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Summary

Jupiter's moon Europa is one of the most interesting objects in the Solar System, as
it harbors a deep subsurface ocean underneath its icy surface. The presence of this
liquid water layer was discovered through magnetic �eld measurements from the Galileo
spacecraft, which revealed a changing magnetic �eld due to induction in the ocean. While
the measured induced �eld contained a wealth of information about ocean properties, there
are still many unknowns regarding the ocean. For instance, di� erent �ows are expected to
be present, driven by thermal, mechanical or magnetic forces, but their relative importance
remains uncertain. Motivated by the ocean's habitability, the Europa Clipper and JUICE
missions have been launched to study the icy moons of Jupiter and further characterize
their oceans.

The aim of this thesis is to prepare for the new magnetic �eld data that these
missions will collect by performing 3D magnetohydrodynamic (MHD) simulations
of Europa's ocean. Secondary e� ects such as motional induction or gradients in
electrical conductivity are expected to produce signals in the nT range, requiring careful
interpretation of the data. As a �rst step, expressions were derived for the external
magnetic �eld at Europa taking into account both Jupiter's rotation and Europa's orbital
motion with respect to Jupiter. This approach revealed that while dominant variations arise
at the synodic frequency, other frequencies exist that may help constrain ocean depth and
electrical conductivity more precisely. These expressions form the input for the induction
model presented here, solved using di� erent methods.

Using the MagIC code, it was found that the synodic oscillations in the background
magnetic �eld produce a dominantly azimuthal Lorentz force acting alternately in the
west- and eastward directions. Due to the phase lag between the induced currents and
the external �eld, there is a small but non-zero time-averaged westward component that
works on the ocean in the same direction. This �ow component drives an axisymmetric,
westward zonal �ow, with a high degree of geostrophy due to the rapid rotation. On the
other hand, the orbital magnetic �eld oscillations excite a spin-over mode, a type of inertial
wave, because the corresponding magnetic �eld variation period is equal to the rotation
period. While these �ows are being accelerated, the viscous drag at the outer boundary
increases, until it matches the Lorentz force. The system then reaches a quasi-stationary
state. This force balance can be used to derive an estimate of the �ow velocity. Combined
with the MATLAB code PlanetInd, a zonal �ow velocity was found on the order of10� 6

m/s, which is too small to have a substantial e� ect on the ocean dynamics and cannot be
detected with Europa Clipper or JUICE. This result is contradictory to previous literature.
Other �ow mechanisms, such as convectively driven �ows, are likely more relevant.
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1 Introduction

The Galilean moons are the four largest moons of Jupiter, that were discovered by Galileo
Galilei at the beginning of the 17th century. The four satellites are each interesting in
their own way. Io, the closest one to Jupiter, is the most volcanically active body in the
Solar System, with more than 400 volcanoes identi�ed on its surface. Ganymede is the
largest moon in the Solar System, and the only one that possesses an intrinsic magnetic
�eld, generated by a self-sustained dynamo in the core. Callisto has an extremely old
surface, which is heavily cratered because there is almost no geological activity. Finally,
Europa stands out because of its relatively young, icy surface, and the most convincing
evidence of a subsurface ocean. Clearly, the Galilean moons o� er a wealth of interesting
phenomena, many of which remain poorly understood. These unexplained features formed
the motivation for ESA and NASA to both send a satellite to the Jovian system and
investigate these moons further. The Europa Clipper and JUICE missions will arrive
around 2030/2031. This thesis describes extensive research results on the subsurface ocean
of Europa, in anticipation for the new and exciting data these missions are expecting to
return. The focus will be mainly on Europa, but some parts will touch upon Ganymede, Io
and Callisto as well.

This introduction contains a detailed description of the subsurface ocean of Europa.
Both the detection of the ocean and the extensive interest that followed are explained.
Furthermore, after describing ocean characteristics such as depth and conductivity, it
will cover what is predicted about ocean dynamics and �ow structures. Naturally, open
questions on these topics will also be highlighted. After this detailed characterization of
the ocean, the two missions that are traveling to Europa are discussed: Europa Clipper and
JUICE. At the end of the chapter, the aim of this thesis will be presented.

1.1 Europa and its subsurface ocean

Europa orbits Jupiter at a mean distance of 670,900 km, which is about 9.4 Jupiter radii.
This places Europa at the second closest orbital distance of the Galilean moons, with Io on
the inside and Ganymede and Callisto on the outside. With a radius of 1561 km, Europa is
slightly smaller than the Earth's moon (1737 km). Europa's mass is4:8 � 1022 kg, and its
density of� 3:0 g/cm3 indicates a composition of silicate rock and water ice. Its surface is
characterized by a combination of large scale ridges called tiger stripes, and chaotic terrain,
both indicative of geological activity and rapid resurfacing (Fig. 1.1). Observations from
HST hint at the presence of a water vapor plume, suggesting that subsurface material could
sometimes be released through cracks in the ice (Roth et al. 2014). These observations
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Figure 1.1: Image of Europa's surface by the Juno spacecraft. By: NASA/JPL-
Caltech/SwRI/MSSS/Kevin M. Gill. Downloaded from Wikipedia Commons. Licensed
under CC BY 2.0.

already hint at the most interesting feature of Europa, which is the liquid ocean hidden
under an icy crust.

1.1.1 Detection of the ocean

The idea of a subsurface ocean on Europa was discussed for the �rst time around 1980.
The Voyager spacecraft (Smith et al. 1979) provided the �rst detailed images of Europa's
surface. Based on the high albedo, it was considered likely that the moon was covered in a
layer of ice. The image data revealed very few craters, indicating a very young surface.
Some of the models that could explain the young age involved a liquid layer close to the
icy surface, which would allow for rapid resurfacing. Cassen et al. (1979) showed that
tidal heating is an important heat source in Europa's interior. Europa is trapped in the
Laplace resonance together with Io and Ganymede, which means that their orbital periods
follow a 1:2:4 ratio. Without this resonance, only being subject to the tidal interaction with
Jupiter, Europa's orbit would circularize over time. However, the gravitational interactions
between the resonant moons continuously restore the orbital eccentricity, preventing the
circularization from happening and maintaining a slightly eccentric orbit. Hence, there is a
di� erential gravitational pull exerted by Jupiter on Europa throughout its orbit, creating
friction in the mantle and/or ice that dissipates as heat. It was then suggested that this heat
source could keep the bottom layer of the icy crust molten, maintaining a layer of liquid
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1.1 Europa and its subsurface ocean

water under the surface. Tidal heating is strongest at close proximity to Jupiter. Europa is
at the sweet spot, with more tidal heating than Ganymede and Callisto, but not as much as
at Io, where all water has evaporated.
The ideas remained mere hypotheses until the Galileo mission, which arrived in the Jupiter
system in 1995, provided direct evidence for the presence of a subsurface ocean on Europa.
The most compelling evidence was revealed through magnetic �eld measurements, which
were obtained during 12 �ybys, passing as close as 200 km from the surface. During
these �ybys, the magnetic �eld deviated signi�cantly from the Jovian background �eld,
indicating that the presence of the moons strongly altered the magnetic �eld (Khurana
et al. 1998). Figure 1.2 shows the Galileo magnetic �eld data of the E14 Europa �yby in
the Europa-centered EPhiO coordinate system, wherex is in the direction of corotation,
y is the direction of Jupiter, andz is in the direction of Jupiter's rotation axis. The �eld
shows a perturbation, which is strongest at the closest approach (vertical dashed lines) to
Europa. This e� ect is strongest in theBx andBy components. The additional magnetic �eld
component causing this perturbation was dipolar in nature, and could be explained by either
an intrinsic magnetic �eld, sustained in Europa's interior, or an induced �eld, generated
in a conducting layer. During the E14 �yby, Europa was in Jupiter's northern magnetic
hemisphere. Later, during the E26 orbit, it was found that the dipole changed direction
when Europa was in the southern magnetic hemisphere, which ruled out an internal dynamo
(Kivelson et al. 2000). The conductivities needed to produce the observed induced �eld
cannot be reached in solid ice or silicate, nor in the ionosphere. The only explanation left
was the presence of a global, salty ocean of more than a few kilometers thickness (Zimmer
2000). Data from other Galileo instruments support this idea. Gravity measurements are
consistent with a fully di� erentiated interior, where a layer of water-ice covers a rocky
interior (Anderson et al. 1998). Imaging data revealed a wealth of geological features like
chaos terrain, ridges, and cryovolcanic features, which could be largely explained by a
liquid water ocean hidden under an icy crust (Pappalardo et al. 1999). This collective set
of Galileo data made a very strong case for a subsurface ocean on Europa, and to this day
little doubt remains about its existence.

1.1.2 Habitability

The discovery of the subsurface ocean led to a growing scienti�c interest in Europa,
because the ocean of liquid water could possibly be a habitable environment and even
harbor life. The set of requirements that constitute such a habitable environment are usually:
liquid water, the presence of essential chemical elements, and an energy source to sustain
metabolism (Hand et al. 2009, McKay 2014). The con�rmed subsurface ocean at Europa
satis�es the �rst requirement. Life on Earth all depends on the CHNOPS elements (carbon,
hydrogen, nitrogen, oxygen, phosphorus and sulfur), which are considered essential for
extraterrestrial life as well. The presence of these elements on Europa is not yet constrained,
but there is evidence for some of these species from spectral analysis of the surface (Carlson
et al. 2009, Trumbo and Brown 2023). To ful�ll the requirement of an energy source, two
possibilities are proposed. The �rst one is tidal heating, which could cause hydrothermal
vents on the ocean �oor releasing relevant chemicals into the ocean. As shown later,
Europa's subsurface ocean is unique compared to the other Galilean moons, because the
ocean is in direct contact with the silicate mantle underneath (Fig. 1.3), allowing for

21



1 Introduction

Figure 1.2: Magnetic �eld components in nT measured by the Galileo spacecraft during
the E14 Europa �yby on 29 March 1998. The components are given in terms of the EPhiO
coordinate system, withx the direction of corotation,y the direction of Jupiter, andz the
direction of Jupiter's rotation axis. The dashed line indicates when the spacecraft was
closest to Europa. Data obtained from the Galileo database (Kivelson et al. 1997).

these hydrothermal vents to exist. As a second option, radiolysis at the surface could be
important. In this process, high energy particles originating from Jupiter's magnetosphere
bombard the surface and breaks down molecules into di� erent compounds. One end-
product of this radiolysis is oxidants like O2, O3. These travel through the ice into the
ocean, where they could support chemical reactions needed for life. Based on the current,
limited knowledge on Europa and its ocean, the requirements for a habitable environment
could be satis�ed, but more data is needed to con�rm if the conditions are suitable for life.

1.1.3 Other Galilean moons

Ganymede and Callisto possibly possess a subsurface ocean as well, even though their
cases involve some complications. Galileo magnetic �eld data for their �ybys reveal
similar changing magnetic �eld behavior as is the case for Europa. Unlike Europa,
Ganymede also possesses an intrinsic dynamo, which complicates the separation of the
intrinsic and induced �eld. Stronger evidence for liquid water at Ganymede was acquired
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Figure 1.3: Suggested interior structure of Europa and Ganymede. Gray indicates a
metallic core whereas brown shows a rocky mantle. Dark blue is liquid water and light
blue is ice. Used with permission of John Wiley & Sons - Books, from Vance et al. (2018);
permission conveyed through Copyright Clearance Center, Inc.

using a di� erent approach. By comparing HST aurora observations to interior models, it
was found that the location of the auroral ovals is more consistent with the presence of a
subsurface ocean (Saur et al. 2015). It is suggested that Ganymede's hydrosphere has a
layered structure. Due to the high pressures, layers of phase I, V, and VI ice are formed,
with an ocean in between (Sotin and Tobie 2004) (Fig. 1.3). This structure is very di� erent
from Europa, where the ocean lies in direct contact with the silicate mantle. Callisto is the
least understood Galilean moon, and it is unclear if the interior is fully di� erentiated. In
addition, it has a strong ionosphere which could produce induced �eld components. The
existence of a liquid water layer can therefore not be con�rmed yet.

1.2 Ocean characteristics

The magnetic �eld perturbations that form the most convincing evidence for the subsurface
ocean rely on a simple physical phenomenon that is prevalent even in daily life:
electromagnetic induction. The magnetic �eld produced by induction not only con�rmed
the hidden ocean on Europa, but also delivered insights on ocean characteristics, especially
in combination with other Galileo measurements. The second chapter contains a detailed
explanation about magnetic induction, but for now an explanation of the basic idea will
su� ce. Europa experiences an oscillatory magnetic �eld as it orbits Jupiter, which is called
the primary �eld. As the time-varying primary �eld travels through the moon, it interacts
with the electrically conducting, saline subsurface ocean, and induces electrical currents
following Faraday's Law. These currents produce an induced, secondary magnetic �eld,
which extends beyond Europa and caused the perturbations in the Galileo data (Fig. 1.4).
To �rst extent, the induction signal can be described by the primary, oscillatory �eld, with
an amplitude reduction and a phase shift. The amplitude and phase of the induced �eld
are related to ocean properties. Therefore, by comparing the spacecraft data to induction

23



1 Introduction

models, it was possible to put constraints on ocean properties such as ocean thickness,
conductivity and salinity.

Figure 1.4: Simulation of magnetic �eld lines in and around Europa. The vertical �eld,
which is constant in time, travels through the interior una� ected, while the time-dependent
horizontal �eld gets expelled because of induction. The imprint of the induced �eld on
the background can be seen by the compression and divergence of the �eld lines close to
Europa.

1.2.1 Ocean depth and ice shell thickness

The gravity data (Anderson et al. 1998) indicates that the H2O layer, including both liquid
water and water-ice, is between 80 and 170 km thick. To get a more detailed picture of
the hydrosphere, Galileo magnetic �eld data were �tted to induction models to obtain
the amplitude and phase of the induced �eld (Schilling et al. 2007). The data pointed
towards a very strong amplitude reduction, close to what would be expected from a
perfectly conducting moon. This result could only be explained by a highly conducting
layer close to the surface. Since the ice is largely devoid of salts and therefore a poor
conductor, the signal must originate from the liquid ocean beneath, which has a much
higher conductivity. The strength of the induction signal implies a thin ice shell between 0
and 15 km thick. A thicker ice shell would require conductivities that are not realistic
because this is beyond the salt saturation limit (Hand and Chyba 2007). Although this
is convincing evidence, other methods based on geological observations and thermal
modelling (Lemasquerier et al. 2023) allow thicker ice shells up to 30 km, and the precise
depth of the ocean remains an open question (see Billings and Kattenhorn (2005) for an
overview). Nonetheless, even with the upper limit of ice shell thickness, the ocean would be
between 50 and 140 km thick which is between 1 and 3 times the amount of water on Earth.
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1.2 Ocean characteristics

It has also been suggested that the ice shell thickness is not uniform across Europa. Several
competing e� ects play a role here. Europa receives more sunlight and thus experiences a
higher surface temperature along the equator. On the other hand, tidal heating releases the
most heat at the polar regions. The tidal heating pattern also results in less heating at the
sub- and anti-Jovian points. These di� erences in heating are believed to be translated to
the ice shell because of the convecting ocean (Soderlund et al. 2014). This non-uniform
heating pattern may result in a thinner ice shell where heating is high, and a thicker
ice shell where heating is low. However, there are mechanisms proposed which may
counteract any lateral thickness variations. When the ice reaches deeper in the ocean, it
also encounters higher pressure, which tends to melt the ice. This process may drive a
lateral �ow at the base of the ice, evening out the thickness variations (Nimmo et al. 2007).
When the ice shell is thick enough, convection might occur in the shell itself which can
also erase a non-uniform ice shell thickness (Tobie et al. 2003, Ashkenazy et al. 2018).
Currently, the ice shell thickness and possible lateral variations remain unclear. If the
lateral thickness variations are substantial, this has implications for the global shape of
the moon and the ocean. This is a result of isostatic adjustment: a thicker ice shell sinks
deeper in the ocean, a� ecting both the depth of the ice-ocean interface and the surface
topography of the moon, analogous to how a thicker iceberg �oats lower in the water on
Earth (Nimmo et al. 2007).

