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Ocean-driven heating of Europa’s icy shell at
low latitudes
K. M. Soderlund1 *, B. E. Schmidt1,2 , J. Wicht3 and D. D. Blankenship1
The ice shell of Jupiter’s moon Europa is marked by regions
of disrupted ice known as chaos terrains that cover up to
40% of the satellite’s surface, most commonly occurring
within 40◦ of the equator1 . Concurrence with salt deposits2
implies a coupling between the geologically active ice shell
and the underlying liquid water ocean at lower latitudes.
Europa’s ocean dynamics have been assumed to adopt a twodimensional pattern3–8 , which channels the moon’s internal
heat to higher latitudes. Here we present a numerical model
of thermal convection in a thin, rotating spherical shell where
small-scale convection instead adopts a three-dimensional
structure and is more vigorous at lower latitudes. Globalscale currents are organized into three zonal jets and two
equatorial Hadley-like circulation cells. We find that these
convective motions transmit Europa’s internal heat towards
the surface most effectively in equatorial regions, where they
can directly influence the thermo-compositional state and
structure of the ice shell. We suggest that such heterogeneous
heating promotes the formation of chaos features through
increased melting of the ice shell and subsequent deposition of
marine ice at low latitudes. We conclude that Europa’s ocean
dynamics can modulate the exchange of heat and materials
between the surface and interior and explain the observed
distribution of chaos terrains.
Although magnetometer measurements by the Galileo spacecraft
have shown Europa to have a global ocean9 , no direct oceanographic
measurements are available. Surface geology, however, may be
an indicator of Europa’s internal dynamics (see Supplementary
Section 1 and Fig. 1). The origin of chaos features is strongly
debated10 , but heat transferred from the underlying ocean and/or
produced by tidal dissipation is expected to be critical—either to
melt through a thin ice shell3,4,11 or to initiate solid-state convection
in a thick ice shell12–14 . Radiogenic and tidal heating in the mantle, as
well as secular cooling, amount to a sizable fraction of the net heat
flux emanated from the satellite that must be transferred through
the ocean15 . This can be achieved only by vigorous ocean convection
whose particular dynamics determine the lateral heat flux variations
along the base of the ice shell. Eccentricity-induced tidal heating
within the ice shell peaks at high latitudes16 and is thus unable to
explain the distribution of chaos terrain without appealing to other
factors such as obliquity tides, non-uniform ice shell properties or
polar wander. We, therefore, argue that ocean dynamics may play a
decisive role for Europan surface geology.
The Coriolis force in rapidly rotating systems typically organizes
convective flows into quasi-two-dimensional (2D) structures called
Taylor columns that are aligned with the rotation axis (Fig. 1a).
If this style of convection rules the dynamics in Europa’s ocean,
associated Reynolds stresses would drive an eastward equatorial

