
domain. The non-dimensional heat flux is the total heat flux divided by the conductive heat flux. Right: Ice thickness variation in meters at the same point. Upper

panels: poles; middle: midlatitudes; lower: Equator.
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ice deviation which in due course could melt the whole ice layer in the
areas of strongest heat flux: for example, in the case of equatorial lati-
tudes, the heat flux in the red spots around (r, ©/2) is more than twice
the average heat flux. In general, however, the convective patterns tend
to move around in the domain, albeit relatively slowly compared to the
dynamical time, and this means that at any given point the final ice
thickness perturbation generated by convection will be much smaller, as
it will be determined by a weighted integral over the past history of heat
flux at that point. To illustrate this issue, in Fig. 3 we show the time
series of the ocean heat flux at the ice-ocean boundary and of the cor-
responding ice thickness perturbation for three selected points in the
domain, for the three latitudes already considered in Fig. 2.

Interesting information concerns the root mean square (rms) varia-
tion of ice thickness over the whole spatial domain. Fig. 4 shows such
rms variations calculated over the horizontal plane (2, 2x), corre-
sponding to about 628 x 628 square kilometers, for the three latitudes
considered. Also from this metric, equatorial regions emerge as those
where turbulent convective plumes, organized into shear structures by
the rotation, can have the strongest effect.

Fig. 4 illustrates what is already clear from the relative values of the
ocean and ice response time scales. After one diffusive time, the r.m.s.
variation of the ice thickness is still growing, and it is expected to do so
for much longer times. On the other hand, we cannot simulate the 3D
turbulent dynamics for tens of thousands of diffusive times. One partial
answer to the long-term growth of the ice variation comes from noticing
that the most relevant response is observed at equatorial latitudes. Here,
the rotation axis is perpendicular to the local vertical direction (where
gravity acts), and the net effect is a tendency to make the fluid flow two-
dimensional in the x-z plane, perpendicular to the rotation axis
(Hussmann et al., 2015).

4. Discussion and conclusions

In the Earth’s ocean, the main heat source is related to the absorption
of solar radiation in the upper 200 m of the water column. This leads to a
generally stable stratification, and buoyancy-driven convective motions
are generally confined to small and specific areas in polar regions and in
some other special locations. The situation on an ice-topped ocean is,
however, very different. Here, the main buoyancy source is associated
with the heat flux from the lower ocean boundary, generated by both
internal heating from radioactive decay in the silicate mantle and tidal
heating. In this case, the ocean can become unstably stratified in large
areas, and strong convective motions can ensue.

The first question concerns the intensity of such vertical convective
motions. A first observation is that the very small heat flux from the
lower ocean boundary estimated for Ganymede (and similar values are
found for other icy moons) could suggest a minor effect on thermal
convection. On the other hand, using the values indicated in Table 1 and
even including the growth of kinematic viscosity and thermal diffusivity
with pressure, such a small heat flux from the bottom generates values of
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the Rayleigh number well in excess of 102, owing to the large depth of
the ocean. These values of the Rayleigh number indicate the presence of
a strongly turbulent convective state for these ice-capped oceans. In this
sense, the icy moon’s oceans can have fluid dynamical conditions that
are completely different from those of Earth’s oceans.

This strong turbulence generates both large and intermediate scale
convective flows and strong small-scale turbulent motions. Given the
current impossibility of simulating the whole range of scales from the
smallest turbulent swirls to ocean-scale circulations, here we have used a
simplified parameterization of the sub-grid scale turbulence, adopting
rather large values of the eddy viscosity and thermal diffusivity, namely,
vg=xg= 35 m>/s. But even with this choice, the immense ocean depth
leads to values of the Rayleigh number of the order of 10°, indicating
that also the larger-scale flows are in a fully turbulent convective
regime, with the fluid motions dominated by turbulent, localized
convective plumes with horizontal scales of the order from a few to some
tens of km. These plumes carry hot fluid upward, towards the over-
topping ice boundary and cold fluid downward.

The convective plumes generate spatial and temporal fluctuations in
the heat flux reaching the top of the ocean, at the ice-water interface.
Assuming the average ice thickness to be in a statistically stationary
state, determined by the average heat flux from the ocean and the heat
transfer speed across the ice, the convection-induced fluctuations
generate local ice melting (when the heat flux is larger than average) or
freezing (when the heat flux is less than average). In turn, this generated
variations in the ice thickness on scales of the order of the convective
structures, say from a few to several tens of kilometers.

