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Abstract We apply a three-dimensional magnetohydrodynamic (MHD) model to study the influence
of inhomogeneities in Europa’s atmosphere, as, for example, water vapor plumes, on Europa’s plasma
interaction with the Jovian magnetosphere. In our model we have included electromagnetic induction in a
subsurface water ocean, collisions between ions and neutrals, plasma production and loss due to electron
impact ionization, and dissociative recombination. We present a systematic study of the plasma interaction
when a local inhomogeneity in the neutral density is present within a global sputtering generated
atmosphere. We show that an inhomogeneity near the north or south pole affects the plasma interaction
in a way that a pronounced north-south asymmetry is generated. We find that an Alfvén winglet develops
within Europa’s main Alfvén wing on that side where the inhomogeneity is located. In addition to the MHD
model we apply an analytic model based on the model of Saur et al. (2007) to understand the role of steep
gradients and discontinuities in the interaction. We compare our model results with the measured magnetic
field data from three flybys of the Galileo spacecraft at Europa which included Alfvén wing crossings. Our
analysis suggests that the magnetic field might be influenced by atmospheric inhomogeneities during
the E26 flyby. The findings of this work will aid in the search for plumes at Europa in future plasma and
field observations.

1. Introduction

The scenario of magnetospheric plasma flowing with sub-Alfvénic velocities past a moon with a tenuous
atmosphere is a very common interaction scenario in the outer solar system and was frequently studied in
the literature [see, e.g., Kivelson et al., 2004]. Jupiter’s satellite Europa also experiences such a sub-Alfvénic
flow as it is embedded in Jupiter’s magnetospheric plasma, which constantly overtakes the moon. Ionization
and collisions within the atmosphere and induced fields in Europa’s interior modify the plasma environ-
ment and drive large currents through the moon’s ionosphere. A key feature of the sub-Alfvénic flow past
the moon’s atmosphere is the development of Alfvén wings. In the rest frame of the moon, standing Alfvén
waves are generated which perturb the fields and form a tube-shaped region referred to as the Alfvén wing
[see, e.g., Neubauer, 1980; Goertz, 1980]. The Alfvén mode is of particular interest for the understanding of
the sub-Alfvénic plasma interaction because it carries field-aligned currents and energy along Jupiter’s back-
ground magnetic field at the Alfvén velocity in the rest frame of the plasma. The perturbations which occur in
the vicinity of the moon map out along the Alfvén characteristics, i.e., along the direction of the group velocity
of the Alfvén waves. The atmosphere of the moon is the root cause for the generation of the wings and thus
decisively influences the plasma interaction. Therefore, the Alfvénic far field is diagnostic of the moon’s atmo-
spheric properties and provides the opportunity to draw conclusions about Europa’s atmosphere by studying
the velocity and magnetic field in the wings.

Hubble Space Telescope (HST) observations of ultraviolet (UV) oxygen emissions demonstrated the exis-
tence of a tenuous molecular oxygen atmosphere around Europa with column densities in the range of
(2–14) × 1018 m−2 [Hall et al., 1995, 1998]. The atmosphere is mostly produced by sputtering processes of
its icy surface and radiolysis driven by the energetic particle flux [Johnson, 2004; Paranicas et al., 2001, 2002]
and primarily lost by thermal ion sputtering [Saur et al., 1998; Dols et al., 2016]. Saur et al. [2011] discussed
the possibility of water vapor plumes to explain asymmetries or inhomogeneities in Europa’s UV oxygen
emission. Alternatively, emission asymmetries can also be caused by inhomogeneous surface properties
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[Cassidy et al., 2007], inhomogeneous solar illuminations [Plainaki et al., 2012, 2013], and/or by Europa’s
complex plasma interaction with Jupiter’s magnetosphere. Roth et al. [2016] analyzed a large set of HST obser-
vations providing further details on Europa’s UV emissions. They showed that the plasma interaction plays an
important role in shaping the morphology of Europa’s UV emission. The UV emission is brightest near its poles
and dimmest near the equator.

Galileo spacecraft radio occultation measurements by Kliore et al. [1997] revealed an asymmetric ionosphere
with electron densities reaching values on the order of 1× 104 cm−3 near the surface and a plasma scale
height of 240 ± 40 km from the surface up to 300 km and of 440 ± 60 km above 300 km. Saur et al. [1998]
showed that electron impact ionization is the main source for the generation of Europa’s ionosphere. The
newly ionized particles are then accelerated to the velocity of the flowing plasma. The findings of Intriligator
and Miller [1982] identified Europa as a source of plasma in Jupiter’s middle magnetosphere. The mass outflow
is discussed to occur in the form of a mass pickup plasma wake or a transported plasma plume [Russell et al.,
1998; Intriligator and Miller, 1982; Eviatar and Paranicas, 2005]. Additionally, Volwerk et al. [2001] analyzed ion
cyclotron waves driven by positively charged pickup ions in Europa’s vicinity showing that similar to Io, Europa
provides mass to Jupiter’s magnetosphere. From the detection of a Jupiter-surrounding neutral gas torus in
the vicinity of Europa’s orbit, Mauk et al. [2003] and Lagg et al. [2003] inferred that Europa is a source of neutral
gas in Jupiter’s magnetosphere.

In situ measurements by the Galileo spacecraft were obtained during a total of 12 flybys which were exten-
sively studied and modeled focusing on different aspects which modify the plasma interaction with Europa’s
global atmosphere such as induced fields from a subsurface ocean [see, e.g., Kivelson et al., 1997; Khurana
et al., 1998; Kivelson et al., 1999; Zimmer et al., 2000; Schilling et al., 2004, 2007, 2008] and influence of pickup
ions [see, e.g., Paterson et al., 1999; Rubin et al., 2015]. Several kinds of models have been used in the past to
describe the interaction between Europa’s global atmosphere and the magnetospheric plasma: a two-fluid
plasma model [Saur et al., 1998], a multispecies chemistry model [Dols et al., 2016], several MHD models [Kabin
et al., 1999; Liu et al., 2000; Schilling et al., 2007, 2008; Rubin et al., 2015], and a hybrid kinetic approach [Lipatov
et al., 2010, 2013]. Although these models are able to reproduce the overall structure of the measured mag-
netic field perturbations, some features in the data are still not understood. For example, neither the model
results of Schilling et al. [2007] nor those of Rubin et al. [2015] are able to reproduce some prominent structures
such as the double-peak structure in the Bx component in the Galileo Magnetometer (MAG) data during the
Alfvén wing crossing of the E26 flyby.