1.2.2 Conductivity

In the earliest models, the induced �eld pointed towards a conductivity higher than 58
mS/m (Zimmer 2000), suggesting a salty ocean. Schilling et al. (2007) incorporated
plasma e� ects arising from the interaction between Europa's ionosphere and Jupiter's
magnetosphere using MHD simulations to derive a more precise constraint: the product of
electrical conductivity and ocean thickness has to be larger than 50 S/m km. This result
is formulated in this way because there is a degeneracy between the conductivity and the
thickness of the ocean: a weakly conducting, thick ocean can produce the same signal as
a strongly conducting, thin ocean. To distinguish between these signals, measurements
at multiple frequencies are required, as can be seen in contour plots such as in Figure
1.5. For the most likely ocean depths, the conductivity would be between 0.1 and 1 S/m.
Further re�nements considering the conductivity of Europa's ocean have been done by
Vance et al. (2018, 2020, 2021). They used thermodynamic models which incorporated
adiabatic temperature di� erences throughout the ocean. From these models follows a depth-
dependent conductivity, with higher conductivity at greater depths. The depth-dependence
of this more realistic conductivity pro�le is rather weak and yields only slightly changed
phases and amplitudes compared to a constant conductivity.

1.2.3 Salinity and composition

The high conductivity requires the ocean to be very salty. Hand and Chyba (2007) compared
the conductivity constraints, based on magnetometer and gravity data, with laboratory data,
and �nd that the ocean must have a near-saturation salt concentration. Beyond saturation,
adding more salt will not increase the conductivity further, which puts an upper limit on
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Figure 1.5: Contours indicating the maximum amplitude (in nT) and phase (in degrees) of
the induced �eld in the direction towards Jupiter's rotation axis for di� erent combinations
of ocean conductivity� oceanand ocean depthDocean. The contours represent the three most
dominant inducing periods: the orbital period (85.20 h), synodic period (11.24 h) and the
second harmonic of the synodic period (5.62 h). Used with permission of John Wiley &
Sons - Books, from Vance et al. (2021); permission conveyed through Copyright Clearance
Center, Inc.

what salt concentration can be retrieved (Fig. 1.6). The precise salinity constraints are
naturally dependent on the composition of the ocean, speci�cally on what the dominant salt
is. In this debate, two end-members are generally considered: magnesium sulfate (MgSO4)
and sodium cloride (NaCl, sea water). The deciding factor is the oxidation state. If many
oxidants are delivered to the ocean through surface interaction processes, it will create an
oxidizing environment, favoured by sulfates. Research from the 2000s suggested this was
indeed the case, and pointed towards a MgSO4-dominant ocean (e.g., Kargel et al. 2000,
Zolotov and Shock 2001). Later, evidence was found that supported a more NaCl-rich
ocean, such as the detection of NaCl on the surface of Europa by HST (Trumbo et al. 2019).
A combination of the two, an ocean containing both MgSO4 and NaCl, is also possible.
Modelling results from Vance et al. (2021) show that whereas the induction amplitudes
from both salts are indistinguishable, there is a slight di� erence of a few degrees in the
phase delay.

1.3 Ocean dynamics

Next to these general properties, the internal dynamics of Europa and the other Galilean
moons are also important for assessing potential habitability. Europa's subsurface ocean is
a dynamic system and its �ows can be driven by various processes. With di� erent types of
simulations, sometimes combined with observational data, these �ows and the mechanisms
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1.3 Ocean dynamics

Figure 1.6: Conductivity� as function of salt concentration in water for either sea salt
or MgSO4. The sea salt curve is obtained from Poisson (1980), while the MgSO4 data is
represented by various empirical measurements from di� erent studies. Upper and lower
limits are shown by dotted and dashed lines. Used with permission of Elsevier Science
& Technology Journals, from Hand and Chyba (2007); permission conveyed through
Copyright Clearance Center, Inc.

behind them could be identi�ed.

1.3.1 Thermal or buoyancy forcing

The strongest �ows can be expected from thermal buoyancy, arising from the most
dominant heat source, which is tidal heating (Section 1.1.1). This heat is produced in the
solid mantle and core (and in lesser extent the ice shell) and is transported through the
ocean via thermal convection. The heat release follows a characteristic spatial pattern
which is dependent on where the most tidal �exing occurs. The most �exing and thus
highest heat �ux is at the poles (Lemasquerier et al. 2023). Radiogenic heating by the
decay of uranium, thorium and potassium in Europa's core, is another source providing
heat on long timescales. Unlike the tidal heating, radiogenic heat is released uniformly
from the core's surface. The integrated radiogenic heat output over the whole body is
1011 W, while secular cooling may contribute 20 mW/m2 (Tobie et al. 2003). Both of
these contributions are much smaller than the output of tidal heating, which is1012 W.
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Convective �ows can also be driven by compositional di� erences over the ocean depth.

Since Europa's ocean is a rapidly rotating body, the Coriolis force plays an important
role in how the convective motions are organized. The relative e� ect of the Coriolis
force can be classi�ed using di� erent rotating convection regimes (Gastine et al. 2016).
Figure 1.7 demonstrates how a numerical simulation can be placed in a certain dynamic
regime based on the dimensionless Ekman and Rayleigh numbers. The Ekman number
provides an estimate for the ratio between viscous and Coriolis forces and is given by
E = �=
 D2, where� is the kinematic viscosity,
 the rotation rate, andD the length
scale. The Rayleigh number describes the competing e� ect between stabilizing thermal
and viscous di� usion on the one hand and destabilizing buoyancy forces on the other.
With increasing Rayleigh number, the �ow develops from non-existing to laminar �ow,
and then to turbulent �ow. It also determines the onset of convection. Alternatively,
the importance of rotation for the convection can be quanti�ed by means of the
Rossby number, which is the ratio between the inertial and Coriolis force and is given by
Ro = U=f L, whereU andL are the characteristic velocity and length, respectively, andf is
the Coriolis frequency. The Rossby numbers are indicated with diagonal lines in Figure 1.7.

Convection only sets in whenRa is increased beyond a critical valueRac. When
a system is below this value, it is in the subcritical regime, where there is no convection
and conduction is the main heat transport mechanism. The non-rotating regime, at the
highest Rayleigh numbers, is where the importance of rotation is negligible. This regime is
characterized by a Rossby numberRo � 1. In this case, gravity drives everything, causing
the convective plumes to rise radially outward along the direction of the temperature
di� erence. This �ow also exhibits 3D turbulence, as would be the case in a non-rotating
system. This situation results in an isotropic heat �ux distribution over the surface.

At low Ra and smallE is the geostrophic regime, which corresponds toRo < 1.
Here, the in�uence of rotation is relatively strong, and the Coriolis force organizes the
�ow in columnar structures aligned with the rotation axis, following the Taylor-Proudman
theorem (Taylor 1917, Proudman 1916). This con�guration corresponds to the geostropic
balance, where the Coriolis force is predominantly balanced by the pressure gradient. The
Taylor columns show little variation along thez-axis and can therefore be described as
quasi-2D structures. This regime is also characterized by a di� erent, more suppressed type
of turbulence compared to the non-rotating regime. The quasi-2D nature of geostrophic
motions makes convection more di� cult and consequently requires larger critical Rayleigh
numbers. The geostrophic nature of this regime results in enhanced heat transport towards
the poles, where the heat is e� ciently transported to the surface through plumes along the
Taylor column.

In the transitional regime, whereRo � 1, the in�uence of rotation is smaller than
in the geostrophic regime. The corresponding �ow structure does not satisfy the
geostrophic balance here, but instead is in a state in between the 3D-turbulence and
quasi-2D columns, with characteristics of both. The in�uence of the Coriolis force is still
substantial, and the resulting �ow exhibits behavior that can be described as quasi-3D
turbulence. In this regime, the �uid shows turbulence, but in a constrained way, where
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motions perpendicular to the rotation axis are still suppressed by the Coriolis force.
Interestingly, this con�guration results in more e� cient heat transport towards the equator,
which aligns with the distribution of chaos terrain (Soderlund et al. 2014). As Europa's
ocean is estimated to have a convective Rossby number between 0.01 and 1, it could be
placed in the geostrophic or the transitional regime, and there is ongoing discussion on
where Europa should be located.

The convective regime in Europa's ocean is highly relevant, since it determines
the large-scale �ow structure. In both of the two possible regimes for Europa, the overall
�ow is typically dominated by zonal �ows that circumvent the ocean. The geostrophic
regime (Ro < 1) is characterized by numerous alternating east- and westward directed
zonal �ows as in Figure 1.8a, with a prograde (eastward) jet around the equator. Such
a �ow con�guration can be seen in Jupiter's zonal winds, where the colored bands
correspond to east-west jets. For higher Rossby numbers (Ro � 1), corresponding to
the transitional regime, the resulting �ow has a three-jet structure, with a retrograde
(westward) equatorial jet, and two prograde �ows towards higher latitudes, as in Figure
1.8b. These large-scale �ows also exhibit smaller convective structures and a high degree
of turbulence. The strongest �ows are expected in the transitional regime, with a predicted
zonal �ow speed of m/s (Soderlund 2019, Vance et al. 2021). For smaller Rossby numbers
and more rotationally constrained �ow, the zonal velocity is estimated to be on the order
of 0.1 m/s (Cabanes et al. 2024, Bire et al. 2022, Ashkenazy and Tziperman 2021).

1.3.2 Mechanical forcing

Flows can also be driven by mechanical forces. These can be divided into tidal forces
and libration-driven forces. Tidal forcing is caused by the gravitational �eld of Jupiter,
which is not uniform across Europa and therefore deforms the moon's body. In the solid
interior layers, this process is responsible for generating the heat that maintains a liquid
subsurface ocean. However, these same tidal forces also act on the ocean, where they can
drive �uid �ows. For instance, Tyler (2008) focused on tidal forcing driven by obliquity,
rather than eccentricity-driven tidal forcing, even though the latter is usually considered
the dominant process. Tyler showed that obliquity-driven tidal forcing has a frequency that
could match the Rossby wave frequency in the ocean. If this is the case, resonance may
occur, exciting large-scale, horizontal Rossby waves. For Europa, this could result in a
�ow amplitude of 8.6 cm/s. This value is based on assumptions that might not be realistic,
such as the ocean being a very thin shell. Later, Rovira-Navarro et al. (2019) modelled
the e� ects of the eccentricity-driven tidal forcing, using a 3D-model, and found that this
process can excite a di� erent type of wave in the ocean. They argue for the possibility of
tidally-driven inertial waves. These are 3-dimensional waves travelling through a medium
where the restoring force is the Coriolis force. They propagate at a constant angle, which
is determined by the ratio between frequency of the forcing and of the rotation. The energy
is focused along narrow paths, forming rays with increased dissipation. These can cause
�ows with velocities of a few cm/s. Lemasquerier et al. (2017) also indicated the presence
of internal inertial waves in a laboratory experiment.

The libration-driven forces a� ect the internal dynamics in a di� erent way. Note

29



1 Introduction

Figure 1.7: Overview of rotating convection regimes in a spherical shell, showing di� erent
scalings and the expected regimes for various icy moons. Dashed gray lines indicate a
constant Rossby number. Reproduced from Lemasquerier et al. (2023), who adapted the
diagram from Gastine et al. (2016). See Lemasquerier et al. (2023) for more details about
this �gure. Licensed under CC BY 4.0.
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Figure 1.8: Azimuthal velocity in cm/s or m/s and in terms of the Rossby numberRo in
simulations of Europa's ocean, shown in meridional cuts. Panel a) shows an example from
the �ow expected in the geostrophic regime (Ro < 1) from Soderlund (2019), while panel
b) shows a �ow which would be expected in the transitional regime (Ro � 1) from Bire
et al. (2022). Panel b adapted from Soderlund (2019), licensed under CC BY 4.0; panel d
adapted from Bire et al. (2022), reproduced with permission from S. Bire. Figure adapted
from Soderlund et al. (2024), licensed under CC BY 4.0; third-party material is used under
separate permission as noted above.

that these forces are associated with physical (true) libration, as opposed to optical
libration. Physical libration refers to small oscillations in the rotation rate of the moon,
caused by the varying gravitational torque exerted by Jupiter on the moon's non-spherical
body as it moves along its eccentric orbit. Although the Galilean moons all are tidally
locked, this torque is not constant, producing a periodic "wobble". Since libration is
stronger when the outer shell can wobble independently, the libration amplitude gives
insight into how strongly the ocean is coupled to the overlying ice shell. Libration
processes have multiple e� ects on the �ow structure of icy moon oceans. In addition
to global structures such as inertial waves, there is another process operating on the
boundary layer. To be precise, there is a shear force between the librating ice shell and
the decoupled ocean below, which can destabilize the Ekman layer. In addition to the
rays described earlier, this can lead to a turbulent �ow state near the ice-ocean boundary.
This idea has been explored for Enceladus by Rekier et al. (2019) and could be relevant
for Europa as well. Finally, some subsurface oceans might be unstable to the elliptical
instability, a well-known mechanism occurring at elliptical shells that are subject to
libration. In this process, inertial waves interact with libration-induced �ow and trigger
the instability, resulting in a complex, turbulent �ow state (e.g. Le Bars 2016). Since
Europa does not have a perfectly spherical shape, such a �ow regime could be expected.
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Figure 1.9: Azimuthal velocity �eld in a simulation of Europa's ocean, demonstrating a
magnetically driven zonal westward �ow. Reproduced with permission from C. Gissinger,
from Gissinger and Petitdemange (2019).

The full extent of these di� erent types of waves and their e� ect on �ow patterns remains
unclear. Moreover, the interaction of these �ows is usually neglected, while there might be
non-linear interactions giving rise to turbulence.

