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Introduction: Icy satellites in the outer solar sys-
tem can have liquid water oceans (or seas) beneath
their surfaces [1,2], making them potentially habitable.
These oceans are thermodynamically possible because
of the tidal heating that results from the satellites’
proximity to their host planet. In combination with
radiogenic heating and secular cooling, tidal heating in
the mantle amounts to a sizeable fraction of the net
heat flux emanated from these satellites that is trans-
ferred convectively through the ocean [3,4,5]. We use
rotating convection theory, combined with numerical
models of global thermal convection, to investigate
oceanographic processes in ice-covered moons, such as
Europa and potentially Enceladus.

Convective Transport Properties: Convection is
able to efficiently redistribute heat and chemicals
through fluid motions. Experiments have shown that
convection characteristics depend critically on the rela-
tive importance of rotation [6,7]. In rotationally-
constrained spherical systems (Figure 1, top row), con-
vection manifests as columnar vortices aligned with
the rotation axis with multiple east-west currents that
alternate in direction, similar to the zonal winds of
Jupiter [8]. These columns act to pump heat in the axi-
al direction, which causes heat transfer to peak near the
poles [9]. In sharp contrast, convection in weakly-
constrained systems is no longer organized by the Cor-
iolis force, leading to chaotic fluid motions (Figure 1,
bottom row). Here, three east-west currents develop,
similar to the zonal winds of Neptune [10]. Low lati-
tude turbulence and Hadley-like cells enhance heat
transfer near the equator [11]. We use convective re-
gime scaling laws with internal structure and chemistry
models to predict the influence of rotation on icy satel-
lite oceans and infer the subsequent dynamics [5].

Implications for habitability: From these convec-
tive transport properties, we infer the ocean current
velocities and material transport timescales. Currents
and turbulence will determine the rate and locations of
mixing between the mantle and ice shell, which is im-
portant for the distribution of potential bionutrients and
salinity variations with depth and latitude.

In addition, heat transfer from the ocean will influ-
ence where the ice shell melts and freezes. Melting of
the ice shell and freezing of the ocean will impact the
salt budget, especially near the ice-ocean interface, a

habitable environment in analogous terrestrial ice
shelves. Moreover, accreted ice depleted in salts, and
therefore buoyant, may lead to upwelling thermocom-
positional diapirs in the ice shell associated with poor-
ly understood downwelling systems that would tightly
link the surface and subsurface dynamics [5,12].
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Figure 1: Instantaneous convective flow structures,
east-west currents, and temperature fields in convec-
tion simulations. Top: rotationally-constrained model
from [9]; bottom: weakly-constrained model from [12].
Left: Isosurfaces of axial vorticity, = (Vxu)ez, in the
bulk fluid. Red (blue) indicates cyclonic (anticyclonic)
vorticity; the inner yellow sphere represents the man-
tle. Middle: Zonal flows along the outer boundary,
where red (blue) indicates eastward (westward) flow.
Right: Superadiabaic temperature, where red (blue)
indicates warm (cool) fluid. Adapted from [5].
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