Previous interaction models [e.g., Kabin et al., 1999; Saur et al., 1998; Schilling et al., 2007; Rubin et al., 2015]
have focused on the plasma interaction with a global atmosphere without local inhomogeneities while
the influence of a local atmospheric inhomogeneity in a global atmosphere on Europa’s plasma interac-
tion has not been studied, yet. A prominent feature representing such an atmospheric inhomogeneity in
a global atmosphere is the recently discovered water vapor plumes at Europa’s south pole [Roth et al.,
2014a]. In December 2012, images of Europa’s UV aurora by the HST Space Telescope Imaging Spectro-
graph (STIS) revealed local hydrogen and oxygen emissions in intensity ratios, which are consistent with
electron impact excitation of water molecules. Roth et al. [2014a] show that the two water vapor plumes
with a scale height of (200 ± 100) km and line-of-sight column densities of ∼1.5 × 1020 m−2 quantitatively fit
the HST/STIS observations. Observations from previous and further HST campaigns did not reveal signatures
from plumes in the observations which leaves the occurrence pattern of plumes a major unresolved issue
[Roth et al., 2014b].

In the dense local plume region in Europa’s global atmosphere ionization and collisions between the mag-
netospheric and neutral particles are enhanced, and therefore, stronger perturbations are generated which
propagate along the magnetic field lines and map out into the Alfvén wing as well. A consequence of the
localized region of increased perturbations is the development of a small Alfvén wing within the main Alfvén
wing. We will refer to this inner smaller wing as Alfvén winglet. Alfvén wings have been introduced and stud-
ied in detail dating back to, e.g., Neubauer [1980], Southwood et al. [1980], and Goertz [1980]. However, the
formation of Alfvén winglets within the Alfvén wings has not been systematically studied before.

The effect of atmospheric inhomogeneities is also important at other moons like Io. Volcanic eruptions on Io
locally enhance the neutral density of the atmosphere and thus modify the plasma interaction. A simulation
by Roth et al. [2011] shows the formation of an Alfvén winglet within the expected main Alfvén wing above
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Tvashtar, one of the largest observed volcanic plumes on Io [Spencer et al., 2007]. Since Europa’s atmosphere
is much thinner we expect dense atmospheric inhomogeneities to affect the Alfvénic far field much stronger
compared to Io.

In this paper, we provide the first systematic study of Alfvén winglets and how they are shaped by local
atmospheric inhomogeneities. As the plumes were observed only on 1 day and the density and the extent
of plumes at Europa are not well known, we will perform a parameter study with different plume densities
within Europa’s global atmosphere to study the effects on the local plasma interaction, the Alfvén wings,
and the Alfvén winglets. We will present both MHD and analytic investigations in comparison with the mag-
netic field during three flybys of the Galileo spacecraft E17, E25A, and E26. We focus on these three flybys
because they crossed the Alfvén wings and thus can be used to investigate atmospheric properties propa-
gated along the wings. The comparison of our simulation results with the MAG data along these trajectories
allows us to investigate whether signals in the data can be explained by any local atmospheric inhomogeneity.
The findings in this work also provide ideas on how to detect plumes in the plasma measurements during
future missions.

2. Two Approaches for the Treatment of the Plasma Interaction

The purpose of our study is to investigate how atmospheric inhomogeneities such as plumes influence
the plasma interaction. We use two different approaches to describe the plasma interaction. The first
approach is carried out with a three-dimensional single-fluid MHD model. We apply numerical simula-
tions to self-consistently calculate the plasma interaction with Europa’s atmosphere. The model results are
used to study the influence of an atmospheric inhomogeneity on the overall structure of Europa’s plasma
environment and to reproduce the key features of the measured magnetic field data by the Galileo spacecraft.

The second approach is an analytic model. The purpose of our analytic study is to discuss physical effects due
to small-scale gradients in the local inhomogeneities or in the sharp boundary of Europa, which cannot be
precisely resolved with the MHD model due to numerical diffusion and viscosity. Both approaches are also
used to examine if signatures of an atmospheric inhomogeneity are detectable and present in the measured
Galileo magnetic field data during the flybys, whose trajectories crossed the Alfvén wings. The analytic model
provides an idealized description of the sub-Alfvénic plasma interaction and thus is not applicable to quan-
titatively reproduce all the features of the measured data, but it provides a good method to identify possible
signatures from localized atmospheric inhomogeneities. With the analytic calculations and their geometrical
simplifications, the resulting magnetic field and plasma signatures can be related in a simple and direct way
to their physical causes.

2.1. Magnetohydrodynamic Model
The charged particles in the orbit of Europa can be subdivided into cold plasma and energetic particles. The
MHD approach is a suitable method to describe the interaction of the cold bulk plasma with Europa’s atmo-
sphere. The energetic ions which can have gyroradii >500 km [Sittler et al., 2013] are not included in the MHD
approach. At keV energies individual particle motions become important and the particles cannot be treated
as a fluid anymore [Paranicas et al., 2009]. The energetic particles affect mainly the thermal plasma pressure
but have little effects on the momentum and force balance of the plasma flow. This balance shapes the flow
and magnetic field environment around Europa. The plasma beta in our simulations is ∼0.05 implying that
the thermal plasma pressure has a minor effect on the plasma interaction. The pressure of energetic ions
(20 keV–100 MeV) is 12 nPa [Kivelson et al., 2009]. Including the energetic ions, the plasma beta rises to ∼0.1,
which indicates that the pressure does not play a key role in shaping the interaction.

The gyroradius of the thermal ions is approximately 8 km and the ion cyclotron frequency is 0.5 Hz [Kivelson
et al., 2004]. This gyroradius is much smaller than typical scales of the interaction, i.e., the radius of Europa, the
scales of the atmosphere, or the scales of the plumes under consideration here. Similarly, the period of ion
cyclotron motion (2 s) is much smaller than typical convection time scales for the plasma to pass the object
of 30 s. The dominant sources which drive Europa’s interaction are ionization and charge exchange, which
are commonly referred to as pickup processes, and the elastic collision between ions and neutrals. These
effects modify the mass, momentum, and energy density of the fluid and are the root cause of the magnetic
field perturbations. The effects of these processes are well resolved in MHD or fluid models as long as the
gyroradius is smaller than the typical length scales of the interaction, and the period of cyclotron motion is
smaller than the typical time scales of the interaction (see, for example, discussion in chapter 7 of Baumjohann
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and Treumann [1996] on the applicability of the MHD approach). The inclusion of pickup and elastic collisions
in fluid models has been described, e.g., in Schunk and Nagy [2000] and Neubauer [1998], and their principal
effects in previous MHD models have been demonstrated in, e.g., Kabin et al. [1999], Liu et al. [2000], and
Schilling et al. [2007, 2008]. Its physical effects are rigorously discussed, e.g., in Vasyliūnas [2016]. In summary,
the MHD approach is well suited to describe the global plasma interaction of Jupiter’s magnetosphere with
Europa’s atmosphere and its ionosphere.