1.3.3 Magnetic forcing

Finally, �ows can be driven by magnetic forcing. As discussed in Section 1.2, the tilted
dipole magnetic �eld of Jupiter generates electrical currents in Europa's ocean, which
induce a secondary magnetic �eld that formed the basis of the detection of the ocean
in the �rst place. Induction in the subsurface ocean will be explained in more detail in
Chapter 2. Gissinger and Petitdemange (2019) suggested that the induction process could
in�uence the dynamics of the ocean through a process called electromagnetic pumping.
This mechanism relies on the Lorentz force that is produced by the interplay between
the moving electrons from the induced electrical currents and the combined background
and induced magnetic �eld. The Lorentz force acts on the ocean and could provide an
additional mechanism to drive �ows. They performed magnetohydrodynamic simulations
in a 3D shell to study this type of �ows, and predict a magnetically driven zonal jet in the
retrograde direction (Fig. 1.9). In such �uid dynamic simulations, it is not feasible to use
the true Europan parameters, and a scaling law has to be formulated to translate the results
to real-world values. Using their derived scaling law, they reported a �ow velocity of cm/s,
which is comparable to some of the convective driven �ows. Therefore, they argue that the
magnetically driven jet is a signi�cant component of Europa's ocean �ow. This study is
the only one to date that has evaluated this type of �ow, and the signi�cance of the driving
mechanism remains unknown.
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1.3.4 E� ect of �ows on the magnetic �eld

The characterization of the dynamics in the ocean is highly important, not only in light
of circulation and therefore habitability, but also because of its e� ect on the magnetic
�eld. Fluid �ows can contribute to the magnetic �eld through dynamo action. When a
conducting �uid �ows through a magnetic �eld, it induces an electromotive force which
drives electrical currents, that generate their own magnetic �eld. This motionally induced
component adds to the classical, di� usive induction which is driven by the changing
Jovian magnetic �eld. A good understanding of the motionally induced magnetic �eld
is important for correct interpretation of the magnetic �eld signal. Vance et al. (2021)
estimated the amplitude of this component to be less than 20 nT for Europa, assuming a
�ow speed on the order of 3 m/s. This �ow velocity is relatively high and should be seen
as an upper limit. It should also be noted that this estimate for the magnetic �eld is based
on a very simpli�ed relation. A recent study by Šachl et al. (2025) used a more physically
consistent model to give a better estimate. To scale their models, they derived a scaling law,
which suggests a �ow speed of around 0.3 m/s. Using this �ow in their electromagnetic
modelling e� orts resulted in a motionally induced magnetic �eld of around 1 nT. It is not
clear yet whether this component could be distinguished from the di� usive magnetic �eld
signal. For Ganymede is suggested that the motionally induced magnetic �eld can reach
amplitudes of 9 nT, provided the ocean has su� cient depth (Cabanes et al. 2026).

1.4 Missions

The Galileo mission was the last spacecraft that signi�cantly contributed to useful data on
Jupiter's moons. There has been another spacecraft that visited Jupiter, Juno, and although
this mission greatly improved the general understanding of Jupiter's magnetic �eld, it was
not focused on its moons. In order to answer the extensive list of unsolved questions about
the Galilean moons, two new missions are currently on their way: the JUpiter ICy Moons
Explorer (JUICE) by ESA (Grasset et al. 2013) and Europa Clipper by NASA (Pappalardo
et al. 2024). JUICE was launched in April 2023, and Europa Clipper 1.5 year later in
October 2024. Europa Clipper will arrive at the Jupiter system earlier, in 2030, whereas
JUICE's planned arrival date is in 2031. The idea is that these missions complement each
other and work together to better understand Jupiter and its moons. Both missions will be
in the Jupiter system simultaneously, allowing for very interesting research possibilities.

1.4.1 Europa Clipper

The Europa Clipper mission will be completely dedicated to Europa. Although the
spacecraft will be in orbit around Jupiter, it will perform 40-50 close �ybys of Europa, and
reach as close as 25 km from the surface. Its main objective is to assess the habitability
of Europa's ocean, which it will do through a range of di� erent measurements. One of
the top priorities is constraining the ocean depth and conductivity, which could not be
found independently from the Galileo data. The Europa Clipper Magnetometer (ECM)
will be the main instrument that will help to achieve this goal. The ECM will measure the
magnetic �eld along three axes and at multiple frequencies. The multi-frequency magnetic
�eld data is essential to determine the ocean depth and conductivity. Induction in Europa's
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ocean is driven by magnetic �eld variation at multiple frequencies, the most important
ones being Jupiter's synodic period and the orbital period of Europa. As discussed in
Sections 1.2.1 and 1.2.2, ocean depth and conductivity both in�uence the induced �eld in a
similar way and cannot be uniquely determined based on the magnetic signal induced by a
single frequency. With multi-frequency sounding, multiple independent measurements can
be taken which can lift the degeneracy. The ECM has a very �ne resolution of 8 pT, but the
detection limit is 1.5 nT because of magnetic noise generated in the spacecraft electronics.
This detectability will ensure values for the ocean depth and conductivity within50%
accuracy. This precision could also be su� cient to study more complex properties such as
the depth-dependence of the conductivity and the salinity of the ocean. With the Europa
Clipper data, it might be able to distinguish between the two compositional end-members
MgSO4 and NaCl (Vance et al. 2021).

In order to correctly interpret the magnetic �eld data, it is important to have a
deep understanding of other components that in�uence the induction process. This will
enable us to not only remove these e� ects and retrieve the "pure" induction signal, but
also to give insights on these processes on their own. Among these components are ocean
dynamics and �uid �ows, which, as some models suggest, might produce motionally
induced �elds with an amplitude around the detection limit of ECM (Šachl et al. 2025,
Vance et al. 2021). The induced �eld signal will also be disturbed by plasma disturbances,
which produce additional magnetic �eld components that need to be removed before
induction studies can be performed. To this end, the Plasma Instrument for Magnetic
Sounding (PIMS) will measure the properties of the thermal plasma, which is needed to
produce models that can ensure a clean induced �eld measurement. The magnetometer
will work together with other instruments to further investigate ocean properties. One of
them is the radar sounding instrument (REASON), sending a signal that will penetrate
through the ice to possibly reach the ice-ocean interface or liquid water pocket in the
ice. Europa Clipper will also take gravity measurements, which will give more precise
information about the ocean depth and ice shell properties.

Another objective is to gain more information on the composition of Europa. For
this reason, there is an infrared spectrometer that will map di� erent species on the surface,
and a mass spectrometer to more speci�cally detect particles originating from Europa's
plume. Finally, several imaging devices are part of the instrument suite, which are mainly
useful for geological investigations.

1.4.2 JUICE

JUICE on the other hand, has a more comparative approach and it will perform �ybys
of Europa and Callisto, and eventually go into orbit around Ganymede. This will be
the �rst time that a spacecraft enters orbit around a moon. With JUICE's tour of the
Galilean moons, its aim is to get more information on the (tentative) subsurface oceans,
characterize them and compare them. Special emphasis has been given to Ganymede, not
only for its potentially habitable ocean but also for its unique magnetic �eld. JUICE will
have two Europa �ybys. During these visits, one of the aims is to better understand the
composition and chemistry of the surface and possibly detect biosignatures through remote
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sensing techniques, for example with MAJIS (Visible-Infrared Hyperspectral Imaging
Spectrometer). In addition, it will search for liquid water pockets in the surface using an
ice-penetrating radar (RIME), which are regions where the interaction between ocean and
surface can best be studied. JUICE also has a magnetometer on board (J-MAG) to help
detect the induction signature, together with Europa Clipper. The J-MAG instrument uses
two types of sensors: a �uxgate sensor with a resolution of 1-6 pT and a scalar sensor with
a resolutions 10 pT. This results in a measurement precision goal of better than 0.1 nT,
which is more precise than the ECM. Finally, the mission focuses on geologically active
regions on Europa, such as plumes, which provide insights on interior processes. There
will be searched for plumes with the UVS (Ultraviolet Imaging Spectrograph) instrument.
The interaction with the environment will be studied with PEP (Particle Package) and
RPWI (Radio and Plasma Wave Investigation).

1.5 Aim of this thesis

The Europa Clipper and JUICE data will provide more insight about the ocean properties
and help to understand the dynamics of the ocean. This is important since there are
still many unanswered questions. As of now, the ice shell thickness and with that the
ocean depth, are unclear. The ocean depth and conductivity cannot be unambiguously
determined, and the conductivity pro�le is also not known. In addition, it is not clear if the
chemical composition tends more towards a NaCl or MgSO4 dominated ocean. When
looking at the ocean dynamics, it appears that many di� erent �ows could occur in the
ocean, which are relevant for habitability. However, the importance of any of these �ows
is currently not certain.

This thesis aims to get more insight into the magnetically driven �ows in Europa's ocean.
Magnetic forcing is currently the least-known driving mechanism. One paper (Gissinger
and Petitdemange 2019) reports a strong (� cm/s) zonal jet, but not much additional
research exists. If such a �ow is really present, it might change the magnetic �eld through
motional induction. This information would be very relevant for interpreting the expected
spacecraft data. Moreover, the precise physical process behind the driving of the �ow
is poorly understood. Therefore, the magnetohydrodynamic simulation code MagIC
(Wicht 2002) is used to investigate the magnetically driven �ows. Jupiter's magnetic
�eld is imposed on the outer boundary of a spherical, conducting shell, which is a model
of the ocean. The resulting Lorentz force is calculated, and the magnetic �eld and �ow
are solved for. With this, this thesis aims to obtain a better understanding of the driving
mechanism behind the zonal �ow and to assess the importance of this type of �ow for the
dynamics of Europa's ocean.

Before this can be studied, however, it should be noted that one of the most
insightful pieces of information to solve these unknowns is the induced �eld, which can
be deduced from magnetic �eld data. The correct interpretation of these expected data
requires a deep understanding of the induction process. This is not a straightforward
task because many factors in�uence the magnetic �eld, as will become evident in the
next Chapter. Moreover, the variations of the magnetic �eld as experienced by Europa
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are dependent on orbital mechanics, which is a challenge to model properly. Therefore,
another objective of this thesis is to obtain a more accurate model for the induced �eld.
As a �rst step, this means achieving a thorough understanding of the variation of the
background magnetic �eld, which is the driver of induction.

This thesis is organized as follows: �rst, a detailed theoretical background on
magnetic induction in subsurface oceans is given in Chapter 2. Then, a detailed model
for the magnetic �eld variations at Europa and the other Galilean moons is presented in
Chapter 3. Chapter 4 uses this variation to formulate a description of the induced �eld
in multiple ways, and to calculate the corresponding Lorentz force in the ocean. These
updated models are used in magnetohydrodynamic simulations to study the magnetically
driven �ows. The results of the MHD simulations are presented in Chapter 5. Finally, the
results and conclusions are presented in Chapter 6.
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2 Magnetic Fields and Induction at
Europa and the Other Galilean
Moons

The Galilean moons are surrounded by a complex magnetic �eld environment with several
di� erent components. For the purpose of this thesis, a primary distinction is made between
the background magnetic �eld and the induced �eld. There is a third component arising
from plasma e� ects, but this is neglected in the models described here. The background
�eld is also referred to as the primary or inducing �eld. This component has the largest
amplitude and mainly consists of the Jovian magnetic �eld. Another contribution to the
background �eld is the magnetic �eld associated with the current disk. The variation of
these background �eld components is what drives induction in the Galilean moons. The
induced or secondary �eld is produced in the subsurface ocean, can be measured outside
the moon, and contains information about ocean properties and processes. This chapter
�rst discusses the background or inducing �eld, and then gives mathematical descriptions
of the induced �eld following previous research. This forms the theoretical framework for
the further chapters.

2.1 Magnetic �eld environment

Before explaining the induction process itself, the background magnetic �eld, which forms
the input of the induction process, is described �rst. The main contribution to the inducing
�eld comes from Jupiter's magnetic �eld. This strong �eld is generated by the dynamo in
its core and can be felt far beyond all Galilean moons. The �eld is mainly dipolar and has a
tilt of 9:6� with respect to the rotation axis. This con�guration has important implications
for the surrounding moons, since this results in a periodically changing magnetic �eld at the
orbits of the moons, which will ultimately drive induction. Another component in addition
to the intrinsic Jovian �eld is the current sheet or magnetodisk. This region in Jupiter's
magnetosphere contains charged particles and mainly azimuthal electrical currents. The
plasma mostly originates from Io, where strong volcanic activity releases particles into the
environment. The charged particles are then ionized and picked up by Jupiter's rotating
magnetic �eld. The currents form a large scale, disk-like structure surrounding Jupiter in
the magnetic equatorial plane, occupying the region between 5 and 50 Jupiter radii from
the center. It is approximately 5 Jupiter radii thick. Since it is tilted with respect to the
orbital plane of the moons, the moons experience a periodically varying in�uence from
the current sheet, giving rise to additional background magnetic �eld oscillations. Finally,
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2 Magnetic Fields and Induction at Europa and the Other Galilean Moons

plasma interactions with the moons in�uence their magnetic �eld environment (Saur et al.
1998). Jupiter's magnetosphere is densely packed with charged particles that collide with
the satellite surfaces, since the magnetosphere rotates faster than the moon's orbital speeds.
This interaction results not only in chemical reactions such as sputtering, but also in the
formation of Alfvén wings (Neubauer 1999). These structures form along each side of the
moon and carry �eld-aligned currents that connect the moon to Jupiter's ionosphere via
Alfvén waves. As a result, the background magnetic �eld becomes stretched, compressed,
or bent by such structures. These perturbations are generally small-scale and best described
by noise superposed on the background magnetic �eld.

2.2 Describing the induced �eld

Faraday's law states that time-varying magnetic �eld induces an electrical �eld, which
can drive electrical currents in a nearby conductor. This electromagnetic induction occurs
in several bodies in the solar system and beyond, and can be used for electromagnetic
sounding studies. The foundation for this method has been laid by e.g. Lahiri and
Price (1939), Srivastava (1966) and Parkinson (1983). Initially, this technique has been
used extensively to study the electrical conductivity pro�le of the Earth (e.g., Hermance
1983) and the moon (e.g., Sonett 1982), and later Mercury (Grosser et al. 2004). The
Galileo mission, delivering magnetic �eld data from near the Galilean moons, opened
up possibilities to use electromagnetic sounding to probe their interiors as well. There is
another type of induction, called motional induction, where �uid �ow through a background
magnetic �eld drives electrical currents. Over the last decades, di� erent approaches to
model the induced �eld in Europa and planetary bodies in general have been proposed, of
which an overview will be given here.

2.2.1 Induction equation

All of the models are based on the induction equation that holds in the conducting ocean

@B
@t

= r � (U � B) � r � � r � B ; (2.1)

whereU is the velocity �eld and� is the magnetic di� usivity, given by

� = 1=(�� ) : (2.2)

where� is the electrical conductivity and� is the magnetic permeability, for which
generally the value� = � 0 = 4� � 10� 7 N/A2 can be taken. The induction equation
follows from a combination of Maxwell's equations and Ohm's law. The �rst term on the
right hand side of Equation(2.1) is the advection term and describes the �eld created by
movement of the medium (water in the ocean, in this case) with velocityU through the
magnetic �eldB. The second term represents di� usion, which is generally dominant over
the advection term in subsurface ocean induction studies. Considering only the di� usion
term and assuming constant conductivity, the equation simpli�es to

@B
@t

= � � r 2B; (2.3)
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which is the di� usion equation. The inducing �eld, explained in Section 2.1, can be
described as an oscillation with frequency! as

B(r; '; �; t) = < [B(r; '; � )ei! t]: (2.4)

In fact, the induced �eld consists of multiple components with di� erent frequencies, but
these can be treated individually. When substituting the expression for the magnetic �eld
(Eq. 2.4) into the di� usion equation (Eq. 2.3), the Helmholtz equation is obtained, which
reads

r 2B = k2B; (2.5)

where the wavenumberk is given byk =
p

i!�� . Some earlier studies such as Zimmer
(2000) adopt a di� erent de�nitionk = (1 � i)

p
!��= 2, but Vance et al. (2021) pointed

out that this will result in an error in the further calculation of the induced �eld. The
wavenumber is related to the skin depth. Assuming a �nite conductivity, the primary
�eld will di � use through the body, with a decay that is characterized by the skin depth
� =

p
2=(��! ). Here,� is the electrical conductivity and! is the frequency of the primary

�eld.