jet flanked by multiple zonal jets of alternating direction17 .
Furthermore, secondary axial flows in the Taylor columns and
efficient thermal plumes near the poles would maximize global heat
transport at high latitudes18 , which is inconsistent with the observed
provenance of chaos terrain. However, when convective driving is
strong enough and the flow sufficiently vigorous, the Coriolis force
loses its ordering influence and convection becomes more turbulent
and quasi-3D (Fig. 1b,c). Our simulations demonstrate that the
zonal flows and heat flow also differ markedly from rotationally
constrained dynamics.
Classically, the transition between these two regimes is assumed
to occur at Roc ≈ 1, where the convective Rossby number
Roc measures the global ratio of convective driving to Coriolis
forces. For many planetary applications, Roc is much smaller
than unity such that quasi-2D Taylor column-like motions are
expected to prevail. Estimates for the convective Rossby number
in Europa’s ocean reach from about 0.01 to 1 (see Supplementary
Section 2). Previous authors have adopted small values more typical
for convection in other planetary bodies and thereby assumed
columnar dynamics3–8 . However, the upper estimate of Roc ≈ 1
suggests that quasi-3D turbulence may already play a significant
role for Europa’s ocean. Recent studies of rotating Rayleigh–Bénard
convection19,20 also suggest that the transition may happen even
for convective Rossby numbers significantly smaller than one
(Supplementary Fig. 2), which further supports the hypothesis
that rotation can play only a minor role in organizing convection.
This alternative convective mode, which has not been investigated
previously in the context of Europa’s ocean, implies not only a
different dynamic regime but also a different zonal flow pattern and
thermal signature than commonly assumed3–8 (Fig. 1).
We use a numerical model of thermal convection in a rotating
spherical shell to test the implications of a dynamical regime beyond
the transition to 3D turbulence. The control parameters of the
model are consistent with our understanding of Europa’s interior
(Methods). Snapshots of axial vorticity isosurfaces (Fig. 1c) and
radial flows at mid-depth (Fig. 2a) illustrate the rather small-scale
and highly dynamic convective structure without any tendency to
form columns. However, radial flow amplitudes are clearly higher
at lower latitudes. Time averages also reveal that the radial flow
is predominantly directed outward near the equator and inward
at higher latitudes (Fig. 2b), creating meridional circulations with
poleward flow along the ice–ocean interface and equatorward
return flow near the sea floor. As shown in Figs 1c and 2c, the zonal
flow is dominated by three jets produced by homogenization of
total angular momentum due to efficient convective mixing21,22 .
Mean radial current speeds are ∼3 cm s−1 and zonal speeds are
typically ∼250 cm s−1 . For comparison, ocean currents in the Gulf
Stream can exceed 1 m s−1 (although driven by winds rather than
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Figure 1 | Convective flow structures, zonal flows and temperature fields in planetary convection models. Left: instantaneous isosurfaces of axial
vorticity, ωz = (∇xu) · Ẑ, in the bulk fluid. Red (blue) indicates cyclonic (anticyclonic) vorticity; the yellow sphere represents the mantle. Middle:
instantaneous zonal flows along the outer boundary, ro , where red (blue) indicates prograde (retrograde) flow. Right: instantaneous superadiabatic
temperature fields at r = 0.99ro , where red (blue) indicates warm (cool) fluid. a, Jovian-like simulation from refs 17,18 (data provided by M. H. Heimpel).
b, Ice-giant-like simulation from ref. 22. c, Our Europa-like ocean simulation. Control parameters are given in Supplementary Table 1.

convection). Our results imply that these jets are probably present
in Europa’s ocean, with a westward jet at low latitudes and eastward
jets at high latitudes, and that two equatorial Hadley-like cells
control the meridional circulations.
Fluid motions beneath Europa’s ice shell are intrinsically
coupled to both the global and regional thermal behaviour.
Figure 3a shows a snapshot of the simulated superadiabatic
temperature field in the equatorial plane. Hotter thermal plumes
that originate along the inner ocean boundary lose their identity as
they rise through the ocean. On time average, the equatorial region
convects more vigorously than the polar regions and therefore
has a nearly homogeneous temperature (Fig. 3b). Consequently,
more heat is delivered to the ice shell at low latitudes (Fig. 1c).
Figure 4a demonstrates that this latitudinal dependence can even be