We use a Cartesian and a spherical coordinate system, both centered at Europa. The Cartesian system is the
EPhiO system with its x axis along the flow direction of the corotational plasma, the z axis is parallel to Jupiter’s
spin axis, and the Jupiter-facing y axis completes the right-handed system. The spherical coordinate system
is described by the radius r, the colatitude 𝜃 measured from the positive z axis, and the longitude 𝜙 measured
from the positive y axis in direction to the negative x axis.
2.1.1. Model Equations
The one-fluid MHD equations which we apply have been derived from a set of two-fluid equations for ions
and electrons where the sources according to mass loading, plasma loss, and collisions have been included
[e.g., Schunk, 1975; Schunk and Nagy, 2000]. In Appendix A1, we applied a scale analysis of each term in the
one-fluid MHD equations similar to Chané et al. [2013] to determine which of these terms can be neglected
without changing the important physical processes of the model. The resultant set of MHD equations are then
given by

𝜕t𝜌 + ∇ ⋅ (𝜌v) = (P − L)mi (1)

𝜌𝜕tv + 𝜌v ⋅ ∇v = −∇p + j × B−𝜌(𝜈in + 𝜈ex)v − Pmiv (2)

𝜕tB = ∇ ×
(

v × B
)

(3)

𝜕t𝜖 + ∇ ⋅ (𝜖v) = −p∇ ⋅ v + 1
2
𝜌v2

(P
n
+ 𝜈in + 𝜈ex

)
− 𝜖

( L
n
+ 𝜈in + 𝜈ex

)
(4)

with the plasma mass density 𝜌, the plasma bulk velocity v, the magnetic field B, the internal energy density
𝜖, which is related to the plasma thermal pressure p through 𝜖=3∕2 p, the plasma particle density n, the ion
mass mi , and the Boltzmann constant kB. For the calculation of p = nkB(Te + Ti) we consider the electron tem-
perature Te and the ion temperature Ti . The current density j is determined via Ampère’s law j = 1

𝜇0
∇× B with

the vacuum permeability 𝜇0. The model takes into account the produced and lost number of charged parti-
cles per time in the plasma production rate P and loss rate L. In the momentum equation (2) we consider the
change of the plasma bulk velocity via collisional momentum exchange between the atmosphere and the
magnetospheric plasma (𝜌(𝜈in + 𝜈ex)v) and ionization (Pmiv). The parameters 𝜈in and 𝜈ex are the ion-neutral
collision frequency and the charge exchange frequency, respectively. The last two terms on the right-hand
side of equation (4) represent the change of internal energy density due to elastic collisions, charge exchange,
ionization, and recombination. The temperature of the neutrals (Tn ≈130 K on the dayside region [Shematovich
et al., 2005]) can be neglected for the plasma interaction compared with the plasma temperature of about
1160 × 103 K [Kivelson et al., 2004]. Quantitative expressions for the source and loss terms are provided and
explained in detail in section 2.1.3. The ratio of specific heats is assumed to be 5∕3. The average mass of the
upstreaming magnetospheric plasma is m̃i = 18.5 amu [Kivelson et al., 2004]. The magnetospheric electrons at
Europa’s location consist mainly of two populations, the thermal and the suprathermal populations with tem-
peratures of kBTth = 20 eV and kBTsth = 250 eV [Sittler and Strobel, 1987; Johnson et al., 2009], respectively. The
number density of the thermal electrons nth varies with Europa’s position in the plasma sheet. For the num-
ber density of the suprathermal electrons nsth we use the ratio nsth∕nth ≈ 5% [Bagenal et al., 2015]. Based on
charge neutrality, the total magnetospheric electron number density relates to the total ion number density
through an effective ion charge of zc = 1.5 [Kivelson et al., 2004]. The upstream plasma mass density thus can
be written as

𝜌0 = m̃ini = m̃i(nth + nsth)∕zc . (5)

In our model singly charged ions are produced in the ionosphere with mi = mO+
2
= 32 amu.
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2.1.2. Neutral Atmosphere and Local Atmospheric Inhomogeneities
We prescribe Europa’s molecular oxygen atmosphere with an analytic expression. We apply a radially symmet-
ric description of the global atmosphere. The global distribution of the neutral atmosphere is observationally
not very well constrained, but there are several predictions about global asymmetries in the sputtering atmo-
sphere. Atmospheric modeling suggests that sputtering decreases from the trailing to the leading hemisphere
and depends both on solar illumination and plasma impact direction [e.g., Pospieszalska and Johnson, 1989;
Plainaki et al., 2013]. We do not consider in our model a global asymmetry of the atmosphere compared to,
e.g., Schilling et al. [2007] or Rubin et al. [2015], since our focus is on the influence of local atmospheric inhomo-
geneities. Therefore, we keep the global atmosphere as simple as possible to better demonstrate the effects
of the localized inhomogeneity. The number density of the radially symmetric sputtering atmosphere is
given by

nA(r) = nA,0 exp
[
−
(

h
H0

)]
(6)

with surface density nA,0, scale height H0, and altitude h = r − RE above the surface (with Europa’s radius
RE = 1569 km).