2.2.2 Solution for the induced �eld

The solution for the inducting equation depends on the assumed model. The most simple
model is where one assumes a perfectly conducting sphere and a homogeneous inducing
�eld over the volume of the body. In this case, the induced currents produce a magnetic
�eld that exactly cancels the time-varying magnetic �eld inside the conducting region. It
will shield the interior from the external �eld and the skin depth will approach zero. In the
limit of a nearly in�nitely conducting sphere or shell, the induced �eld outside the moon
takes the form of a dipole, after Zimmer (2000):

B1
ind(t) =

� 0

4�

 
3r � M(t)

r5
r �

r2 M(t)
r5

!
; (2.6)

with dipole momentM

M(t) = �
2�
� 0

B0(t) r3 ; (2.7)

whereB0(t) is the inducing �eld.

The induced �eld for a sphere or shell with a constant, �nite conductivity is slightly
di� erent. This case introduces a phase shift and amplitude reduction compared to the
solution for a perfect conductor:

Bind(t) = A ei� B1
ind(t) : (2.8)

The relative amplitudeA and the phase lag� can be calculated with an analytical method.
Depending on the study, this is done in slightly di� erent ways, but the general starting point
is a conducting, spherical shell with inner radiusr i and outer radiusro, where it is assumed
that at the outer boundaryr = ro, the �eld inside the ocean (r i < r � ro) has to match
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the �eld above the ocean (r > ro). To describe the magnetic �eld outside the moon, it is
assumed that the region above the surface is current-free (J = 0). Therefore, the magnetic
�eld in this external region is curl-free and satis�es the equation for a scalar potential
B = �r V, whereV is the potential. Sincer � B = 0, the potential can be expressed as the
Laplace equation� V = 0. The solution for the Laplace equation in spherical coordinates
consists of an internal and an external component. The internal potentialVI decreases
with distance to the body and is the induced �eld. The external potentialVE increases
with distance and describes the �eld generated outside the conducting body. In the case
described here, this is Jupiter's �eld magnetic �eld. The total magnetic �eld outside the
moon follows from the sum of these potentials:

B = �r (VI + VE) : (2.9)

The external potential in spherical coordinates is given by

VE = ro

1X

`=1

X̀

m=0

 
r
ro

! ` �
Gm

` cos(m' ) + Hm
` sin(m' )

�
Pm

` (cos� ) ; (2.10)

with external �eld coe� cientsGm
` andHm

` . The internal potential reads

VI = ro

1X

`=1

X̀

m=0

� ro

r

� `+1 �
gm

` cos(m' ) + hm
` sin(m' )

�
Pm

` (cos� ) ; (2.11)

with internal Gauss coe� cientsgm
` and hm

` . The parameterro is the outer radius of
the conducting body, here the radius of Europa. Both potentials contain the associated
Legendre functionsPm

` (cos� ). These can be normalized in di� erent ways, but induction
studies usually apply Schmidt semi-normalization:

Z 1

� 1
dcos�

Z 2�

0
d'

�
Pm

` (cos(m' )
�2 =

4�
2` + 1

; (2.12)

which also holds for thesin(m' ) dependence. Some values of the Schmidt semi-normalized
Legendre polynomials are listed in Table B.1. As stated before, the magnetic �elds
associated with the potentials need to satisfy the boundary condition stating that the
external solution in Equation(2.9)must match the internal solution in Equation(2.5)at
the outer boundaryr = ro. This requirement provides a set of equations that can be solved
to obtain the complex responseAei� from Equation(2.8). Note that since an inducing �eld
with degree and order(`; m) can only give rise to an induced �eld with same degree and
order(`; m), provided a radially symmetric conductivity distribution, each degree and order
can be treated independently. For a spatially homogeneous inducing �eld (` = 1), Zimmer
(2000) derived the following description for the amplitude and phase:

Aei� =
 

ro

rm

!3 R J5=2(rok) � J� 5=2(rok)
R J1=2(rok) � J� 1=2(rok)

; (2.13)

with

R =
r1k J� 5=2(r1k)

3 J3=2(r1k) � r1k J1=2(r1k)
; (2.14)
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whererm = ro + d andd is the ice shell thickness. Furthermore,k is the wavenumber
(Eq.2.5), andJm is the Bessel function of the �rst kind and orderm. A similar Equation
is given by Saur et al. (2010), Eq. (14-15). Note that these studies adopt the de�nition
k = (1 � i)

p
!��= 2. A more complete form, also allowing for (` , 1), is given in the

Supplement of Vance et al. (2021), Eq. (S41):

A `
e =

j`+1(kro) y`+1(kri) � j`+1(kri) y`+1(kro)
j`+1(kri) y` � 1(kro) � j` � 1(kro) y`+1(kri)

= (Aei� )� ; (2.15)

where � denotes the complex conjugate. This Equation contains the spherical Bessel
functions of the �rst and second kind and degree`, given by j` andy` , respectively. Here,
the de�nition k =

p
i!�� is used. A complication when working with these solutions is

that both of them contain Bessel functions. For large arguments, these can cause numerical
problems. In Chapter 4, an improved analytical formulation for the induced �eld will be
presented.

2.2.3 Extended induction models

These solutions all assume a simple model for the ocean that consists of a single, perfectly
symmetric, spherical shell. As a more realistic approximation, a model with multiple
concentric layers can be used, accounting for core, mantle, ocean and icy crust, and
possibly layers within the ocean with di� erent conductivity. There will be more boundary
layers in this case, resulting in more boundary conditions. Following the same approach
but now taking the multiple boundary conditions into account, the solution consists of
a set of recursive relations �rst formulated by Srivastava (1966). For a model with four
layers, a solution is derived in Schilling et al. (2007). The recursive relations have similar
form to the solution with one layer and also contain a type of Bessel function.

All the models discussed before are based on the assumption that the subsurface
ocean is a perfectly spherical shell. In reality, the shape can deviate from this spherical
symmetry, for various reasons. The gravitational pull from Jupiter and centrifugal forces
deform the moon into an ellipsoid. Also, the ice shell thickness is not necessarily uniform,
which can give rise to additional deviations from a spherical shell (see Section 1.2.1). The
e� ect of a non-spherical ocean on the induced �eld has been described by Styczinski and
Harnett (2021) and Styczinski et al. (2022). They use a perturbation method where a
perturbation from spherical symmetry is expanded in spherical harmonics. It was found
that in an asymmetric ocean, the di� erent degrees and modes`; m become coupled and
cannot be treated individually. Whereas a uniform inducing �eld (` = 1) in a spherically
symmetric body can only induce a dipole �eld, for an asymmetric body such a simple �eld
also induces quadrupole, octopole and even higher order moment magnetic �elds. This
mixing of harmonics results in a more complicated solution for the induction signal. At
Europa, the ice shell thickness variation, resulting in a non-spherical ocean shape, could
give rise to higher order induced �eld components with an amplitude of 2 nT. This shows
that deviations from spherical symmetry should be taken into account when performing
induction studies.

Another element which can be added to obtain a more accurate model is the
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e� ect of plasma interaction with the moon. As described in Section 2.1, the interaction
of Europa with the magnetospheric plasma of Jupiter creates additional magnetic �eld
perturbations, which also produce induced �elds. The spherical harmonic coe� cients of
these are about an order of magnitude smaller, with dominant terms on the order of 10-15
nT (Schilling et al. 2007). Taking the plasma e� ects into account, the total magnetic �eld
consists of many di� erent elements:

B = B0 + BP + � Bind(� B0) + � Bind(� BP) ; (2.16)

whereB0 is the background Jovian dipole �eld andBP is the �eld produced by plasma
processes. The other terms� Bind(� B0) and� Bind(� BP) are the induced �elds driven by the
time-varying components of the background �eld and plasma �eld, respectively. These
di� erent components contributing to the total magnetic �eld complicate the separation
of the induced �eldBind, which contains the information about the ocean. Fortunately,
plasma interactions occur on the timescale of minutes, while induction operates on longer
timescales on the order of hours to days. This di� erence in timescales allows these
processes to be treated separately (Saur et al. 2010). In order to obtain a clean induced �eld
signal, the plasma perturbations have to be �ltered out, which can be achieved through
detailed modeling. Schilling et al. (2007) have developed a self-consistent magneto-
hydrodynamic model that includes both classical induction and plasma interaction. It also
takes into account the interactions and feedback processes between the induced �eld and
the plasma current. In the case of this problem, the full induction equation has to be solved
(Eq. 2.1) for the region outside Europa, since the conducting plasma is moving with a
velocityU with respect to the moon.

2.2.4 Numerical modelling of induction

As more realistic elements are added or taken into account, the physics also becomes
more involved, which eventually cannot be solved analytically anymore. For these more
complicated problems, numerical methods and simulations are used instead. Of particular
use are MHD simulations, that model the behaviour of electrically conducting �uids in the
presence of magnetic �elds, such as those used in the study from Schilling et al. (2007)
described earlier. Examples of such codes are Zeus2D (Stone and Norman 1992), PaRoDy
(Dormy et al. 1998), and MagIC (Wicht 2002). The last one of this list is used to obtain the
results from Chapter 5. These �ndings will be discussed in detail later, but some concepts
that are often used in these simulations will already be introduced here.

The numerical (MHD) simulations employ a decomposition of the �elds of interest in a
poloidal and toroidal component. For the velocity �eldU and the magnetic �eldB this
reads:

U = r � r � rUP + r � rUT (2.17)

B = r � r � r BP + r � r BT ; (2.18)

whereU is the velocity �eld potential andB the magnetic �eld potential and the superscripts
P andT indicate the poloidal and toroidal component, respectively. This decomposition
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guarantees that both vector �elds have zero divergence:

r � B = r � U = 0 : (2.19)

The poloidal-toroidal decomposition ensures that the divergence stays zero while
performing numerical methods. The toroidal magnetic �eld has no radial components and
has stream lines that close on a spherical surface. As a consequence of this geometry, it
cannot be detected outside the region where it is generated, and conversely, it cannot be
excited by external sources. This means that the toroidal �eld can generally be neglected
in induction studies. The decomposition in poloidal and toroidal components also allows
for a convenient implementation of the boundary conditions in numerical simulations.
Since the moon's exterior is non-conducting, the toroidal �eld vanishes there, which can
be applied directly to the toroidal component of the �eld (Duling et al. 2014).

Another numerical approach that is often used in simulations is the expansion of
the magnetic �eld in a convenient basis. For the representation of the dependence on
the angular or horizontal direction, which encompasses the longitudinal and latitudinal
coordinates (�; ' ), spherical (surface) harmonics are generally used, which are given by

Ym
` (�; ' ) = Pm

` (cos� ) eim' ; (2.20)

wherePm
` (cos� ) are the associated Legendre polynomials of degree` and orderm that

were already introduced in the expressions for the internal and external �eld potentials
(Eqs. 2.10, 2.11). In addition to the Schmidt semi-normalization that was used there (Eq.
(2.12), there are also fully normalized surface harmonics, which satisfy the following:

Z 1

� 1
d(cos� )

Z 2�

0
d' Ym0

`0
� (�; ' ) Ym

` (�; ' ) = � `` 0 � mm0 ; (2.21)

where an asterisk indicates the complex conjugate. The use of spherical surface harmonics
is convenient, since they represent a complete basis on the surface of a sphere.

In the radial direction, the �eld can be conveniently expanded in Chebychev polynomials.
These are given by:

P`m(r) =
NX

n=0

P n
`mCn(r) : (2.22)

Choosing theN extrema of the polynomialCN� 1 has the advantage that it yields a denser
distribution of grid points near the boundaries. Moreover, it allows the use of a fast cosine
transform to convert between spectral and grid representations.

2.3 Current limitations

The previous studies discussed in this chapter o� er simple �rst order descriptions of
the primary induction signal. However, the new and more accurate magnetic �eld data
to be returned by Europa Clipper and JUICE will hopefully allow better constrain
di� erent ocean properties. To successfully model induction in subsurface oceans, a
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2 Magnetic Fields and Induction at Europa and the Other Galilean Moons

deep understanding of the background magnetic �eld, speci�cally its time-variability, is
essential, since this is the �rst step in calculating the induced �eld. Usually, the magnetic
�eld at the location of the moons is calculated from NASA SPICE data or community
codes like PlanetPro�le (Styczinski et al. 2023). These tools o� er time-series of the
magnetic �eld at the preferred location, which can be decomposed in a Fourier analysis.
The inducing background �eld is then described as a set of sinusoidal functions with
the corresponding frequencies as seen in the Fourier spectrum. Whereas this method
gives a good �rst order approximation, it has some limitations. The results depend on
the sampling rate and length of the time series, which may cause problems when orbital
elements change over time and long sequences are required. Furthermore, a Fourier
decomposition is not able to distinguish between frequencies that are very close together,
such as the sidereal and anomalistic orbital frequencies. Since the relevant frequencies
are known a priori from orbital mechanics, a direct �tting approach may provide better
results, even for shorter sequences. Chapter 3 therefore introduces a more precise way of
describing the inducing magnetic �eld variation, which avoids these limitations and can be
used directly in further induction studies.

To study the full induction equation including the advection term, for example
driven by zonal �ows, numerical simulations are required. Running such simulations in
a code like MagIC requires the inducing �eld to be imposed via boundary conditions.
This in turn requires a decomposition of the magnetic �eld into internal and external
components, where only the external �eld is imposed at the outer boundary, and the
internal �eld matches the potential �eld solution there. The analytical formulations
described in this chapter are not directly suitable for this purpose. Chapter 4 therefore
contains the derivation of an induction model that is formulated in terms of such boundary
conditions, making it more suitable for use in 3D numerical simulations.
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3 Variation of Jupiter's Magnetic Field
at Europa

The �rst step in studying induction in Europa's ocean is understanding the variation of
the imposed magnetic �eld, which ultimately drives the induction process. This chapter
provides a more complete and detailed picture of the variation of the external magnetic
�eld at Europa. Not only Jupiter's internal magnetic �eld, generated by the dynamo in its
core, is considered, but also the current disk. The aim is to decompose the total magnetic
�eld at Europa into a set of di� erent signals with characteristic frequencies. The focus is
on components that produce an induced �eld with an amplitude larger than 1 nT, since this
is the precision of Europa Clipper. First, the orbital models are presented, and afterwards
the associated variations in the magnetic �eld and their relative importance are discussed.
The contents of this chapter are based on Wicht and de Langen (2026, in prep.), where this
method is applied to the other Galilean moons as well.