discerned in temporal snapshots with higher than average heat flux
regions (red patches) being concentrated at latitudes below ±20◦ .
Supplementary Video 1 shows that these patches fluctuate rapidly
in time yet retain this low-latitude concentration. When averaged in
longitude and time (Fig. 4b), the heat flux varies by about 40% with
a clear maximum at the equator and nearly uniform flux elsewhere.
This delivery of more thermal flux to the ice shell near the equator
promotes the likelihood of enhanced ocean-driven geologic activity
in the ice shell for this region.
Our simulations imply that latitudinal heterogeneity in heat flux
should intensify regional ice shell melting near the equator. If the ice
shell is thin, low-latitude thinning of the ice shell would increase the
likelihood for melt-through events proposed as one possible origin
of chaos terrain3,4,11 . However, any latitudinal thickness disparity
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Figure 2 | Radial velocity, meridional circulations and zonal flows in our Europa-like ocean model. a, Instantaneous radial velocity field at r = 0.95ro
(mid-ocean depth). Blue (red) indicates inward (outward) motions. b, Time-averaged, axisymmetric radial velocity field with superimposed contours of the
stream function where solid (dashed) contours indicate anticlockwise (clockwise) meridional circulations. c, Time-averaged, axisymmetric zonal flows
where blue (red) indicates westward (eastward) motions. All speeds are given in dimensionless Rossby number units, Ro = U/(2Ω D), and are therefore
measured relative to the speed of rotation.
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Figure 3 | Simulated ocean temperature distributions. a, Instantaneous
temperature field in the equatorial plane as viewed from above.
b, Time-averaged, axisymmetric temperature in the meridional (r,θ) plane
with isotherms in black. Turbulence destroys coherent thermal plumes in
the ocean, and the mean superadiabatic ocean temperature tends to be
well mixed within the equatorial region. In both panels, temperature ranges
from To on the outer ocean boundary to Ti = To + 1T on the inner ocean
boundary, where To < Ti . As the model is defined by the superadiabatic
temperature contrast, 1T, rather than absolute temperatures, To can be
arbitrarily prescribed.

Figure 4 | Pattern of radial heat transfer. a, Instantaneous radial heat flux
on the outer ocean boundary, normalized by the mean value.
b, Time-averaged, axisymmetric radial heat flux at r = ro as a function of
latitude, normalized by the mean value. Heat flux is achieved
instantaneously through small-scale, short-lived patches driven by
turbulence that are more prevalent near the equator. When averaged in
time, this pattern results in high equatorial heat flux and low heat flux
elsewhere along the outer ocean boundary, promoting equatorial melting of
the ice shell.

will be limited by a thermohaline process known as an ice pump23 .
Pressure-induced melting under the thicker portions of the ice shell
at higher latitudes will produce a layer of colder, freshened sea water
that migrates to low-latitude regions of thinner ice where it freezes
with a significant rejection (99.9%) of constituent impurities24 .
This accreted ‘marine’ ice then counteracts the heating-induced
thickness disparity. Ice pumps are common in Antarctica and have
produced more than a 50% contribution of marine ice to the
total thickness of certain ice shelves25 . Importantly, any substantial
thickness of relatively pure, low-latitude marine ice on Europa may
contribute to compositional diapirism, a potential trigger for the
formation of chaos terrain in a thick ice shell13,14 . In addition,
the latitudinal redistribution of ice shell mass may have crucial

implications for ice shell reorientation through polar wander.
Although our results do not preclude the polar wander scenario,
accreted marine ice is a phenomenon that can inhibit the ability
of the ice shell to reorient because ice pumps modify the total ice
thickness and dynamics of ice shelves on timescales that are much
faster than ice flow23,26 .
In the absence of oceanographic measurements, new approaches
are needed to better understand Europa’s ocean. Our global ocean
modelling shows that a pattern of oceanic heat transfer may exist
for Europa that will strongly influence the evolution of the ice
shell as well as any material exchange between the ocean and the
ice shell. Furthermore, terrestrial analogues suggest that the ice
shell composition may vary latitudinally through the accretion of
marine ice, consistent with the detection of ocean-derived material
on Europa’s surface at low latitudes2 . The upcoming JUICE (JUpiter
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ICy moons Explorer) mission will also fly over Europa’s chaos
terrain and provide detailed measurements of the sub-surface
ice structure and induced magnetic fields27 to further constrain
Europan ocean dynamics and the effects of ice–ocean coupling.