Following Roth et al. [2014a] the density profile of the atmospheric inhomogeneity is assumed to be a function
of the altitude h and the angular distance from its center 𝜃(𝜃, 𝜙) of the form

nap(h, 𝜃) = nap,0 exp

[
−
(

h
Hh

)𝛼

−
(

𝜃

H𝜃

)2
]
. (7)

nap,0 is the surface number density of the neutral gas in the center of the inhomogeneity, Hh is the scale height,
and H𝜃 is the angular scale of the latitudinal extent. The factor 𝛼 varies in our model from 1 to 2, with 𝛼 = 1
representing the hydrostatic case with a constant scale and 𝛼 = 2 representing a Gaussian structure varying
with altitude. The parameters nA,0, nap,0, Hh, and HΘ are treated as free parameters and are varied among
different simulation runs. The neutral number density is given by nn(r, 𝜃, 𝜙) = nA(r) + nap(r, 𝜃, 𝜙). The scale
height of the atmosphere H0 is assumed to be 100 km for all simulations. The surface number density nA,0

varies between 2 × 1013 m−3 and 14 × 1013 m−3 resulting in an O2 column density of (2–14) × 1018 m−2.
2.1.3. Plasma Sources and Losses
The main ionization process in Europa’s atmosphere is electron impact ionization, which is more than 1
order of magnitude larger than photoionization [Saur et al., 1998]. Therefore, we only include electron impact
ionization in our MHD model. The production rate for the electron impact ionization of O2 is calculated from

P = fO2
(Te)nmsnn , (8)

where fO2
(Te) is the electron impact ionization rate of O2 for a specific electron temperature Te and nms is

the number density of the magnetospheric electrons. The calculation of fO2
(Te) is given in the Appendix A2

in equation (A20). The temperature of the magnetospheric electrons Te is not calculated self-consistently.
However, to avoid overestimation of the plasma production the ionization process in our model is restricted
by the amount of electron energy which possibly can enter Europa’s atmosphere. The total electron energy
flux into the atmosphere is controlled by the strength of the plasma interaction (see Appendix A2). We assume
an electron fluid with an averaged temperature from the thermal and suprathermal populations given by

Te =
nthTth + nsthTsth

nth + nsth
. (9)

We discriminate between the hot magnetospheric and the newly created ionospheric electrons, which are
produced by electron impact ionization. They generate two populations of electrons that are energetically
different and hence their treatment in the model has to be different [Schilling et al., 2007]. The separation of
the magnetospheric and ionospheric electrons is done by the method presented in Schilling et al. [2007, 2008].
The cooler ionospheric electrons with temperatures of about 0.5 eV [Johnson et al., 2009] do not contribute
to the ionization process. The evolution of the number density of the ionospheric electrons is calculated
by equation (1). We solve a separate continuity equation for the number density of the magnetospheric
electrons nms

𝜕tnms + ∇ ⋅ (nmsv) = 0 . (10)
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The number density of the magnetospheric electrons does therefore not increase due to electron impact
ionization.

Dissociative recombination is the sink of plasma particles in our model. Molecular ions recombine with
electrons. The loss process involving magnetospheric electrons is negligible because of their high tempera-
tures. We use the dissociative recombination rate coefficient for O+

2 given in Schunk and Nagy [2000]:

𝛼rec(Te) = 2 × 10−13

(
300
Te

)0.7

m3s−1 . (11)

For the loss rate we apply the expression adopted from Saur et al. [2003]:

Lrec =
{

𝛼recne(n − n0) for n> n0

0 for n < n0
. (12)

When the plasma number density n = 𝜌∕mi decreases below the background ion density n0 = 𝜌0∕m̃i with
the unperturbed plasma mass density 𝜌0, then the dissociative recombination is set to zero. The reason is that
the plasma outside of Europa’s ionosphere mostly consists of atomic ions with very small recombination rates
which can be neglected on the scales of Europa’s interaction, while the plasma in the ionosphere consists of
molecular ions with large dissociative recombination rates.

We implement the elastic collisions between ions and neutrals by introducing the average ion-neutral
collision frequency

𝜈in = 2.6 × 10−15nn

√
𝛼0

𝜇a
s−1 (13)

from Banks and Kockarts [1973]. 𝛼0 is the polarizability of the neutral gas in units of 10−24 cm−3 and

𝜇a =
mO+

2
mO2

mO+
2
+mO2

= 1
2

mO+
2

is the reduced mass in amu. The polarizability of O2 is given by 𝛼0 = 1.59 [Banks and

Kockarts, 1973].

Charge exchange plays an important part in the calculation of the energy balance and the momentum, but it
does not affect the plasma density. In our model we use the ion-neutral charge exchange collision frequency

𝜈ex = 1.7 × 10−19nn

√
Ti + Tn

(
10.6 − 0.76 log10(Ti + Tn)

)2
s−1 , (14)

for the reaction O+
2 + O2 → O2 + O+

2 derived by Banks [1966]. Charge exchange reactions between O+
2 ions

and their parent O2 molecules depend explicitly on the energy of the impacting ion. The ion temperature in
equation (14) is calculated through the internal energy density equation (4) via the relation 𝜖 = 3

2
nkB(Ti + Te).

2.1.4. Induction in a Subsurface Water Ocean
Due to the tilt of Jupiter’s magnetic moment with respect to its spin axis of ∼10∘, the x and y components
of the background magnetic field periodically vary at Europa’s location. This results in an inducing field with
Jupiter’s synodic period of ∼11.1 h. The variability of the Jovian background magnetic field including the
effects of the magnetospheric current sheet is expressed in our model by

Bx,0(𝜆III) = −84 nT sin(𝜆III − 200°) , (15)

By,0(𝜆III) = −210 nT cos(𝜆III − 200°) (16)

with system-III-longitude 𝜆III [Schilling et al., 2007]. The time-varying inducing field drives currents in Europa’s
subsurface ocean and thus generates a time-varying induced magnetic dipole field. Assuming a radially sym-
metric ocean and a spatially homogeneous induced field, the resultant induced field is dependent on the
ocean’s conductivity, the ocean’s thickness, and the thickness of the crust between Europa’s surface and the
ocean. The effect of induction in the subsurface conducting water layer on the magnetic field is included in
the inner boundary conditions at the surface of Europa (see section 2.1.6). The derivation of the induced dipole
field is described in the work of, e.g., Zimmer et al. [2000] and Saur et al. [2010]. We assume an ocean that is
100 km thick and lies 25 km beneath the surface with a conductivity of 0.5 S/m according to the findings of
Schilling et al. [2007].
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2.1.5. Numerics, Boundary Conditions, and Initial Conditions
To solve the set of the differential equations (1)–(4), we apply a modified version of the publicly available
ZEUS-MP MHD code. ZEUS-MP is a multiphysics, massively parallel, message-passing code for astrophysical
fluid dynamics [Norman, 2000], which solves the single-fluid, ideal MHD equations in three dimensions. The
code utilizes a staggered-grid finite-difference scheme and the second-order accurate, monotonic advec-
tion scheme. In addition, the code applies a combination of the Constraint Transport algorithm and the
Method of Characteristics treatment for Alfvén waves. The solution of the differential equations is computed
time forward. The time step of the physical processes is controlled by the Courant-Friedrichs-Lewy criterion.
A detailed description of the algorithms used in ZEUS-MP can be found in Stone and Norman [1992] and
Hayes et al. [2006].