3.1 Lunar orbits

The time variation experienced by the moons originates from the rotation of Jupiter's
�eld and the orbital motion of the moons around Jupiter. The position of the moons is
described with the radiusrS, longitude' S and colatitude� S, following the right-handed
System III convention. For the induction study described here, di� erent reference systems
and longitude angles play a role. These are summarized in Figure 3.1, which shows the
equatorial plane of Jupiter's system as seen from the positivez-axis/rotation axis. The
angles are measured relative to a �xed reference direction de�ned by the background
stars. Note that the orbital plane of the moon has an inclination with respect to Jupiter's
orbital plane, which is not shown in this �gure. The line where these planes cross, is the
ascending node, and this where the moon moves from colatitude� > 90� to � < 90� . The
angle between the reference direction and the ascending node is given by' n. Angle ' p is
the angle of perijove, where the moon passes Jupiter at the closest distance. Furthermore,
' o is the angle of the moons orbital position, and' J is the System III reference angle,
where the corresponding longitude is zero. Each of these angles' i varies over time with a
corresponding frequency! i = 2�= Pi. The fastest frequency is! J, and corresponds to the
siderial rotation period of JupiterPJ as seen from the satellite. The orbital periodPo is
usually on the order of days. PeriodsPp andPn are even slower, on the order of years.

Since the ascending node frequency! n is very slow, this drift is further neglected. The
longitude of the moons in System III coordinates is given by' s = ' o � ' J and it varies
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3 Variation of Jupiter's Magnetic Field at Europa

Figure 3.1: An overview of the di� erent angles and reference systems in the Jupiter-
Europa system.

with the synodic frequency! s = ! J � ! o. The longitude of the moons in the orbital ellipse
is given by' e = ' o � ' p, corrected for the perijove drift. This coordinate varies with the
anomalistic frequency! a = ! o � ! p. The anomalistic frequency is important because it
tells when a moon will be in the same relative position of the ellipse, for example at the
perijove. An overview of these angles, frequencies and their meanings is given in Table 3.1.

Table 3.1: Orbital longitudes describing the moon's position in Jupiter's system and their
associated variations.

Longitude Meaning Variation

' o Lunar position ! o (sidereal orbital frequency)
' p Periapsis position ! p (periapsis drift)
' n Ascending node position ! n (node drift)
' s = ' o � ' J Position in System III ! s = ! J � ! o (System III frequency)
' e = ' o � ' p Position in orbital ellipse ! e � ! a = ! o + ! p (anomalistic frequency)
' � = ' o + 2� � ' a Position w.r.t. ascending node! � = ! o � ! a � ! o (latitude variation)

Table 3.2: Mean radiusR, semi-major axisa, and synodic (! s), orbital (! o), anomalistic
(! a), and periapsis (! p) frequencies of Europa. Values obtained or derived fromhttps:
//ssd.jpl.nasa.gov/sats/elem/sep.html .

Parameter Value

R [km] 1560.8
a [km] 671 030
! s [2� h� 1] 5:59350� 10� 1

! o [2� h� 1] 7:37219� 10� 2

! a [2� h� 1] 7:42360� 10� 2

! p [2� h� 1] 5:142� 10� 4
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3.1 Lunar orbits

The values of the relevant frequencies at Europa are shown in Table 3.2. The aim
is to capture the dominant variations in the inducing magnetic �eld that produce a
substantial induction signal. The largest variations are those associated with the synodic
frequency. Considerably smaller but still signi�cant are variations at the orbital frequency,
corresponding to changes in orbit eccentricity and inclination. The target is a model with
an error smaller than 10% of these secondary level variations, which ensures that the
variations not accounted for are at least one order of magnitude smaller than the modelled
variations.

3.1.1 First-order orbital model

A simple model is derived with radiusrm, longitude' m, and colatitude� m. The radius of
an eccentric orbit is given by:

r = a
1 � � 2

1 + � cos' e
; (3.1)

wherea is the semi-major axis and� is the eccentricity. Expanding this expression to �rst
order in� gives:

r ' a(1 � � cos' e) : (3.2)

Whereas the anomalistic frequency! a describes the mean velocity of the body in orbit, the
precise angular velocity is dependent on the location in the ellipse. This location dependent
frequency follows from angular momentum conservation in Keplerian motion described
by Equation (3.1):

! e(t) = ! a

�
1 + � cos' e(t)

�2

�
1 � � 2

�3=2
: (3.3)

As �rst approximation, it is assumed that! e � ! a, which gives a radius of

rm(t) � a
�
1 � � cos

�
! at + ' 0

e

��
; (3.4)

where' 0
e is the phase' e at timet = 0.

Since the System III longitude is given by' = � ' J + ' e + ' p, the time dependent
longitude is

' (t) = � ! Jt + ' e(t) � ! pt ; (3.5)

where the negative! p re�ects the perijove drift away from the moon. To obtain' e(t), the
�rst order contribution of! e(t) is integrated in time:

' e(t) � ! at + ' 0
e + 2! a�

Z t

0
cos' e(t0) dt0 : (3.6)

Substituting' e(t) � ! at + ' 0
e then gives

' e(t) � ! at + ' 0
e + 2� sin(! at + ' 0

e) ; (3.7)
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3 Variation of Jupiter's Magnetic Field at Europa

so that Equation (3.5) becomes

' m(t) = � ! st � ' 0
s + 2� sin(! at + ' 0

e) ; (3.8)

where! s = ! J � ! o = ! J � ! a + ! p and' 0
s = ' 0

J � ' 0
o = ' 0

J � ' 0
e � ' 0

p.
For the colatitude, an oscillation around�=2 is assumed, where the amplitude of the
oscillation is given by the inclination. This yields

� m(t) =
�
2

� I sin
�
! ot + ' 0

o
�

; (3.9)

where all angles are in radians. Also,' 0
o is the ascending node phase att = 0.

3.1.2 Validation of orbit model

The model is compared to reference orbital data, obtained from the NASA SPICE
(Spacecraft Planet Instrument C-matrix Events) database, provided by NAIF (Navigation
and Ancillary Information Facility). This database contains very precise planet and
satellite ephemerides. Using the Matlab MICE extension, the coordinates of various
moons were calculated between January 1st 1990, 00:00:00 UTC to the same date and
time in 2040, a timeframe which covers both Galileo and future Europa Clipper and
JUICE missions. The orbital model presented here will di� er from the SPICE reference,
since Jupiter's rotational �attening and gravitational interactions between the moons
complicates the orbital motions. As a result, they cannot be accurately described in terms
of constant orbital elements. Instead, some elements like eccentricity and inclination have
to be treated like osculating elements, whose value changes over time and depend on
the speci�c epoch. To mitigate for this complication, a least squares method is used to
�t the model to the SPICE state vector. In this procedure, the eccentricity, inclination,
and phase are free or osculating parameters, �t to a constant value that is only valid in a
speci�c time window. The �tting window is then shifted along the data to capture the
long-term evolution. The sequence needs to be long enough to provide a good estimate
over the time window. On the other hand, the mis�t increases with a longer sequence,
since time-dependent parameters are being �tted with constant values. A length of 10
orbital periods was found to provide an optimal balance.

This method was applied for Europa to a time-series between 1990 and 2040.
The mean mis�t and maximum absolute deviation, normalized by variation amplitude, are
0:016� 0:049in radius,0:018� 0:082in longitude, and0:010� 0:031in colatitude. These
mis�ts are lower than the requirement of 10%, con�rming the validity of the model for
Europa. For Io and Ganymede, this model is not precise enough, and additional frequencies
arising from the interaction with other moons are required (Wicht and de Langen 2026).
Since the error between the SPICE data and the model increases with time, a timely update
of the osculating elements is required to ensure an accurate representation of the orbits.
Updating the parameters by performing a new �t is suggested when the deviation with the
SPICE data exceeds 10%. For the Europa dataset, this is after 85 orbits.

Figure 3.2 shows the time evolution of Europa's osculating eccentricity and inclination
between 1990 and 2040. A �tting window of 10 orbital periods was used, slid along the
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3.1 Lunar orbits

data to track the long-term evolution. The eccentricity and inclination show variations
of around10%of the mean. The eccentricity variations are oscillatory in nature, with a
frequency of roughly! p. The dominant inclination variation takes place over longer time
scales. There is a minimum of 0.43 at 1993 and a maximum of 0.49 at 2007. Table 3.3
gives an overview of the osculating eccentricity and inclination of Europa obtained by
�tting the model to the SPICE dataset between 2010 to 2040, compared to the literature
value from https://www.wikipedia.org/. The mean value is within5% of the literature
value. For the other Galilean moons deviations with the literature value can be more
signi�cant. These deviations could be explained by the time-dependence of osculating
parameters, which might not be accounted for in literature. The literature values might
re�ect long-term averages that di� er from the �tted parameter values within this speci�c
epoch. This illustrates the importance of using the correct value for the eccentricity and
inclination, suitable for the epoch of interest. This analysis also shows that a model
incorporating the synodic, orbital, and anomalistic frequency accurately reproduce the
data for Europa.

Figure 3.2: Time variability and evolution of the osculating eccentriciy and inclination
of Europa's orbit between 1990 and 2040. Obtained by �tting the model to the SPICE
dataset, using a �tting window of 10 orbits.

Table 3.3: Osculating eccentricity and inclination for Europa from �tting the orbit model
to SPICE data from 2010 to 2040. Sequences of 10 orbital periods were used for the �t.
The �rst row lists literature values for comparison.

Source Eccentricity Inclination

Literature 9:00� 10� 3 4:700� 10� 1

Minimum 8:826� 10� 3 4:296� 10� 1

Maximum 9:874� 10� 3 4:906� 10� 1

Mean 9:350� 10� 3 4:624� 10� 1
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3 Variation of Jupiter's Magnetic Field at Europa

3.2 The external magnetic �eld

Along the orbits of the moons, two main external magnetic �eld contributions are found:
Jupiter's magnetic �eld and the �eld associated with the current disk. Additional minor
contributions from the plasma interaction will not be considered here. The external �eld is
discussed in Section 3.2.1 and the current disk in Section 3.2.2.

3.2.1 Jupiter's magnetic �eld

Since the region outside the moon is assumed to be current-free, Jupiter's magnetic �eld
satis�es the scalar potential

BJ = �r VJ ; (3.10)

where the potentialVJ is the internal potential, given by Equation(2.11), but now in
the reference frame of Jupiter. The internal Gauss coe� cientsgm

` andhm
` are obtained

from the JRM33 model described in Connerney et al. (2022). This is currently the most
recent and accurate �eld model for Jupiter, and is based on �ts to Juno data. The potential
�eld decays with(RJ=a)`+2. Due to the small radius ratioRJ=a = 0:11, the �eld strength
is much weaker at Europa than at Jupiter's surface. Components with higher order`
decrease even faster than components with smaller order, resulting in a homogeneous,
dipole-dominated �eld at Europa. This has led previous studies (e.g., Zimmer 2000) to
only consider the dipolè = 1 �eld.

Jupiter's magnetic �eld was calculated on a dense grid on Europa's surface to
study spatial variations. Figure 3.3 shows theBx andBz components of Jupiter's �eld on
Europa's surface, demonstrating that the �eld is very homogeneous and dominated by the
Bz component. Table 3.4 lists the total rms magnetic �eld strengthB and the maximum
variations across the surface, con�rming that the variations across the surface are indeed
small.

Figure 3.3: Jupiter's magnetic �eld �eld at Europa's surface at January 1st, 1997, 00:00:00
UCT, in Cartesian coordinates. Thex-axis points from Jupiter to Europa's center and the
z-axis is aligned with the rotation axis.
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3.2 The external magnetic �eld

Table 3.4: Maximum rms magnetic �eld strength and maximum �eld variations from
the JRM33 model and the disk model across Europa's surface, in nT, computed along
the orbit between 1 January and 10 February 1996. The variation� Bi is de�ned as
� Bi = jmax(Bi) � min(Bi)j=2. The disk �eld values are derived from the Juno-era averaged
model.

max(B) max(� Bx) max(� By) max(� Bz)

JRM33 model 558.7 4.0 0.8 3.8
Current sheet (disk) model 107.2 0.3 0.05 0.4

3.2.2 Current sheet

The other contribution is the �eld associated with the current sheet or current disk. The
earliest models, by Connerney et al. (1981), rely on Voyager and Pioneer data. The
most recent model by Connerney et al. (2020), which uses Juno data, is adopted here.
The geometry of these models favors a cylindrical coordinate system(s; '; z), with s the
distance to Jupiter's magnetic axis,' the longitude andz the distance to the magnetic
equatorial plane. The model is further de�ned by the inner and outer radiusa andb,
respectively, thicknessD, and reference current densityI0. The electrical currentI �ows in
the longitudinal direction, decreases with1=s, and is invariant along thez-axis, within the
disk boundary. This can be written as

I = I '̂ =
I0

s
'̂ ; (3.11)

which holds within the limitsjzj � D=2 andsi � s � so. The parameters from Connerney
et al. (2020) are adopted, �tted to Juno observations. They are given bysi = 7:8RJ,
so = 51:4RJ, D = 7:2RJ, I0RJ = 15:5 � 10� 6 A andI0;r = 5:97� 10� 6 A. The coordinate
system of the disk di� ers from the System III coordinate system, with a colatitude tilt of
� = 9:3� and longitude di� erence of' = 204:3� . The magnetic �eld associated with the
current sheet is derived in Appendix A.

Figure 3.4 shows the radial component of the current disk �eld at the orbital
distance of the semi-major axis of Europa. The magnitude is on the order of 100 nT. There
is a distinctive di� erence in the direction of the �eld depending on the location with
respect to the current disk: it is directed upward and away from Jupiter above the disk, and
more towards Jupiter below the disk. Bands with increased magnetic �eld strength are also
observed both above and below the current disk. Comparing the maximum amplitudes of
the disk magnetic �eld to the maximum amplitudes of Jupiter's internal �eld in Table 3.4
shows that the disk �eld contributes approximately20%of Jupiter's �eld. The contribution
from radial currents in the disk is negligible throughout.
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3 Variation of Jupiter's Magnetic Field at Europa

Figure 3.4: Radial disk �eld at the semi-major axis of Europa's orbit at January 1st, 1996.

3.3 Field representation in Europa's frame

For this induction study, a description of the magnetic �eld from Europa's reference
frame is needed. To convert the �eld from Jupiter's frame, the �eld is �rst translated to
Cartesian coordinates. In these coordinates, it is easier to describe the �eld at the moon's
surface. Then the Cartesian coordinates in the moon's frame are converted to spherical
coordinates. In Europa's reference frame, Jupiter's �eld is an external �eld that is given by
Equation(2.10), which also holds for the other moons when the radius is replaced. To
determine the external Gauss coe� cientsGm

` andHm
` , Jupiter's magnetic �eld is evaluated

at a dense grid of longitude and latitude locations on the moon's surface, and then
expanded in spherical surface harmonics in longitude and latitude, obeying Equation(2.10).