The presence of vigorous km-scale convective plumes makes the nu-
merical simulation of icy moons’ oceans quite challenging, as large-scale,
global circulation models(Ashkenazy and Tziperman, 2021; Bire et al.,
2022; Soderlund et al., 2014) do a good job in representing the overall
ocean dynamics, but owing to their limited spatial resolution cannot
properly represent convective motions. For this reason, here we focused our
attention on the simulation of the convective processes at scales between
about five to a few hundred kilometers, analyzing in particular the spatial
and temporal variability of the heat flux at the upper ocean-ice boundary.
To this end, we adopted a simple conceptual fluid-dynamical model
describing rotating Rayleigh-Benard convection in the Boussinesq
approximation in a Cartesian three-dimensional box with periodic lateral
boundary conditions, assuming a constant heat flux from the ocean bottom
and ice melting temperature at the upper ocean-ice boundary.

The configuration adopted here represents a localized three-
dimensional portion of the ice-covered ocean, fully covering the ocean
depth (assumed to be 300 km) and extending for about 628 km in the
two horizontal directions. By varying the angle between the rotation
axis and the gravity vector, we simulated the ocean dynamics at
different latitudes. Here, we illustrated the cases for polar regions,
midlatitudes, and equatorial areas, identifying significant differences in
the convective dynamics emerging at these different latitudes. In all
cases, strong fluid vertical velocities are obtained, which can be more
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Fig. 4. Left: Time series of the non-dimensional rms fluctuation of the ice thickness variation (in meters) over the whole horizontal domain (2x, 2r). Left panel: poles;
middle: midlatitudes; right: Equator. Note the change of vertical scale for the equatorial case.
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than an order of magnitude larger than the stronger vertical motions
observed in Earth’s oceans. A future development would be the imple-
mentation of a convection-resolving ocean circulation model in a
spherical shell, with spatial resolution of at least 1 km, that should be
integrated on time scales of hundreds of years. Definitely, a challenging
numerical endeavor.

In our preliminary exploration, we have complemented the ocean
convection simulations with a simplified, linearized description of the
freeze/melt dynamics at the upper ocean-ice boundary. The issue, here,
is that the ice response to the varying ocean heat flux is extremely slow
(about 10° times slower than ocean dynamics) and thus it depends on
the past history of heat flux variations. This means that local ice thick-
ness changes integrate in time the fluctuations induced by the convec-
tive plumes, which tend to move across the domain in the course of time.
Even so, the effect is not simply averaging out the effect of the plumes;
rather, well-defined patterns of ice thickness variations emerge at the
different latitudes, with smaller, localized spots in polar regions and
elongated shear regions in the North-South direction at equatorial lati-
tudes. These variations in the ice thickness may take an extremely long
time to fully develop (of the orders of millions of years), and it is
currently unfeasible to simulate ocean convection on such time scales.

As an example, by artificially repeating the whole-time history of the
simulated turbulent convection dynamics in a periodic way for 4 times,
corresponding to about 160 years, and integrating eq. (2.20), the typical
ice thickness perturbation between maximum melting and maximum
freezing reaches about 0.5 m, and it is still growing.

An interesting effect of the ocean convective plumes is to modulate
the heat flux at the base of the overtopping ice layer. If the ice layer
could undergo convection, then there could be an interesting connection
between the convection in the ocean and the induced convection in the
ice, which would experience a non-homogeneous heat flux from below.
Analogously, for each latitude we have considered a locally homoge-
neous heat flux from the bottom of the ocean, but if significant spatial
variations of this heat flux were present, then the upward convective
motions in the ocean could be rooted in the specific points of the ocean
floor where the heat flux is stronger, and in turn be less free of moving
around. In this case, the heat flux perturbation at the top of the ocean
could be almost stationary in space, and the melting of the overtopping
ice layer could be much more significant.