For our numerical simulations, we use a spherical grid in order to facilitate the use of the inner boundary
condition explained below. The model domain extends to 20 RE from Europa’s center in radial direction. The
spherical grid consists of 160 × 120 × 120 (r, 𝜃, 𝜙) cells. The angular resolution of the grid in 𝜃 and 𝜙 is equidis-
tant with △𝜃 = 1.5° and △𝜙 = 3°. The radial resolution is not equidistant and increases by a factor of 1.022
from cell to cell from the inner boundary (r = 1 RE) to the outer boundary (r = 20 RE). The resolution at the
surface is chosen to be 21 km. The simulation is performed until the Alfvén wings reach the outer bound-
ary and approximately steady state solution in the vicinity of Europa is reached. In this way, reflections of
the Alfvén waves from the outer boundary are avoided. The typical time needed for the corotation flow at
104 km/s to cross Europa’s diameter is 30 s. With an Alfvén velocity of 350 km/s the Alfvén wave needs about
90 s to reach the outer boundary. Flow and magnetic perturbations do not evolve noticeably after 90 s in
our simulation runs. The ionosphere is not in chemical equilibrium but in a strongly advection-dominated
equilibrium. From equation (1) we can estimate an ionization time scale in the model by ∼ 1

fimp,0nA
≈ 1 s with

fimp,0(100 eV)= 8×10−14 m3 s−1 and nA(h = 100 km) the neutral number density in a radial distance of 100 km;
therefore, the equilibrium of the neutral atmosphere is assured in our model.
2.1.6. Inner and Outer Boundary Values
Our simulation domain has two boundary areas, namely the outer sphere at r = 20 RE and the inner sphere
at r = 1 RE . In our numerical simulations, the outer boundary is not a real boundary in the sense that physical
properties abruptly change or jump. We apply open boundary conditions for the four MHD variables 𝜌, e, v,
and B at the outer boundary. At the downstream region of the outer boundary (𝜙> 180∘) the outflow method
is used; i.e., the plasma quantities are extrapolated from the grid cells near the boundary to the boundary cells.
At the upstream region (𝜙 ≤ 180∘) the inflow method is applied; i.e., all plasma quantities are held constant.
At the inner boundary, i.e., the surface of Europa, plasma is assumed to be absorbed, which we implement
by open boundary conditions for 𝜌, e, and v by an outflow method. The radial component of the plasma bulk
velocity vr is constrained in the way that vr ≤ 0 so that plasma does not flow out of the surface (see also discus-
sion in Duling et al. [2014]). Europa’s icy surface is not only absorbing but also possesses a negligible electrical
conductivity. The insulating nature of the surface does not allow electric currents to penetrate the icy surface.
Boundary conditions for the magnetic field have been derived by Duling et al. [2014] ensuring that there is
no radial electric current. The boundary condition is constructed in a way that it also can consistently include
any time-dependent internal potential fields from below the surface, e.g., caused by induction in an ocean
below the nonconducting ice crust. The inner and outer boundary values for our simulations are presented
in Table 1.

2.2. Analytic Approach
The basis of our analytic studies is a model for sub-Alfvénic asymmetric magnetospheric interaction devel-
oped for Saturn’s moon Enceladus by Saur et al. [2007], which we modify and expand for Europa’s plasma
interaction. The model is based on perturbation theory for Alfvénic Mach numbers MA ≪ 1. For a given electri-
cal conductivity distribution exhibiting a north-south asymmetry, Saur et al. [2007] derive an equation for the
electric potential on the assumption that the magnetic field perturbations are significantly smaller than the
background magnetic field. Therefore, the magnetic field is assumed to be spatially constant. Due to the very
large electric conductivity parallel to the magnetic field lines, the background magnetic field lines are isolines
of the electric potential [Neubauer, 1998; Saur et al., 1998]. Consequently, the electric potential is reduced to
two coordinates perpendicular to the background field. Plasma flow, electric current, and the resultant mag-
netic field perturbations can be calculated from the electric potential. The derivation of the electric potential
is similar to previous derivations, e.g., Wolf-Gladrow et al. [1987] and Neubauer [1980, 1998], with the excep-
tion that on the field lines tangent to the nonconducting body, a new jump condition for the electric field
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Table 1. Initial and Boundary Condition Values and Calculated Parameters in the EPhiO System

Model Scenario/ B0 v0 𝜌0 𝜖0
a ΣA

Flyby (nT) (km/s) (amu/m−3) (nPa) MA (S)

General model I (0, 0, −450) (104,0,0) 4.93 × 108 0.56 0.24 1.75

General model II (0, −210, −450) (104,0,0) 4.93 × 108 0.56 0.21 1.60

E17 (73, −100, −425) (104,0,0) 1.73 × 109 1.97 0.45 3.11

E25A (−7, −209, −382) (104,0,0) 8.60 × 108 1.47 0.32 2.33

E26 (−22, 203, −380) (104,0,0) 4.93 × 108 0.56 0.25 1.82
a𝜖0 = 3∕2n0kB(Te + Ti,0) with kBTi,0 = 100 eV [Kivelson et al., 2004].

due to the north-south asymmetry had to be introduced [Saur et al., 2007, equation (9)]. These authors derive
a two-dimensional elliptic differential equation for the electric potential Φ. The magnetic field is not treated
self-consistently and is given by the constant homogeneous background magnetic field B0.

Saur et al. [2007] show that both hemispheres of Enceladus, which are not directly linked together due to the
blockage of the solid body, are electromagnetically coupled through field-aligned currents that flow tangent
to the solid body. The coupling is due to the fact that the field lines intersecting the moon lie on different
potentials of the northern and southern hemispheres of the moon while field lines not intersecting the moon
lie on the same potential in both hemispheres. This results in the generation of a hemisphere coupling system
confined to surface currents along field lines tangent to the solid body. The hemisphere coupling is accompa-
nied by magnetic field discontinuities across the flux tube as predicted and observed at Enceladus [Saur et al.,
2007; Simon et al., 2011, 2014]. The hemisphere coupling currents are delta currents, i.e., an infinitely thin sheet
of current, within the MHD framework and thus lead to sharp rotational discontinuities. These delta currents
are generated because the electric fields on field lines north and south of the moon differ and thus the elec-
tric fields jump across the flux tube enveloping the moon. In the region outside the flux tube, the field lines
are isopotential lines, the currents are symmetric in the northern and southern far field for identical Alfvén
conductance ΣA, and no hemisphere coupling currents can be driven.

