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HOW DO CONVECTIVE AND TIDAL DYNAMICS INTERACT IN EUROPA’S SUBSURFACE OCEAN?
Hamish C. F. C. Hay1 , Ian Fenty1 , and Robert T. Pappalardo1 , 1 Jet Propulsion Laboratory/California Institute of
Technology, Pasadena, CA 91109 (hamish.hay@jpl.nasa.gov)

Introduction: The ice shell thickness of Europa
and its spatial structure is an outstanding and debated
unknown. Tidal heating in the ice shell almost certainly
plays a significant role, but any tidal and radiogenic heat
transported into the ice from the rocky mantle must pass
through the ∼ 100 km thick ocean [1]. An understanding
of the convective fluid flow in Europa [e.g., 2] is, therefore, essential to understanding the ice shell structure as
will be determined by Europa Clipper [3]. This convection takes the form of thermal Rossby waves and/or
isolated plumes which can develop mean-flow zonal jets
[e.g., 4, 5]. Heat does not act alone in forcing fluid
motions within Europa. Tidal forces exerted primarily
by Jupiter deform the shape of the ocean on a diurnal
timescale. Such tidal forcing produces a range of wave
phenomena from planetary-scale Rossby waves to internal inertial waves [e.g., 6, 7]. In this study we investigate how, and under what regimes, convective and tidal
dynamics interact with one another using fully threedimensional numerical simulations of Europa’s ocean
dynamics.
Methods: We perform 3D simulations of a spherical, 100 km thick Europan ocean using the MITgcm [8].
The full Coriolis force is applied, the ocean is treated
as fully non-hydrostatic, and free-slip boundary conditions are applied at the ocean top and bottom as in [4].
The model has been modified to include 3D tidal forcing
to first order in obliquity and eccentricity [9], which is
applied as a body force on a cell-by-cell basis. At this
stage the mechanical and gravitational couplings to the
ice shell are neglected, but this is only a small correction for Europa, at least at tidal lengthscales [10, 11].
The average horizontal resolution is ∼ 900 m, while we
use a variable radial resolution starting with 500 m at the
boundaries and moving to 2 km in the ocean interior. The
radial resolution is usually sufficient to capture the thermal and viscous boundary layers given the Rayleigh and
Ekman numbers used here, although in future work will
use finer resolution at the boundaries.
For solely simulating convection, we benchmark
with [4] by forcing the ocean with a temperature differential, ∆T = 0.5 °C, between the ocean top and
bottom. The role of rotation, controlled by the Ekman
number, Ek = ν/2ΩD2 , is varied by altering the kinematic viscosity ν. The target Rayleigh number Ra =
αg∆T D3 /νκ ∼ 3.4 × 107 used in [4], which also depends on viscosity, is held constant by modifying the
thermal expansion coefficient α. We have to initially
prescribe a higher Ra than what is targeted in order to

achieve the target Ra at the simulation end. This is because the MITgcm uses a restoring temperature boundary condition (i.e., the boundaries are forced towards a
set temperature over some timescale). In the future, we
will apply a heat flux boundary condition at the seafloor.
Results: Tides-only simulations show good agreement with the long-wavelength surface deformation solutions predicted using the Laplace Tidal Equations [e.g.,
6] as well as the short-wavelength internal inertial wave
solutions produced by [7]. These internal inertial waves,
shown in Figure 1, manifest as conical shear layers in the
ocean where tidal currents are greatly enhanced.
Convection-only simulations were qualitatively similar to [4] across the range of Ekman numbers explored,
Ek = {7.5, 1.5, 0.35} × 10−4 , as shown in Figure 2.
These simulations achieved Rayleigh numbers just under
the target of Ra = 3.4 × 10−7 . The zonal flow structure in these simulations aligns itself with the rotation
axis and becomes finer scale as the importance of rota-

Figure 1: Tides-only simulation: time-averaged velocity
field for Europa’s ocean due to diurnal eccentricity tidal
forcing. The flow field aligns along fine-scale internal
shear layers, as expected from [7, 12].
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Figure 2: Convection-only simulation: time- and zonally-averaged temperature profiles of Europan convection simulations at the equator (orange) and near the poles (blue). The corresponding time- and zonally-averaged zonal velocity
field is inset within each panel, where the colorscale represents the velocity in m s−1 .
tion increases (i.e., Ek decreases), which is a key result
in laboratory experiments of rotating thermal convection
[e.g., 13]. The ocean remains relatively well-mixed outside the tangent cylinder (i.e., the cylinder tangent to the
core/mantle at the equator), as expected for a vigorously
convecting system. Within the tangent cylinder, where
Coriolis forces are more important, the ocean becomes
less mixed - an effect that becomes more prominent with
increased rotation effects.
One suite of coupled tidal-convection simulations has
been performed at present for the eccentricity-forcing.
Preliminary results suggest that convective flow is sufficient to disrupted the short-wavelength tidal internal inertial waves, while leaving the long-wavelength tidal dynamics undisturbed.
Future work: Additional simulations will be run
for the eccentricity and obliquity tide coupled with convection across a range of Ek . We will compare the velocity field at the diurnal frequency between the coupled
and tides-only experiments using Fourier analysis, which
will identify how and if thermal forcing affects the amplitude and phase of the tidal response. Spherical harmonic
decomposition and spatial filtering will also be applied
to further untangle the long- and short-wavelength tidal
flow components.

Acknowledgments: We are grateful to Krista Soderlund for discussion. This research was carried out at the
Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and
Space Administration. This work was supported in part
by NASA under the Europa Clipper Project. Computational resources were provided by the NASA HighEnd Computing (HEC) Program through the NASA Advanced Supercomputing (NAS) Division at Ames Research Center.
References: [1] L. G. Casajus et al., Icarus, 114187
(2020). [2] K. Soderlund et al., Nature Geoscience
7, 16 (2014). [3] C. B. Phillips et al., Eos, Transactions American Geophysical Union 95, 165–167 (2014).
[4] K. M. Soderlund, GRL 46, 8700–8710 (Aug. 2019).
[5] U. R. Christensen, GRL 28, 2553–2556 (2001). [6] R.
Tyler, Nature 456, 770–772 (2008). [7] M. RoviraNavarro et al., Icarus 321, 126–140 (2019). [8] J.
Marshall et al., JGR: Oceans 102, 5753–5766 (1997).
[9] W. M. Kaula, Reviews of geophysics 2, 661–685
(1964). [10] I. Matsuyama et al., Icarus 312, 208–230
(2018). [11] H. C. F. C. Hay et al., Icarus 319, 68–85
(2019). [12] J. Rekier et al., JGR: Planets 124, 2198–
2212 (2019). [13] J. Aurnou et al., Physics of the Earth
and Planetary Interiors 246, 52–71 (2015).