Clearly, the modeling frame adopted here is extremely simplified.
We have adopted a simple Boussinesq approximation, while water is
going to be (weakly) compressible in the lower layers of such a deep
ocean. In this case, a better approximation could be the so-called
anelastic approximation (Ogura and Phillips, 1962), as used in the
Earth’s atmosphere. On the other hand, this choice would not lead to
qualitatively different results. In addition, in our simulations it was not
feasible to directly implement the rotational speed estimated for Gany-
mede. The primary issue arises from the large depth of the ocean com-
bined with the moon’s rapid rotation, which causes instabilities in the
numerical code used here. However, even a rotation that is ten to fifty
times faster than the one adopted here does not qualitatively change the
picture (e.g., Novi et al., 2019). At most, it should make the alternating
ice thickness perturbations at equatorial latitudes even stronger, owing
to the fact that in this case a stronger rotation tends to make the flow
dynamics less variable along the rotation axis (Hussmann et al., 2015).
Finally, we have considered a linearized version of the ice response to
variations in the heat flux from the ocean, and a simplified form of the
upper boundary conditions. Given the very small ice thickness pertur-
bations observed here, this choice should not lead to relevant changes in
the first stages of the ice perturbations, but it could become more
important in later stages of the ice-ocean coupled evolution.

Our results can also be interpreted in the broader context of rotating
Rayleigh-Bénard convection (RRBC). Previous studies (Aurnou et al.,
2015; Kunnen, 2021; Ecke and Shishkina, 2023) have outlined the main
dynamical regimes of RRBC, ranging from non-rotating to rotation-
affected and rapidly rotating (geostrophic). Using the parameters for
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Ganymede’s ocean adopted here, the estimated dimensionless numbers
(i.e. Rayleigh, Ekman, Rossby) suggest that our simulations fall within
the rotation-affected regime, rather than in the rapidly rotating
geostrophic limit. This classification supports the plausibility of plume-
dominated convection driving local variations at the ice—~ocean bound-
ary, consistent with turbulent and latitude-dependent structures, see
Appendix A for detailed calculations. Future simulations will consider
higher spatial resolution and faster rotation, to explore the rapidly-
rotating turbulent regime which can be more relevant for the dy-
namics of Ganymede’s oceanic convection, at least in the polar regions.

Even with these limitations, the present results indicate the relevance of
intermediate-scale turbulent convective motions in the dynamics of icy
moon’s oceans. Given this, we can conclude that these oceans are very
different from what is observed on Earth, where ocean convection is limited
to some small and special areas. In particular, the differences observed
across the three latitudes considered in this study have significant impli-
cations for the types of observations that can be conducted on icy moons. In
the case of Ganymede, the most pronounced effects of thermal convection
are detected at equatorial latitudes, manifested as alternating thick and thin
ice bands oriented along the North-South direction.

This interpretation finds support in previous observations. Lucchetti
et al. (2021) analyzed tectonic features in Ganymede’s equatorial re-
gions, known as “grooves,” whose geometry and spatial distribution
suggested potential connections between the surface and the underlying
ocean. Their analysis indicated that these structures, identified in re-
gions such as Uruk Sulcus, Babylon Sulci, Phrygia Sulcus, and Mysia
Sulci, could penetrate the icy crust to depths of up to 100 km, potentially
reaching the ocean. Our findings are consistent with this interpretation,
leading us to propose that such areas may represent prime candidates for
future exploration. The combination of tectonic activity and thermal
convection may indicate that convection processes contributed to the
formation of these features, or alternatively, that these features, in
conjunction with ocean convective motions, create pathways through
the ice shell that could make ocean material detectable via orbital
remote sensing.

Additional support for this hypothesis comes from Tosi et al. (2023),
who investigated the surface composition of Ganymede using data from the
JIRAM imaging spectrometer onboard NASA’s Juno mission. Their study
revealed the presence of carbonates and organic compounds (e.g., alde-
hydes and aliphatic hydrocarbons) in equatorial terrains such as Phrygia
Sulcus. These materials are typically associated with subsurface brines
rather than exogenous deposition, suggesting an endogenous origin, and
potentially pointing to past hydrothermal activity within the ocean.

Together, these studies support our results in identifying equatorial
regions as key hotspots for future missions (such as ESA’s JUICE) in the
search for surface-subsurface connections. These sites may offer the best
opportunity to remotely probe subsurface oceans that, while currently
inaccessible, may hold critical clues about the origin and evolution of
life beyond Earth.
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Appendix A. We summarize the non-dimensional numbers used to characterize rotating Rayleigh-Bénard convection (RRBC) regimes
(Ecke and Shishkina, 2022) in our configuration

D*F

Rayleigh number R, = agz =10° (A1)
vK2pe,

Prandtl number Pr=vy/k=1 (A.2)

Ekman number Ek = % =48x10"* (A.3)
2QsingD

Convective Rossby number ~ Ro = Ek\/Ra/Pr = 0.48 (A4

All values were calculated using parameters from Table 1. Combining the results obtained, our parameters set places the system in the rotation
affected RRBC regime. In this regime, rotation organizes convection (e.g., plume clustering and shear-aligned features). This classification matches the
morphology seen in our simulations across latitudes.