For the derivation of our analytic model, we use a coordinate system with the x axis pointing along the unper-
turbed plasma flow, the z axis is antiparallel to the background magnetic field, and the y axis completes the
right-handed coordinate system and is pointing toward Jupiter. We call it the EPhiB coordinate system.
2.2.1. Analytic Model for Europa’s Electrodynamic Interaction
The model of Saur et al. [2007] developed for Enceladus but here used for Europa needs to be extended
to take a global atmosphere into account. With our modifications of the model we are able to study the
Alfvén winglets inside of the Alfvén wings. The electric potential depends on the ionospheric conductances.
Therefore, we develop a model of the conductance profile of the moon’s ionosphere. ΣP,H are the iono-
spheric Pedersen and Hall conductances, which are obtained by the integration of the Pedersen and Hall
conductivities 𝜎P,H along the direction of the background magnetic field, i.e.,

ΣP,H(x, y) =

zi

∫
z0

𝜎P,H(x, y, z)dz . (17)

Note, that in the analytic model the background magnetic field lines coincide with the isolines of the elec-
tric potential. So the integration is performed along the field lines (over z) from the equatorial plane or the
moon’s surface z0 out to a distance zi where the conductivities vanish (similar to previous calculations of the
conductances in sub-Alfvénic interactions, e.g., Neubauer [1998], Saur et al. [1999], and Kivelson et al. [2004]).

The black line in Figure 1 sketches Europa’s Pedersen conductance profile for a radially symmetric atmosphere
similar to Figure 6 in the work of Neubauer [1998]. As the neutral density decreases exponentially, we assume
an exponential profile for the ionospheric conductivities 𝜎P,H ∼ exp(h∕H̃) with the altitude h and the effective
scale height H̃ (see Appendix B). It shows minimum conductances above the pole and maximum conduc-
tances at the moon’s diameter. The variation of ΣP (and ΣH) arises due to the change of the length of the
integration path along the magnetic field lines through the atmosphere (see equation (17)), which is shortest
at the poles. At the field lines tangent to Europa given by rs two peaks occur due to the sudden change of the
integration path through the atmosphere [Neubauer, 1998]. The magnetic field lines are not connected to the
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Figure 1. (top) Pedersen conductance profile ΣP(x) =
zi∫

z0

𝜎P,H(x, z)dz (black line), see, e.g., Neubauer [1998] and Simon

[2015]. (bottom) The integration is performed from the surface (green line) or the equatorial plane (z0 = 0) along z up
to the region where the conductivities vanish (zi), shown by the dark blue line, over one half-space for a symmetric

atmosphere. An exponential conductivity profile was assumed (𝜎P ∼ exp
(

h
He

+ h
Ha

)
; see Appendix B). The conductance

achieves its maximum where the field lines are tangent to Europa, i.e., x = rs. It has a local minimum at the poles
because of the shortest integration path in this region. ΣH (not shown here) looks qualitatively similar but decreases
faster than ΣP due to 𝜎H ∝ n2

n and 𝜎P ∝ nn (in the limit of 𝜈in∕𝜔ci ≪ 1 with the ion gyrofrequency 𝜔ci). The blue areas in
Figure 1 (top) represent the approximated Pedersen conductances within each domain in the northern hemisphere in
our analytic model and refer to Figure 2. The light blue areas, where the conductance decreases with distance from the
moon, are subdivided in eight regions with the radial extent ra,0...8 in the equatorial plane. The expression ra,0 = rs
indicates Europa’s surface, and the region with the extent ra,8 represents the area where the conductance nearly
vanishes. For a detailed description see Appendix B. The ratio between the conductances Σn

P and Σa
P shown here is 1:2.

solid surface of the moon anymore (i.e., for r⟂ > rs with r⟂ =
√

x2 + y2). The ionospheric currents couple to
the Alfvénic currents at the field lines that are tangent to the moon’s solid body. Moving away from the moon,
the neutral density of the atmosphere decreases and hence the ionospheric conductances. In the area of the
two peaks (see Figure 1) the field-aligned currents are maximum. Therefore, steep gradients in the magnetic
field and velocity are expected along field lines crossing this region. An asymmetric atmosphere, e.g., due to
an atmospheric inhomogeneity such as a plume, would generate additional rotational discontinuities in the
magnetic field at the Alfvénic flux tubes. This means that there is a magnetic jump across the flux tubes but
the density is the same on both sides of it. Our analytic model includes both steep gradients due to the global
atmosphere and hemisphere coupling currents due to an atmospheric inhomogeneity.

Figure 2 shows a sketch of the geometry and the electric current system for the interaction region of the ana-
lytic model. A similar modification of the analytic model was also performed by Simon et al. [2011] and Simon
[2015] for Enceladus. The extended version of the model presented here considers, in addition to a cylin-
drical plume (domain p), a less dense atmosphere region (domain s and n) and a second region (domain a)
where the wing-aligned currents are concentrated. The region a is subdivided into eight subdomains as
shown in Figures 1 and 2. This description represents a simplified approximation of the peak of the conduc-
tances at the location of field lines tangent to the solid body and a continuously decreasing neutral density
and therefore decreasing conductances when moving outward of region a (see light blue area between
rs < r⟂ < ra,8 in Figure 1). Within each domain, the ionospheric conductances are spatially constant. The
increased conductance within the plume (domain p) compared to the ambient atmosphere (domain s) results
in the formation of the Alfvén winglet within the Alfvén wing in the far field. Besides the hemisphere coupling
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Figure 2. Sketch of the geometry of the electric current system (red and purple arrows) for the analytic model with a
south polar plume with the radial extent rp . Europa’s solid body is displayed as grey area. The extent of Europa’s solid
body is rs. The currents driven in the interaction region are partially volume currents and partially surface currents. The
ionospheric currents are volume currents shown in the horizontal red arrows. The Alfvénic currents are volume currents
for a smoothly varying ionosphere but in our analytic model represented to a number of surface currents shown as
vertical red arrows. The thickness of the red arrows represents the different strengths of the currents in each domain.
Due to the north-south asymmetry, additional surface currents, which couple the northern and southern hemispheres,
are shown as purple arrows. The interaction region is separated in different domains (n, a, e, s, and p) with constant
conductances in each domain. Domain p represents the south polar plume, domain n and s represent the global
atmosphere in the northern and southern hemispheres, respectively, domain a represents the region where the
wing-aligned currents are concentrated, and domain e the region outside Europa’s atmosphere where ionospheric
conductivities vanish. The different brightnesses in domain a represent the gradual decrease of the conductances away
from Europa in order to consider the decrease of the ionospheric density with distance from Europa (see Figure 1).
For a detailed description, see text in section 2.2.1 and Appendix B.

effect, the analytic model is also suitable to study the effects of the Alfvén winglet. We calculate the solution
for the electric potential and thus for the electric field in each domain for the cases when the plume is located
at the south or the north pole. The calculation of the electric potential and the magnetic field in the Alfvén
wing and the winglet for our setup is given in Appendix B.