Figure 3.5 illustrates the time-dependence of the external Gauss coe� cients Gm
`

and Hm
` at Europa along its orbit, during a time period of 100 hours at the start of

1996. The strongest oscillation occurs at the synodic frequency! s, but there are other
oscillations with considerable amplitude at the slower orbital and anomalistic frequencies
! o and! a, respectively. For the dominant` = 1 component, the maximum variation is 200
nT, while the` = 2 �eld components are smaller, around 2 nT. The non-homogeneous
` = 2 �eld variation is also shown. Only the constant component ofG1

2 yields a substantial
�eld strength, with an amplitude of 2 nT. Higher harmonics with degree` � 3 have even
smaller amplitudes below 10� 11 nT.

Figure 3.6 shows the time-dependence of the external �eld coe� cients arising
from the disk �eld. It only shows̀ = 1 contributions, as thè = 2 coe� cients
remain below 0.1 nT. The constantG1

0 term which describes the �eld aligned
with Jupiter's rotation axis (Bz) is dominant, with a strength of100 nT. Comparing
Figure 3.5 and 3.6 shows that the disk �eld is less important than the Jovian magnetic �eld.

Considering only the dominant̀ = 1 component, and assuming that the �eld is
spatially homogeneous across the moon's surface, the external �eld coe� cients can be
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3.3 Field representation in Europa's frame

Figure 3.5: Variation of the magnetic �eld coe� cients describing the external potential
�eld on the surface during the �rst 100 hours of the year 1996. The JRM33 �eld model
has been used but no disk model. The variations are dominated by the synodic frequency.
Horizonal lines are shown to make the slow variations with the orbital or anomalistic
frequency visually clearer. Coe� cients of degree one (left) and two (right) are shown.

Figure 3.6: Variation of the magnetic �eld coe� cients describing the current disk �eld
on the lunar surface. The disk model from the Juno era has been used. The variations are
dominated by the synodic frequency! s for G1

1 and2! s for G0
1. Coe� cients for` � 2 are

all smaller than 0.1 nT and therefore not shown here. All panels depict the �rst 60 hours in
the year 1996.
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written directly in terms of Jupiter's �eld components. In Cartesian coordinates, the
components of Jupiter's magnetic �eld at Europa's center are given by

Bx = BJ
r sin� s + BJ

� cos� s ; (3.12)

By = BJ
' ; (3.13)

Bz = BJ
r cos� s � BJ

� sin� s ; (3.14)

where� s is the orbital colatitude of the moon in System III coordinates. The magnetic �eld
BJ can be either Jupiter's internal magnetic �eld or the �eld associated with the current
sheet. The Cartesian coordinates in Europa's reference frame are converted to spherical
coordinates:

Bh = BJ
x cos' + BJ

y sin'; (3.15)

Br = BJ
z cos� + Bh sin�; (3.16)

B� = � BJ
z sin� + Bh cos�; (3.17)

B' = � BJ
x sin' + BJ

y cos'; (3.18)

whereBJ
h is the horizontal �eld component, in the equatorial plane. Writing the �eld only

in terms of the dipole contributions (` = 1) gives:

Br = � G0
1 cos� �

�
G1

1 cos' + H1
1 sin'

�
sin�; (3.19)

B� = G0
1 sin� �

�
G1

1 cos' + H1
1 sin'

�
cos�; (3.20)

B' =
�
G1

1 sin' � H1
1 cos'

�
sin�: (3.21)

Using these equations, the Gauss dipole coe� cients can be derived in terms of Jupiter's
�eld components:

G0
1 = � Bz = � BJ

r cos� s + BJ
� sin� s; (3.22)

G1
1 = � Bx = � BJ

r sin� s � BJ
� cos� s; (3.23)

H1
1 = � By = � BJ

' : (3.24)

Due to the small inclinations of the orbits,cos� s is approximately zero. This leads to the
following approximation:

G0
1 � BJ

� ; (3.25)

G1
1 � � BJ

r : (3.26)

As shown here, the three dipole coe� cients can simply be described by the three
components of Jupiter's �eld at the moon's center. The di� erent components of Jupiter's
magnetic �eld follow from the potential given in Equation(2.11). When these are plugged
into Equations(3.24)–(3.25), expressions for the external �eld coe� cients as function
of orbital coordinates are obtained. This analytical model for the external �eld allows
for a study of which components and frequencies are relevant for induction studies at
Europa. An example is presented here that includes the four most dominant frequencies:
! s, 2! s, ! o and! a. Generally, Jovian �eld contributions up tò= 5 are recommended
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3.3 Field representation in Europa's frame

to include, but for this purpose only` = 1 and` = 2 are included. A general expression
for the external �eld for each degree and order (`; m), and oscillationm! is given in the
Appendix.

As a relatively simple �rst-order orbital model, the moon is assumed to orbit at a
constant orbital radiusrs = a and have zero inclination, which means that� s = �=2. The
longitude coordinate contains the time-dependence:

' s(t) = � ! st � ' 0
s ; (3.27)

where only the synodic frequency! s is considered. For the axisymmetric component of
Jupiter's �eld (m = 0), the coe� cients represent the constant external �eld at the lunar
location, described by:

G0
1 � q3g0

1 ; (3.28)

G1
1 � �

3
2

q4g0
2 ; (3.29)

H1
1 � 0 ; (3.30)

whereq = RJ=rs. Jupiter's �eld components with orderm = 1 are translated to an external
�eld contribution that oscillate with frequency! s:

G1
0 �

p
3q4

h�
g1

2 cos' 0 � h1
2 sin' 0

�
cos(! st) �

�
g1

2 sin' 0 + h1
2 cos' 0

�
sin(! st)

i
; (3.31)

G1
1 � � 2q3

h�
g1

1 cos' 0 � h1
1 sin' 0

�
cos(! st) �

�
g1

1 sin' 0 + h1
1 cos' 0

�
sin(! st)

i
; (3.32)

H1
1 � q3

h�
h1

1 cos' + g1
1 sin'

�
cos(! st) +

�
h1

1 sin' � g1
1 cos'

�
sin(! st)

i
; (3.33)

where Equation(3.27)has been used. Them = 2 components from Jupiter's �eld yield an
external �eld at the moon that varies with 2! s:

G0
1 � 0 ; (3.34)

G1
1 � �

3
p

3
2

q4
h�

g2
2 cos(2' 0s) � h2

2 sin(2' 0s)
�
cos(2! st)

�
�
g2

2 sin(2' 0s) + h2
2 cos(2' 0s)

�
sin(2! st)

i
; (3.35)

H1
1 �

p
3q4

h�
g2

2 sin(2' 0s) + h2
2 cos(2' 0s)

�
cos(2! st)

+
�
g2

2 cos(2' 0s) � h2
2 sin(2' 0s)

�
sin(2! st)

i
: (3.36)

The amplitude of these oscillations is at least a magnitude smaller, so these are neglected
in the simulations presented here. Higher spherical harmonic degreesm � 3 that oscillate
with m! s are at least another factorqm� 1 smaller.

The simple model can be extended by including the oscillations with orbital and
anomalistic frequency! o and! a, which arise from the eccentricity and inclination of the
orbit. These contributions are derived using a �rst-order Taylor expansion in the Appendix
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3 Variation of Jupiter's Magnetic Field at Europa

B. The resulting external �eld coe� cients that depend on the inclinationi and vary with
! o are given by:

G0
1 � � i 3q4 g0

2

h
sin(' 0

o) cos(! ot) + cos(' 0
o) sin(! ot)

i
; (3.37)

G1
1 � i 2q3 g0

1

h
sin(' 0

o) cos(! ot) + cos(' 0
o) sin(! ot)

i
; (3.38)

H1
1 � 0 : (3.39)

And the coe� cients depending on eccentricity� and vary with! a read:

G0
1 � � � 3q3 g0

1

h
cos(' 0

a) cos(! at) � sin(' 0
a) sin(! at)

i
; (3.40)

G1
1 � � 6q4 g0

2

h
cos(' 0

a) cos(! at) � sin(' 0
a) sin(! at)

i
; (3.41)

H1
1 � 0 : (3.42)

3.4 Frequency analysis

As described in Section 3.1, the time-dependency of Jupiter's �eld at Europa's location
consists of several components with di� erent frequencies, arising from Jupiter's rotation
and the orbital motion of the moons. The constant component of the magnetic �eld
translates to the axisymmetric part (m = 0) of the JRM33 model. Variations with the
synodic frequency are described by them = 1 component. Them = 2 and m = 3
contributions correspond to variations with frequency2! and3! , respectively. Additional
disturbances arise due to small variations in inclination and eccentricity. These produce
oscillations with frequency(m � 1)! s � ! i, where! i is the relevant frequency, which
can be! a; ! o; ! 2 and! 3. In this section, the external �eld is decomposed to obtain the
amplitude associated with each frequency.

A numerical solution is �rst computed as a reference model, to which the analytical
model will later be compared. For this reference model, Europa's orbit is obtained from
the SPICE data. The dataset contains 10 orbits with a timestep of 15 minutes. For
each point in the orbit, the magnetic �eld is calculated on a grid covering the moons's
surface using the JRM33 model. This �eld is expanded in spherical surface harmonics,
which provides the external �eld coe� cients for Europa. For each coe� cient, a sum of
sinusoidal oscillations with the relevant frequencies is �t to the time series to obtain the
corresponding amplitudes. The resulting �eld is based on the most complete description of
all magnetic �eld components involved, which is why it is used as reference.

The reference �eld is compared to the external �eld from the analytical model.
This model is based on the orbit approximation given in Equations(3.4), (3.8)and(3.9).
Along this synthetic orbit, the external �eld coe� cients are determined from the �rst order
analytical model, described in Section 3.3. To extract the amplitudes and phases of the
variation, a standard least-squares method is performed to �t simple sinusoidal functions
to the oscillations. This is a more solid approach than a Fourier transform, because the
frequencies are already known. Since the frequencies! o and! a are too close to each
other to be distinguishable by the �tting method, only one frequency is �t. This resulting

56



3.4 Frequency analysis

amplitude and phase are indicated with! o=! a. The results have been veri�ed to not
depend on the number of orbital periods or the amount of data points.

The amplitudeAm
` and phase' m

` arising from an external �eld contribution with
frequency! are de�ned as:

Gm
` (t; ! ) = Am

` cos
�
! t + � m

`
�

180

�
: (3.43)

The amplitudes for each frequency, only considering the` = 1 contributions, are presented
in Figure 3.7. The top panel shows the JRM33 contribution, while the bottom panel
shows the current disk contribution. Table C.1 in Appendix C contains an overview of
the amplitudes and phases for both the �tted and the analytical model, also for the` = 2
components. All higher̀ components yield a �eld strength below 0.1 nT and are neglected.
The constant component of Jupiter's �eld reaches 500 nT and the dominant variation is
in G1

1 at 180 nT. Higher harmonics are much smaller:2! s contributions are one order of
magnitude smaller and3! s barely exceeds 1 nT. Variations with! o and! a are slightly
above 10 nT. The! s-! a combination is 4 nT, which might still be important. The disk
�eld contributes 36 nT at! s, and 2 nT at2! s and! a. The total amplitude associated with
the synodic frequency! s is 215 nT. In the JRM33 variations, the maximum error is 0.7 nT,
while for the disk all mis�ts remain below 0.01 nT.

3.4.1 External magnetic �eld in the simulations

Since the constant �eld (Eqs. 3.28–3.30) and the! s variations (Eqs. 3.31–3.33) in the
JRM33 model yield the largest amplitudes, the simulations presented here focus on these
components. In addition, the sidereal orbit variations with! o (Eqs. 3.37–3.38) and the
anomalistic orbit variations with! a (Eqs. 3.40–3.41) in JRM33 are also considered. These
have a smaller amplitude, but appeared to be relevant for this study as they are close to a
special frequency in the Europa system. This is explained in Chapter 5. The disk �eld is
1-2 orders of magnitude smaller than the JRM33 variations. Although the constant disk
�eld is still substantial, this component does not contribute to induction as this requires a
time-dependent �eld. Therefore, the disk �eld is neglected in the simulations presented
here.

The �nal step is to �ll in the constants, including the internal Gauss coe� cients
gm

` andhm
` obtained from the JRM33 model (Connerney et al. 2022), to get the following

expressions for the external �eld coe� cients at Europa:

G0
1 = 497:03 nT (3.44)

G1
1 = � 2:30 nT (3.45)

H1
1 = 0 ; (3.46)

for the constant components,

G0
1 = 12:71 cos(! st) nT � 9:50 sin(! st) nT ; (3.47)

G1
1 = 172:47 cos(! st) nT + 50:69 sin(! st) nT ; (3.48)

H1
1 = 25:35 cos(! st) nT � 86:23 sin(! st) nT ; (3.49)
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3 Variation of Jupiter's Magnetic Field at Europa

Figure 3.7: Magnetic �eld amplitudes in nT for each evaluated frequency or combination
of frequencies at Europa. Top panel shows the contributions from Jupiter's magnetic �eld,
using the JRM33 �eld and the analytical model presented here. Bottom panel shows the
contributions arising from the current disk. Values below 0.1 nT are not shown.

for the oscillating components with! s. Here, Europa's reference phase angle is assumed
to be' o = 0.

The �eld associated with the sidereal orbit variations is dominated by theG1
1

component:
G1

1 = [� 0:47 cos(! ot) � 11:66 sin(! ot)] nT ; (3.50)

while G1
0 is less than0:1 nT. Magnetic �eld variations with the anomalistic frequency, on

the other hand, are dominated by variations inG0
1:

G0
1 = [2:38 cos(! at) � 13:80 sin(! at)] nT ; (3.51)
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with G1
1 variations smaller than 0:1 nT.
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4 A New Model for Induction in
Europa's ocean

This chapter contains an induction model suitable for induction simulations. The goal
is to numerically solve the complete induction equation as given in Equation(2.1). The
model and governing parameters are presented �rst, followed by a discussion of boundary
conditions and increasingly complex solutions. This is an alternative approach compared to
Section 2.2.2, building on those concepts but formulated in a more general way that could
be applied to the simulations presented here. This induction model has been implemented
in the numerical simulation code used to study Europa's ocean, which will be discussed in
Chapter 5.

4.1 Formulation of the induction problem

4.1.1 Model parameters

The model consists of a spherical shell. The top and bottom of the shell are de�ned as
ro = R� dice andr i = ro � d respectively, whereR is the radius of the moon,dice the mean
thickness of the ice shell, andd the mean depth of the ocean (see Fig. 4.1). In the case
of Europa, the ocean depthd is expected to be around 100-200 km, and the ice shell is
expected to have a thicknessdice between 10 and 30 km.

Figure 4.1: Schematic representation of the model, consisting of an ocean layer with
thicknessd and an ice layer with thicknessdice.

There are two sources contributing to induction: the �owU and the variation of the external
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4 A New Model for Induction in Europa's ocean

magnetic �eld. Each of these sources has a corresponding magnetic Reynolds number,
given by the ratio of associated time scales, that quantify their importance. The three
relevant time scales are the �ow time scale, the variation time of the inducing external
magnetic �eld, and the magnetic dissipation time.