Methods
We simulate the dynamics of Europa’s ocean using the pseudo-spectral code MagIC
(ref. 28), which solves for thermal convection of a Boussinesq fluid in a rotating
spherical shell. Four dimensionless parameters define the problem: the ratio of inner
to outer ocean radii χ = ri /ro (system geometry), the Prandtl number Pr = ν/κ
(ratio of viscous to thermal diffusivities), the Ekman number E = ν/(2Ω D2 ) (ratio
of viscous to Coriolis forces), and the Rayleigh number Ra = αg 1TD3 /(νκ) (ratio
of buoyancy to diffusive effects). We adopt terrestrial oceanographic values to
characterize the physical properties of Europa’s ocean (see Supplementary Table
2). An outer ocean radius ro ≈ 1,550 km and inner ocean radius ri ≈ 1,450 km
provide χ ≈ 0.94. The difference ro −ri ≈ 100 km is used as length scale D. Rotation
rate Ω ≈ 2.1 × 10−5 s−1 and kinematic viscosity ν ≈ 1.5 × 10−6 m2 s−1 suggest
an Ekman number of E ≈ 4 × 10−12 . Thermal diffusivity κ ≈ 1.3 × 10−7 m2 s−1
provides Pr ≈ 12. Gravitational acceleration g ≈ 1.3 m s−2 , thermal expansivity
α ≈ 3 × 10−4 K−1 , and superadiabatic temperature contrast 1T = O (0.1–100) mK
are required to calculate the Rayleigh number (see Supplementary Section 3). The
resulting estimates range from Ra = O (1020 ) to Ra = O (1023 ).
Numerical limitations force us to chose a much too large Ekman number of
E = 1.5×10−4 . As length scales and timescales rapidly decrease with Ekman number,
all similar numerical models suffer from this problem28 . Nevertheless, such models
have proved to be valuable tools for studying the processes that may be occurring in
planetary interiors because the large-scale dynamics do not seem to be strongly affected by unresolved turbulence. The radius ratio is realistic with χ = 0.9. We chose
Pr = 1, a value expected when diffusivities reflect turbulent rather than molecular
values, and adjust the Rayleigh number to Ra = 3.4 × 107 to select transition
parameters that are approximately in the ranges estimated for Europa as shown in
Supplementary Table 1. These control parameters are also expressed as dimensional
physical properties in Supplementary Table 2. All quantities are realistic with the notable exceptions of viscous and thermal diffusivities and, consequently, the superadiabatic temperature contrast, which are orders of magnitude too large and the root of
the unrealistic E and Ra values (see Supplementary Section 3 for more discussion).
Our Boussinesq model does not take fluid property variations with depth
into account. However, laboratory experiments of water with and without salt
impurities at Europa-relevant pressures and temperatures29 imply that the mean
physical properties of Europa’s ocean when averaged over the expected P–T range
are not expected to differ by more than about 30% from the terrestrial ocean
values employed here. Our estimates of the governing control parameters, Ra in
particular, remain on the same order when the experimental values are assumed.
Thus, we do not expect the dynamics to be strongly modified by variations in
pressure, temperature or salinity. However, two caveats should be pointed out: our
model does not accommodate a layer of stably stratified fluid near the ice–ocean
interface that may develop if the coefficient of thermal expansion is negative or
if large amounts of buoyant melt water are produced4 and we do not include the
onset of double-diffusive convection6 .
Fluid motions and heat sources derived from compositional buoyancy
and orbital dynamics (for example, tides and libration) are neglected. The
isothermal top boundary condition reflects the fact that ice is at the freezing
point here while allowing for horizontal heat flux variations. Isothermal bottom
boundary conditions are chosen for simplicity. Both boundaries are impenetrable,
and stress-free flow conditions are chosen to exclude the effects of Ekman
boundary layers, which are too thick at the large Ekman numbers assumed in the
simulations30 . We use 73 radial levels, 213 spherical harmonic modes, and assume
no azimuthal symmetries. Hyperdiffusion is not employed.
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