3. Results

We now quantitatively investigate the effects of an atmospheric inhomogeneity on Europa’s plasma interac-
tion with the MHD model and the analytic model introduced in the previous section. With the knowledge
about the influence of an atmospheric inhomogeneity on the magnetic field, we will afterward compare the
results of the analytic and MHD models with the Galileo magnetic field measurements in order to investigate
if signatures of atmospheric inhomogeneities are present in the observations. All results are presented in the
EPhiO coordinate system.

3.1. Influence of a Local Atmospheric Inhomogeneity on the Global Plasma Interaction
For a first basic study with the MHD approach the atmospheric inhomogeneity is implemented at the south
pole of Europa and contains 50% of the total gas content of Europa’s atmosphere. A simplified geometry is
chosen here with the background magnetic field pointing in the negative z direction. The initial values and
atmospheric properties for the MHD simulation runs used here are given in Tables 1 and 2 denoted by “general
model I.” The induction in a subsurface water ocean is not included in the first step because it would generate
additional asymmetries in the plasma interaction and we are interested in understanding the basic influence
of the atmospheric inhomogeneity on the plasma interaction.
3.1.1. Magnetic Field and Plasma Velocity
Europa’s atmosphere and plume generate plasma flow and magnetic field perturbations, which propagate as
Alfvén waves away from Europa. The root cause of these perturbations are elastic collisions between the ions
and the neutrals, plus charge exchange and ionization, where the latter two are often referred to as pickup
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Table 2. Atmospheric Properties of the Simulation Runsa

Model Scenario/ nA,0 nap,0 H0 Hh HΘ 𝜃ap 𝜙ap 𝛾b

Flyby (m−3) (m−3) (km) (km) (deg) 𝛼 (deg) (deg) [%]

General model I 5 × 1013 1.9 × 1014 100 200 15 2 180 180 10

General model I 5 × 1013 1.64 × 1015 100 200 15 2 180 180 50

General model I 5 × 1013 4.92 × 1015 100 200 15 2 180 180 75

General model II 5 × 1013 1.64 × 1015 100 200 15 2 180 180 50

E17 2.0 × 1013 5.3 × 1014 100 200 15 2 140 290 50

E25A 1.0 × 1013 2.6 × 1014 100 200 15 2 0 0 50

E26 5.0 × 1013 1.3 × 1015 100 200 15 1 135 55 50

E26 5.0 × 1013 1.3 × 1015 100 200 15 1 125 35 50
aAdditionally, simulation runs with a radially symmetric atmosphere but without the atmospheric inhomogeneity

(𝛾 = 0%) were made with the surface number density nA,0 presented in this table.
bThe ratio between the gas content of the atmospheric inhomogeneity and the gas content of the total atmosphere.

(see equation (2)). We take into account both the velocity and the magnetic field for the consideration of the
development of the Alfvén wings and winglets (see Figure 3). The formation of the Alfvén wings is clearly visi-
ble in the regions with decreasing plasma bulk velocity v and perturbed Bx north and south of Europa in the xz
plane in Figures 3a and 3e, respectively. The Alfvén wings are bent back by a constant angle of ΘA ≈ 13∘ with
respect to the unperturbed background magnetic field displayed in the white dashed lines (see Figures 3a and
3e). The perturbation of the magnetic field is correlated with the perturbation of the velocity field and can be
related through 𝛿B = ±

√
𝜇0𝜌0 𝛿v in the northern (+ sign) and southern (− sign) Alfvén wing [Neubauer, 1980].

The magnetic field components are primarily perturbed in the negative (positive) x direction in the northern
(southern) wing (see Figure 3e) and the velocity components in the negative x direction in both wings. Evident
in Figures 3a and 3e is the pronounced north-south asymmetry due to the formation of the Alfvén winglet
in the southern Alfvén wing. A dense atmospheric inhomogeneity leads to locally enhanced collisional
and ionization processes and stronger perturbations within the interaction region. The local atmospheric
inhomogeneity at the surface is much denser by a factor of ∼30 compared to the ambient atmosphere for
the results shown here. The enhanced local perturbations are the main cause for the development of an
additional, smaller Alfvén wing within the main southern Alfvén wing. Succinctly speaking, the Alfvén winglet
is the result of the plasma interaction with an atmospheric inhomogeneity within a global atmosphere,
located within the main Alfvén wing. It possesses the same basic properties as the Alfvén wing, i.e., the same
bend back and the 𝛿B = ±

√
𝜇0𝜌0 𝛿v correlations. The atmospheric inhomogeneity at the south pole modifies

the southern Alfvén wing but only weakly changes the main overall structure. The Alfvén angle is independent
of the atmospheric asymmetry.

Figures 3b and 3c show that the plasma flow is diverted around and accelerated up to |v⟂| = √
v2

x + v2
y ≈

140 km/s at the flanks of the Alfvén wings (outside the white dashed outer circle). The j × B force slows the
plasma velocity upstream and reaccelerates it downstream of the wings. In the ionosphere the j × B force is
predominantly in equilibrium with the forces related to the ion-neutral collisions, electron impact ionization,
and charge exchange, while in the Alfvén wings the j×B force is in equilibrium with the plasma inertia (𝜌v ⋅∇v).
A result of the interaction is that most of the plasma flow into the ionosphere is reduced and is swept around
the moon and the wings.