ˆ Assuming the radius from the center of the moon to the outer ocean boundaryro as
length scale, the �ow time scale is given by

� U = ro=U ; (4.1)

whereU is a typical �ow velocity. Previous studies have suggested a broad range of
possible �ow velocities. A recent estimate by Cabanes et al. (2024) of0:1m/s yields
� U � 4300 h.

ˆ The variation time of the inducting external �eld is given by a periodT, with
corresponding frequency! = 2�=T. The velocity with which the magnetic �eld
travels through the ocean is estimated asU = ro! , which results in a time scale of

� E = 1=! : (4.2)

ˆ The magnetic dissipation time is given by

� � = r2
o=� : (4.3)

With typical electrical conductivities between0:1S/m and10S/m, the dissipation
time would be between85h and8500h. This estimate assumesro as the length scale
rather than the ocean depthd, which possibly overestimates the time scale with one
order of magnitude, considering a depth of 100 km.

The magnetic Reynolds number for the external �eld contribution is then given by

RmE =
� �

� E
=

r2
o!
�

(4.4)

and ranges between50 and5000when assuming the synodic frequency! = ! s. This
number is a measure for the strength of the induction generated by external �eld variations.
The �ow magnetic Reynolds number is given by

RmU =
� �

� U
=

Uro

�
; (4.5)

and varies between0:02 and2, which indicates how strong induction by �ows is. The
higher estimate for the magnetic Reynolds number suggests that induction by �ows is less
important than induction by external �eld variations.
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4.1 Formulation of the induction problem

4.1.2 Representation of the induction equation

The magnetic �eld is decomposed in a poloidal and toroidal potential as in Equation 2.18,
and only the poloidal �eld is considered for now. The poloidal �eld contribution can be
written as

B = r � r � r̂ P = �r 2
HP r̂ + r H

@P
@r

; (4.6)

wherer H is the horizontal part of the gradient operator. The radial component of the
induction equation (Eq. 2.1) is now solved for the poloidal potential:

@Br

@t
= �r 2

H
@P
@t

= r̂ �
�
� r 2B + r � (U � B)

�
: (4.7)

For a poloidal �eld the dissipation term can be rewritten as follows:

r̂ � r 2B = r 2Br �
2
r2

Br �
2

r2 sin�

 
@
@�

(sin� B� ) +
@B'

@'

!
;

= �
 
r 2

H +
@2

@r2

!
r 2

HP :
(4.8)

To expand the horizontal dependence of the poloidal potential and simplify the equation,
spherical surface harmonicsYm

` (�; ' ) are used:

P(r; �; ' ) =
LX

`=0

X̀

m=� `

P`m(r) Ym
` (�; ' ) ; (4.9)

whereP`m are the expansion coe� cients, and the spherical surface harmonics are given by
Equation(2.20). Fully normalized harmonics (Eq. 2.21) are used here, which di� ers from
the normalization from the Gauss coe� cients. Since the magnetic �eld is a real function,
the complex expansion coe� cients have to satisfy:

P� m
` (r) =

�
Pm

` (r)
�� (4.10)

The spherical surface harmonics are eigen-functions of the horizontal Laplace operator:

r 2
H Ym

` = �
`(` + 1)

r2
Ym

` : (4.11)

Combining these representations, the radial part of the induction equation can be written as

`(` + 1)
r2

@
@t

P`m = �
`(` + 1)

r2

"
@2

@r2
�

` (` + 1)
r2

#
P`m + fr̂ � [r � (U � B)]g̀m (4.12)

for a given harmonic contribution of degree` and orderm. The curly brackets with index
`m indicate the respective contribution of the induction by �ows.
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4 A New Model for Induction in Europa's ocean

4.1.3 Boundary conditions

Boundary conditions are used to impose the induced �eld. As in other studies, the
derivation relies on the fact that the magnetic �eld contributions from inside and outside
the ocean (Eqs. 2.5 and 2.9) have to match atr = ro. Starting from those same equations,
and adopting Schmidt semi-normalized associated Legendre polynomials (Eq. 2.12), the
following boundary conditions for the radial �eld are obtained

Pc
`m(ro) = � m

`

"
` + 1

`
gm

` � Gm
`

#
; (4.13)

Ps
`m(ro) = � � m

`

"
` + 1

`
hm

` � Hm
`

#
; (4.14)

and for the horizontal �eld

@
@r

PR
`m(ro) = � � m

`
` + 1

ro

�
gm

` + Gm
`
�

; (4.15)

@
@r

P I
`m(ro) = � m

`
` + 1

ro

�
hm

` + Hm
`

�
: (4.16)

The upper indicesc or s indicate the coe� cients for thecos(m' ) andsin(m' ) dependence
respectively, and the factor� m

` is explained below. The complex poloidal �eld coe� cients
are given byP`m = Pc

`m + iPs
`m. The sign di� erence between(4.13)and(4.14)is caused by

the switch to the complex notation. Note that this complex notation should not be mixed
with the complex notation used for the time-dependence.

In Equations(4.13)to (4.16), the factor� m
` is used to convert external Gauss coe� cients

to poloidal �eld coe� cients:

� m
` =

r2
o

` + 1

 
4�

2` + 1

!1=2 am

cm
: (4.17)

The factorcm is required for the sum overmand� m:

cm =

8
>><
>>:
1; m = 0;

2; m > 0 ;
(4.18)

whereas the factoram takes care of the normalization of the integral overcos(m' ) of
sin(m' ) in the Gauss representation:

am =

8
>><
>>:
1; m = 0;
p

2; m > 0 :
(4.19)

To convert the internal Gauss coe� cients to poloidal coe� cients, a similar factor is used

` + 1
`

� m
` =

r2
o

`

 
4�

2` + 1

!1=2 am

cm
: (4.20)
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4.2 Solving the induction equation

Combining Equations(4.13)to (4.16)allowsgm
` andhm

` , which are unknown, to be
eliminated. This results in the �nal outer boundary condition

P`m +
ro

`
@
@r

P`m =
2` + 1

`
PE

`m (4.21)

wherePE
`m is the complex poloidal �eld coe� cient for the external �eld with

PE c
`m = � � m

` Gm
` ; PE s

`m = � m
` Hm

` : (4.22)

Underneath the ocean, in the moon's interior, it is assumed that there are no signi�cant
electrical currents. This results in the following inner boundary condition atr = r i:

P`m �
r i

(` + 1)
@
@r

P`m = 0 : (4.23)

For a moon with an internal dynamo, as is suggested for Ganymede, this assumption does
not hold, and the inner boundary condition has to be adapted accordingly.

4.2 Solving the induction equation

The induction equation is solved using three di� erent methods. Two of those rely on
di� erent simulation codes: PlanetInd and MagIC, and the third is an analytical solution. In
all these approaches, only the induction by the external �eld is considered, and induction
by �ows is neglected. The PlanetInd code and analytical method are discussed in this
section, for the case with no �ows. To understand the e� ect of induction on the resulting
�ow structure, the MagIC simulations are needed. This method is described in detail in the
next chapter.

4.2.1 Solution using PlanetInd

The PlanetInd code was used to solve the radial induction equation (Eq. 4.12), which
is based on the SVzon code (Wicht and Christensen 2024) In this code, the radial
dependencies are expanded into Chebychev polynomialsCn(r) (Eq. 2.22). PlanetInd
uses a combination of implicit and explicit time schemes. The right hand side is treated
explicitly, meaning the poloidal �eld from the previous time step is used. This approach
creates a linear system of equations that can be solved for each time step.

An external �eld with frequency! is imposed at the outer boundary, which produces a
poloidal �eld with the same frequency. In complex form, the total poloidal �eld reads

P(t; r) = P̂(r) e� i! t : (4.24)

Substituting this expression in the radial induction equation (4.12) results in

(
r2 @2

@r2
� ` (` + 1) + i RmE

r2

r2
o

)
P̂`m(r) = 0 (4.25)
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4 A New Model for Induction in Europa's ocean

where the term accounting for induction by �ows has been omitted. Equation(4.4)was
also used here. The decoupling of each spherical harmonic`; m allows Equation(4.25)
to be solved independently for each mode. The numerical method depends on whether
� is constant or depends on depth. In the �rst case, the Chebychev expansion (Eq. 2.22)
is used. This creates a set of linear equations of Equation(4.25), which can be solved
directly without time-stepping. In the second case, an analytical solution is needed, which
is described below. It was shown in Chapter 3 that the induced �eld is dominated by the
dipole (̀ = 1) coe� cients. Therefore, onlyˆP1;0 and ˆP1;1 need to be solved for.

4.2.2 Analytical solution

Alternatively, an analytical solution can be derived for the radial induction equation(4.12).
This is only possible when induction by �ows is ignored and a constant conductivity� in
the ocean is assumed, so thatRmE is not dependent on depth. The complex dimensionless
variable is introduced

z = kr =
� i!

�

� 1=2

r = (i RmE)1=2 r
ro

; (4.26)

which allows Equation (4.12) to be written as a Ricatti-Bessel function
(

z2 @2

@z2
+

h
z2 � ` (` + 1)

i )
P̂`m(z) = 0 : (4.27)

The solution to this type of di� erential equation is known, and described in e.g. Abramowitz
and Stegun (1964):

P̂`m(r) = z
h
P̂ j

`m j` (z) + P̂ y
`m y` (z)

i
; (4.28)

where j` andy` are the spherical Bessel functions. These relate to the �rst and second kind
of the regular Bessel equationsJ andY, respectively, by

j` (z) =
r

�
2z

J`+ 1
2
(z) ; (4.29)

y` (z) =
r

�
2z

Ỳ + 1
2
(z) ; (4.30)

where the subscript` + 1
2 indicates the order. The complex amplitudesP̂ j

`m andP̂ y
`m can

be derived for each mode(`; m) independently, using the boundary conditions(4.21)and
(4.23). These are now given by

P̂ j
`m j` � 1(zo) + P̂ y

`m y` � 1(zo) =
2` + 1

zo
P̂ E

`m (4.31)

for the outer boundary, and

P̂ j
`m j`+1(zi) + P̂ y

`m y`+1(zi) = 0 (4.32)

for the inner boundary. In this derivation, the following relations were used for the
derivative of the spherical Bessel functions:

@j` (z)
@z

= j` � 1(z) �
` + 1

z
j` (z) ; (4.33)
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@j` (z)
@z

= � j`+1(z) +
`
z

j` (z) ; (4.34)

that also hold fory` . The complex amplitudêPE
`m represents the oscillating external

magnetic �eld as given by Equation(4.24), following Equation(4.22). From Equations
(4.31) and (4.32), the amplitudes can then be derived:

P̂ y
`m =

j`+1(zi)
c`

2` + 1
z2

0

P̂ E
`m ; (4.35)

P̂ j
`m = �

y`+1(zi)
c`

2` + 1
z2

0

P̂ E
`m ; (4.36)

where
c` = y` � 1(zo) j`+1(zi) � j` � 1(zo) y`+1(zi) : (4.37)

4.2.3 Response function

For an external �eld oscillating with frequency! , the analytical solutions for the potential
P̂`m can be substituted back into the continuity requirements(4.13)and(4.14), and solved
for the complex Gauss coe� cientsgm

` andhm
` :

ĝ`m =
`

(` + 1)
�
1 � f̂`

�
Ĝ`m ; (4.38)

where the induction function̂f` is de�ned as

f̂` =
2` + 1

zo

y` (zo) j`+1(zi) � j` (zo) y`+1(zi)
c`

; (4.39)

with c` from Equation(4.37). These equations also hold betweenĥ` andĤ` . The hat̂
denotes a complex quantity. Since Jupiter's magnetic �eld and disk �eld are to a large
extent homogeneous across Europa's interior, the �eld can be accurately described by only
theG0

1, G1
1 andH1

1 components. Therefore, only the` = 1 component is considered, and
f̂ = f̂1 is written for the sake of simpli�cation. Similar to previous studies, the relation
between induced �eldBind

r and imposed external �eldBext
r is described with a response

function. For the radial �eld this is given by

B̂ind
r = � Âind B̂ext

r ; (4.40)

where
Âind = 1 � f̂ : (4.41)

The sign of Equation(4.40)is in line with the convention used in other studies. For the
horizontal �eld, the response function is

B̂ind
h =

1
2

Âind B̂ext
h : (4.42)

The sign di� erence between Equations(4.40)and(4.42)re�ect that the radial induced
�eld opposes the imposed external �eld, while the horizontal induced �eld reinforces the
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external �eld.
The complex response function (4.40) can be rewritten in the following form:

Âind = Aind expi� ind ; (4.43)

with real amplitudeAind = jÂindj and phase� ind = arg(Âind). The phase angle� ind indicates
the time delay between the induced and minus the imposed external �eld, since Equation
(4.40) was de�ned with a minus sign. The time delay follows from

� t =
2 (� + � ind)

!
: (4.44)

Spacecraft will measure the total magnetic �eld outside Europa, which is the sum of the
induced and external (inducing) �eld:̂Btot = B̂ind + B̂ext. A more insightful parameter is
therefore the total response parameterÂtot, which describes the ratio of the total �eld and
the external �eld. For the radial component, this is given by

Âtot
r =

B̂tot
r

B̂ext
r

= 1 � Âind = f̂ ; (4.45)

with a di� erent phase angle� tot = arg(f̂ )

� t =
2 arg(f̂ )

!
: (4.46)

The total response parameter for the horizontal �eld reads:

Âtot
h =

B̂tot
h

B̂ext
h

= 1 +
1
2

Âind ; (4.47)

which is valid for both the latitudinal and azimuthal component.

4.2.4 Comparison to other methods

Figure 4.2 compares the total induction responseÂtot
r of the radial �eld and the

corresponding phase angle� tot, calculated using di� erent methods. Note that Equation
(5) in Zimmer (2000) contains a sign error, which was corrected here, and that the
de�nition k =

p
i!�� was adopted instead of theirs. When the external �eld variation

is much faster than the dissipation time (RmE � 1), induction will vanish. In this case,
Âind

r ! 0; Âtot
r ! 1 and� tot

r ! 0. On the other hand, ifRmE � 1, it is expected that
Âind

r ! 1; Âtot
r ! 0 and� tot

r ! �=2.

The di� erent methods agree forRmE > 500, but for largerRmE, numerical problems
arise for the solution presented here, the solution from Zimmer (2000) and the solution
from Vance et al. (2021). All these are analytical solutions that rely on spherical Bessel
functions, which are known to give numerical problems at large arguments. These
problems were encountered both with Matlab's internal Bessel function routines and with
Python implementations. Due to this numerical instability,Âtot

r only reaches to about0:05
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4.2 Solving the induction equation

Figure 4.2: Comparison of the radial amplitude ratioAtot
r (panel a) and phase angle in

degrees� tot (panel b) as function ofRm at the outer radiusro for di� erent methods. Black:
the analytical solution from Equation(4.45). Blue: Equation (5) in Zimmer (2000). Red:
Equation (S41) in Vance et al. (2021). Green: the numerical solution presented here.

instead of asymptotically to zero. To mitigate this problem, a numerical solution was also
computed with a Matlab code, which avoids the numerically unstable Bessel functions
(shown in green). This approach gives reasonable results for the whole range ofRmE

values. In Table 4.1, the di� erent methods are compared forRmE = 100;500;700;1000.
Towards a higherRmE, the agreement decreases. PlanetInd was used to validate the
numerical results, and an agreement within 2% was achieved. In the remainder of this
chapter, only the numerical solution will be used.