Appendix B. Appendix

In eq. (2.21) we described the time evolution of the water—ice interface due to pure thermal convection. In eq. (2.22) we introduced the non-
dimensional parameter A, which can be expressed as the inverse of the Stefan number as defined by (Gastine and Favier, 2025).

A=St"1=1.03x10"° (B.1)

This confirms that ice responds extremely slowly compared with water, and thus assuming a fixed water—ice interface and neglecting feedback
effects is consistent with the large value of the Stefan number. However, previous studies (e.g., Gastine and Favier, 2025) evaluated the Stefan number
for icy moons as about 40, corresponding to a much larger value of A ~ 1 x 1072, The discrepancy between the two estimates arises from the different
choices of AT. Favier and Gastine selected a reference temperature difference representative of large-scale fluid motions, while we derived AT from
parameter values consistent with our configuration, which includes strong eddy transport characterized by x ~ 35 m?/s.

In our investigation, we show that A, and thus the Stefan number, acts as a time-scaling factor. To illustrate this, we integrated the interface
evolution equation using a normalized time, or “Stefan time™:

t'=At=1t/St (B.2)

and verified that only the speed of the process changes, while the quasi-stationary ice morphology remains unaffected (as found by Ravichandran and
Wettlaufer, 2021). This indicates that the Stefan number (when larger than one) essentially controls the timescale of melting/freezing, not the
resulting spatial patterns at the interface. We note, however, that if additional effects such as strong feedback or salinity variations come into play, this
behavior may break down.
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Since our set-up is largely independent of the value of the Stefan number when St > > 1 (as shown above), we can extrapolate the evolution of the
water—ice interface to geological timescales (10* — 10®years) at least in 2D simulations, providing an order-of-magnitude estimate of ice thickness
variations. We restrict this extension to 2D because in 3D simulations convective plumes are freer to move and not fixed in space. Nonetheless, this
approach provides useful hints on long-term ice-thickness trends. From our analysis, after 10° years thermal convection alone could melt up to about 3
km of ice.

«10% Water-ice interface at time=1.071335e+06 yr

| Surface

ice fluctuation [m]
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s
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Fig. B.2. 2D ice thickness variation calculated after 10°years. Thermal convection alone can fix a lower limit of ice putative averaged melting of about 3 km over
geological times.

Expanding and generalizing our findings to geological times, we reach ice topographic variations of the order of kilometers that could be detected
by future gravity measurements by JUICE. These ~3 km basal relief at the ice—ocean interface with a characteristic wavelength of ~200 km. These
structures are well positioned to be tested by JUICE: if their gravity signal maintains coherence over >300-500 km (spherical-harmonic degrees <
35-45), 3GM can robustly recover the static gravity field and, together with GALA, quantify the gravity—topography admittance even under isostatic
compensation. Even at ~200 km wavelengths (£ ~ 80), where direct recovery is more demanding, the predicted relief remains potentially accessible
via indirect signatures, e.g., regional spatial coherence, partial under-compensation that transfers power to lower degrees, and joint inversions that
combine gravity and topography (van Hoolst et al., 2024).

In addition, we estimated the ice melting velocity using the computed solution of the equation for ice thickness variation 2.21 as follows:

V= % = 1.4 mm/year (B.3)

An upper limit for the melting velocity can also be computed. Since any upward heat loss into the ice (Ficz > 0) or any inefficiency in delivering the
ocean heat to the interface reduces the melting, an upper bound to the ice loss can be obtained when all the oceanic heat flux reaches the interface and
none is conducted away through the ice (Ficz = 0, Foc = F). Thus, rewriting eq. 2.12 using eq. 2.13 we obtain the Stefan condition:

dH
Foc = Fice — L pycg ar (B.4)
V[)ICEL = FOC — FICE (B.5)
F .
Vinax 0.04 ~1.2x10""m/s = 4 mm/year s

~ sl 1000(3.34 x 10)

This means that in 10° years ice is melted for about 4 km, in keeping with the results shown in the previous figure.
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