Table 4.1: Comparison of relative amplitude and phase values calculated with di� erent
methods. The phase is given in degrees. Numerical solutions use 81 radial grid points,
for which convergence has been achieved at the precision shown. “Vance 2020” refers to
Eq. (S41) in Vance et al. (2021), and “Zimmer 2000” refers to Eq. (5) in Zimmer (2000).
PlanetInd uses numerical time integration with a varying external �eld imposed at the outer
boundaryro. The last line represents the MagIC simulations, which will be discussed in
Chapter 5. The assumed relative depth isd=ro = 0:065.

RmE = 100 RmE = 500 RmE = 700 RmE = 1000

Method Atot
r � tot Atot

r � tot Atot
r � tot Atot

r � tot

Numerical 0.4473 56.716 0.1217 54.923 0.0964 49.065 0.0847 45.624
Analytical 0.4472 56.655 0.1217 54.855 0.0843 28.167 0.0847 73.167
Vance 2020 0.4472 56.655 0.1224 55.140 0.2635 18.435 – –
Zimmer 2000 0.4472 56.655 0.1217 55.094 0.3262 -18.435 – –
PlanetInd 0.4381 57.060 0.1196 54.541 0.0952 48.710 0.0846 45.54
MagIC 0.4418 56.324 0.1223 55.152 0.1001 49.283 0.0846 46.937
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4.3 Parameter dependence

The induced �eld's dependence onRm was explored. Three di� erent relative heights
were also considered to understand how the solution changes outside the moon. Figure
4.3 shows the amplitude ratiôAtot and phase angle� tot depend onRm, for the radial and
horizontal component. For these results, a depth ratio ofd=ro = 0:064 was assumed.
Panel a) shows that for largeRm, the total radial �eld decreases continuously. However,
above the ocean the radial �eld approaches an asymptotic value. The solution is strongly
dependent on height, since the induced �eld decays asr � 3. Assuming that the external �eld
does not change with height, the relative radial �eld (Eq. 4.45) becomes

Âtot
r = 1 � (1 + h)� 3(1 � Âind) ; (4.48)

while the relative horizontal �eld (Eq. 4.47) reads

Âtot
h = 1 +

1
2

(1 + h)� 3(1 � Âind) : (4.49)

At the outer surface of the ocean (h = 0), the relative radial �eldÂtot
r vanishes, while

the horizontal �eldÂtot
h increases to150%of the background �eld. Above the ocean, for

example ath = 0:1, the radial �eld and the horizontal �eld are25:9%and137:6%of the
background �eld, respectively. Most of the phase angles shown in Figure 4.3b vanish
asymptotically. The only exception is the phase angle from the horizontal �eld ath = 0,
which approaches45%. This shows that the amplitude can best be determined from the
horizontal �eld, as it is ampli�ed and thus easier to detect. The phase angle, on the other
hand, is better determined from the radial �eld, as it carries information on Rm.

Figure 4.3: Dependence of the induction signal onRm. Panel a) shows the amplitude and
panel b) shows the phase angle. Black lines represent the solution on the outer radius of the
ocean, while colored lines correspond to the solution at di� erent heights above the ocean.
Solid lines and dashed lines show the radial and horizontal induced �eld components,
respectively.
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In the previous chapter, a model for induction in Europa's ocean was formulated, solutions
for the induced �eld were obtained using PlanetInd and an analytical model, and the
Lorentz force that is generated was discussed. In this chapter, a more thorough analysis
of the Lorentz forces in the ocean is performed to determine the e� ect on the �uid
�ows. Magnetically driven �ows, with the Lorentz force as driver, have been studied by
Gissinger and Petitdemange (2019), who predicted velocities of� cm/s. Nevertheless, the
importance of these �ows remains poorly understood and Gissinger and Petitdemange
(2019) has been the only study so far diving into this process. The induction process
in Europa's subsurface ocean was modelled with the MHD code MagIC (Wicht 2002)
to better understand the mechanism behind these magnetically driven �ows and assess
their importance for induction and for ocean dynamics of Europa. This chapter will �rst
introduce MagIC and afterwards will be explained how the simulations are set up. Finally
the results and conclusions will be discussed. The contents of this chapter are based on
de Langen and Wicht (2026, submitted).

5.1 Numerical modelling with MagIC

5.1.1 Overview of MagIC

MagIC (Wicht 2002) is a numerical code that solves �uid dynamics in a rotating spherical
shell. The shell, with inner radiusr i and outer radiusro as in Figure 4.1, rotates along
the vertical axis with an angular velocity
 . The ice shell is neglected for now. The
computations are performed in the rotating frame. For this problem, the relevant equations
that have to be numerically solved are the induction equation and the Navier-Stokes
equation. The induction equation is introduced in Chapter 2 (Eq. 2.1). The Navier-Stokes
equation follows from conservation of momentum and describes the motion of �uids. Its
full form is given by

�
 
@U
@t

+ U � r U
!

= �r p +
1
� 0

(r � B) � B + � g � 2� 
 � U + r � S; (5.1)

where� is the density,U is the velocity �eld, p is the nonhydrostatic pressure,B, is the
magnetic �eld,g is gravity andS is the rate-of-strain tensor that describes the deformation
of the �uid. MagIC uses the anelastic or Boussinesq approximation to �lter out sound
waves. For the purpose of this study, the Boussinesq approximation is used, which
assumes that the �uid is incompressible. This assumption is reasonable when the density
di� erences over the shell are negligible, as is expected to be the case in subsurface oceans.
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5 Magnetically Driven Flows in Europa

The algorithm uses implicit-explicit time schemes to handle linear and non-linear terms
e� ciently.

MagIC utilizes a pseudo-spectral method to numerically solve the MHD equations.
Here, "spectral" means that the �elds are calculated after writing them in terms of basis
functions rather than on the grid. In a pseudo-spectral approach, only the linear terms are
solved in this way, in spectral space as the sum of certain basis functions. The non-linear
terms are still solved on the grid, in physical (real) space. To simplify the calculations,
MagIC decomposes the mass �ux and the magnetic �eld in the poloidal and toroidal
components such as in Equations(2.17) and (2.18). MagIC writes the angular(�; ' )
dependence in terms of the spherical harmonic basis functions (Eq. 2.20), whereas the
radial dependence is expanded in Chebychev polynomials (Eq. 2.22) or �nite di� erences.
More information on MagIC can be found in Wicht (2002), Christensen and Wicht (2015)
and onhttps://magic-sph.github.io .

5.1.2 Dimensionless formulation

Fluid dynamic equations are generally solved in a non-dimensional form, where the
�uid dynamic properties are described in terms of a set of dimensionless parameters.
This makes it easier to compare between systems and has computational advantages as
well. Since the simulations presented here are dimensionless, the aim is not necessarily
to use the precise parameters for Europa, but rather to produce simulations where the
dimensionless parameters that govern the behavior are in the same range as for Europa. To
write the induction equation and the Navier-Stokes equation in non-dimensional form, the
quantities are scaled to a typical unit. In MagIC simulations, the time scale is the viscous
di� usion timet� = d2=�, where� is the kinematic viscosity, the length scale is the depth of
the oceand = ro � r i and the magnetic �eld is scaled by(��� 
 )1=2, with � = 1=�� . This
factor is the square root of the Elsasser number, a parameter which is described below.
An alternative scaling better suitable for this case is adopted, where the time-scale is the
rotation time� 
 = 1=
 and the magnetic scale is
 d

p
�� .

In this non-dimensionalized form, the induction equation reads:

@B
@t

= r � (U � B) +
! E

Rm
� B ; (5.2)

and the dimensionless Navier-Stokes equation in the Boussinesq approximation is given by

@U
@t

+ U � r U = �r p � 2ez � U + (r � B) � B + E� U ; (5.3)

where the thermal and compositional convection terms have been omitted, since these
forces are neglected in this study. In these equations, several non-dimensionless parameters
that govern the �uid behaviour are introduced. The magnetic Reynolds numberRm has
already been introduced in Chapter 4 (Eq. 4.4), although the depth of the ocean is now
used as a length scale rather than the outer radius, resulting in a smallerRm. The Ekman
number is given by

E =
�

d2

=

� 


� �
: (5.4)
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Furthermore, the Lehnert number describes the strength of the imposed magnetic �eldBE

and is de�ned as
Le =

BE


 d
p

��
; (5.5)

and the corresponding dimensionless frequency of the imposed magnetic �eld is given by

! E =
!



; (5.6)

The �nal dimensionless parameter is the radius ratio� = r i=ro. A value of� = 0:91 is
assumed, which corresponds to an ocean of 140 km deep.

5.1.3 Modi�ed de�nition of Elsasser number

The imposed magnetic �eld strength in MagIC is scaled using the Elsasser number� ,
which describes the ratio of the Lorentz and Coriolis force. It is given by:

� =
� (U � B) � B

2� 
 � U
�

B2�
� 


: (5.7)

However, this de�nition of the Elsasser number used in MagIC is not accurate for the
induction problem studied here, due to a simpli�ed expression for Ohm's law which
determines the Lorentz force. The full form of Ohm's law reads

j = � (U � B + E) ; (5.8)

but in the de�nition of� the electric �eldE is ignored and only theU � B term is used.
In Europa's ocean, the induced electrical currents are a relevant term which necessitates
includingE. Therefore, a modi�ed Elsasser number is formulated. The estimate for the
electric �eld follows from Faraday's law,r � E = � � B=�t, which predicts thatE � B! sro.
This relies on the assumption that the length scale for the curl is given by the outer radius
ro. The modi�ed Elsasser number is de�ned as

� 0 =
 
B2

E

��

! � ro��
U

� � !



�
= 2�

Le2Rm
U=(
 d)

� ro

d

�
: (5.9)

The maximum estimated �ow velocity ofU = 1 m/s results in a� 0 between10� 15 and
10� 9. Such a small value indicates that the Coriolis force is clearly dominating the Lorentz
force.

5.1.4 Parameter regime for Europa and simulations

Table 5.1 lists relevant physical parameters of Europa's ocean. Additional parameters such
as the rotational and orbital frequency can be found in Table 3.2. These properties were
used to estimate the values of the dimensionless numbers. The magnetic �eld strengthBE

is estimated from the external �eld coe� cients in Equations(3.44)- (3.49). The aim is
to keep the dimensionless parameters in the simulations in the same range as in the real
ocean. Table 5.1 also gives an overview of the dimensionless parameters and their values
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5 Magnetically Driven Flows in Europa

in the simulations and in the ocean. Nearly all of the parameter values overlap between the
simulations and the ocean, with the exception of the Ekman number. This is addressed in
Section 5.1.6. A complete overview of the simulations and the assumed parameter set is
given in Appendix D.

In the MagIC simulations, the grid resolution was chosen depending on the Ekman number.
For E = 10� 4, 72 radial grid points, 128 latitudinal grid points and2 � 128longitudinal
grid points are used. Simulations with the smallest Ekman numberE = 10� 7 are computed
on a �ner grid, with 145 grid points in radius and 320 in latitude. It was veri�ed that �ner
resolutions do not further improve the results.

Table 5.1: Overview of Europa's subsurface ocean properties and corresponding
dimensionless parameters. Physical properties (top) are used to derive the dimensionless
numbers (bottom), which are compared between MagIC simulations and estimated ocean
values.

Quantity Symbol Unit Simulations Ocean

Physical properties

Kinematic viscosity � m2 s� 1 – 10� 6

Ocean depth d km – 50� 200
Mean ocean density � kg m� 3 – 1046
Electrical conductivity � S m� 1 – 0:1 � 10

Dimensionless parameters

Synodic magnetic Reynolds number Rm – 10� 3 � 159 10� 2 � 20
Orbital magnetic Reynolds number Rm – 1� 15:9 10� 3 � 2
Ekman number E – 10� 7 � 10� 3 10� 12

Lehnert number Le – 10� 9 � 10� 2 10� 8 � 10� 6

Frequency ratio ! E – 10� 3 � 22:6 1; 7:59
Aspect ratio � – 0:91 0:87� 0:97
Modi�ed Elsasser number � 0 – 10� 14 � 10� 2 10� 10 � 10� 4

5.1.5 Boundary conditions

The �uid dynamic behaviour is strongly dependent on boundary conditions. For this
study, the mechanical and magnetic boundary conditions are important. Non-slip (rigid)
boundary conditions are assumed, which entails that all velocity components go to zero
at the outer and inner boundaries. At the outer boundary, the solution is matched to
the imposed external potential �eld plus the induced internal potential �eld. This �eld
follows from the Gauss coe� cients in Section 3.4.1. At the inner boundary, the solution
is matched to an external potential �eld, since belowr i all �eld sources are external. The
precise formulations of the (time-dependent) magnetic boundary conditions are described
in Section 4.1.3.
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5.1.6 Numerical limitations

One important limitation of �uid dynamic simulations in general is the need for an arti�cally
high viscosity. Resolving the small scales that develop at a realistic viscosity would be
computationally too expensive. More speci�cally, the Ekman boundary layer, which scales
like E1=2, is di� cult to resolve. The viscosity is therefore set to a higher value, which will
suppress the small scale structures but still show the general behaviour. In the simulations
this translates to a larger Ekman number. To mitigate the unrealistic but necessarily high
viscosity, one needs to determine a scaling law, which shows how the behaviour of the
�uid changes as function of certain (dimensionless) parameters. For such a scaling law to
be valid, the simulations must be in the same dynamical regime as the real ocean, meaning
the same forces must dominate the �uid behaviour. Interpolation of the simulation to the
real parameters can then be used to estimate how the �uid will behave in reality. This is
discussed in the next section.

5.2 Results

5.2.1 Magnetic �eld di� usion

The simulation starts with no �ow and no magnetic �eld. As time integration proceeds, the
imposed, external magnetic �eld di� uses inward. The constant component of the magnetic
�eld, described by Equations(3.44)and(3.45), is dominated by theG0

1 coe� cient, which
represents the axial dipole. The constant �eld does not drive any induction since induction
only occurs for time-varying �elds. Therefore, it di� uses una� ected through the shell until
the volume is completely �lled by the constant �eld, dominated by the axial dipole. Figure
5.1 shows how the total magnetic �eld in the shell evolves over time. At the �rst timestep
(t = 20) there is no magnetic �eld; then it di� uses inward. Although both the constant and
time-dependent components are imposed, the total �eld in the shell at the last timestep
(t = 600) is dominated by a mainly axial dipolar �eld, which almost �lled the entire shell.
The resulting magnetic �eld is only governed by the magnetic �eld strengthLe and is
independent of Rm or the other parameters.

Figure 5.1: Radial magnetic �eld for a simulation withE = 10� 6, Le = 1:1 � 10� 7 and
Rm = 10 at di� erent timesteps.
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