In the center of the southern Alfvén wing the plasma flow experiences a second shielding as clearly visible in
Figure 3b. We introduce the factor 𝛼 = 1 − 𝛼plasma (see equations (A13) and (A14)) which is a measure for the
relative strength of the sub-Alfvénic interaction (see also Saur et al. [2013]). When the plasma interaction is
saturated, the maximum value of 𝛼 = 1 is reached and 𝛼 = 0 when no interaction takes place. The interaction
strength in the winglet is much higher (𝛼 ≈ 0.95) than in the surrounding Alfvén wing (𝛼 ≈ 0.4). The radius of
the winglet depends on the horizontal extent of the surface neutral number density of the inhomogeneity.
In the results shown here the extent of the inhomogeneity is ∼0.5 RE . Within the winglet the magnitude of
the perpendicular velocity is reduced to ∼5 km/s (see Figure 3b) and the magnitude of the perpendicular
magnetic field |B⟂| = √

B2
x + B2

y is perturbed by∼120 nT (see Figure 3f ). At the flanks of the Alfvén winglet the

plasma flow is slightly accelerated by ∼9% (outside the white dashed inner circle in Figure 3b). Alfvén waves
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Figure 3. (a) Plasma bulk velocity in the xz plane (y = 0 RE ) calculated with the MHD model. (b, c) Plasma flow velocity
field in a cut at z = ±3 RE through the southern and northern Alfvén wings, respectively, in the xy plane. The color scale
represents the magnitude of the plasma velocity perpendicular to the magnetic field. (d) Magnitude of the magnetic
field in nT in the xz plane (y = 0 RE ) calculated with the MHD model. (e) Bx in nT in the xz plane (y = 0 RE ). (f ) Magnetic
field in a cut through the southern Alfvén wing (z = −3 RE ) in the xy plane. The color scale represents the magnitude
of the magnetic field perpendicular to the background magnetic field. The Alfvén characteristics are shown as white
dashed lines in Figures 3a and 3e. The white outer circle indicates the projection of Europa’s surface and the white inner
circle the projection of the south polar atmospheric inhomogeneity into the southern Alfvén wing in Figures 3b, 3c,
and 3f. The white vertical dotted line shows the trajectory along which the magnetic field is displayed in Figure 6. The
arrows show the orientation of the plasma flow (Figures 3b and 3c) and magnetic field (Figures 3d–3f ), and their
lengths linearly scale with highest magnitude of this plane: 145 km/s (Figure 3b), 141 km/s (Figure 3c), 679 nT
(Figure 3d), 262 nT (Figure 3e), and 121 nT (Figure 3f ).
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Figure 4. Plasma number density in cm−3 in the xz plane (y = 0 RE ) calculated with the MHD model.

associated with the inhomogeneity at the south pole can not propagate into the northern hemisphere along
field lines intersecting the moon. No local perturbations within the northern wing are recognizable as a direct
consequence of the inhomogeneity (see Figure 3c).

A basic property of the wings is that the magnitude of the magnetic field is constant inside the Alfvén wings
[Neubauer, 1980], also visible in the far field in our results in Figure 3d. The fast mode generated by the inter-
action upstream of the moon propagates in all directions. The amplitude of the fast magnetosonic mode
perturbations decreases as a function of distance from Europa and can be neglected a few RE away from
Europa. The propagation of the fast mode is associated with a compression and bending of the magnetic field
lines. The compression of the field lines upstream of Europa leads to a pileup and thus to an enhancement of
the magnitude of the magnetic field. This increase of the magnitude of∼100 nT is visible in Figure 3d. It is also
visible that a second pileup region develops at the south pole associated with the inhomogeneity. This region
is more distinctive than the large-scale upstream region and the perturbed magnitude of the magnetic field
increases up to ∼700 nT.

Figure 3a shows structures especially in the northern but also southern hemisphere in the plasma veloc-
ity going from the poles downstream of the moon by an angle of about 50∘ to the axis (on the northern
hemisphere). These perturbations require a more detailed study but might develop in our simulations due
to density and pressure gradients within the Alfvén wing related to the compressional slow mode also
observable in the plasma number density in Figure 4.

In summary, our simulation shows that due to a local atmospheric inhomogeneity an Alfvén winglet within
the large-scale southern Alfvén wing forms. In the winglet the magnetic field and the velocity experience
a stronger perturbation compared to the perturbations in the main wing due to the dense atmospheric
inhomogeneity.
3.1.2. Plasma Density
In Figure 4 we display the plasma number density in the xz plane. As magnetospheric electrons flow past
the atmosphere and convect through it, the neutral particles in the atmosphere are ionized and the plasma
density upstream of the moon increases. The ionized plasma gets picked up and moves downstream. Europa’s
ionosphere is therefore not an ionosphere in chemical equilibrium, i.e., where production and recombination
differ strongly. At Europa, production and convection determine the ionospheric mass balance. Most of the
plasma is concentrated at the region of the local inhomogeneity with densities up to ∼1 × 105 cm−3. Farther
away from the moon the density decreases to its ambient value. No significant perturbation of the plasma
density is expected in the Alfvénic far field. Downstream of the moon, recombination but no ionization takes
place. Since the ionospheric particles which impinge Europa’s surface are absorbed, a wake downstream of
the moon forms where the plasma density is strongly decreased. Compressional slow mode perturbations act
downstream of the moon to reestablish pressure equilibrium. The increased density structure at the northern
hemisphere in Figure 4 might be attributed to a combination of convection of plasma and of slow mode
perturbations which propagate with a local sound speed velocity of ∼30 km/s.

BLÖCKER ET AL. ALFVÉN WINGLETS WITHIN ALFVÉN WINGS 13



Journal of Geophysical Research: Space Physics 10.1002/2016JA022479

Figure 5. (a) Alfvénic current j
C+

A

in A/m2 in a cut through the southern Alfvén wing in a plane perpendicular to the

southern Alfvén characteristic at z = −3 RE . (b) Alfvénic current j
C−

A

in A/m2 in a cut through the northern Alfvén wing in

a plane perpendicular to the northern Alfvén characteristic at z = 3 RE . In the wing coordinate system, the zW+ (zW−) axis
is parallel to the southern (northern) Alfvén characteristic, the yW± axis is the same as in the EPhiO system and the xW±
axis completes the right-handed coordinate system. The white outer circle indicates the projection of Europa’s surface
and the white inner circle the projection of the south polar atmospheric inhomogeneity into the southern Alfvén wing.

3.1.3. Electric Currents in the Alfvén Wings
Collisions, charge exchange, and electron impact ionization modify the plasma flow and thus generate mag-
netic field perturbations and associated electric currents. The ionospheric electric currents are determined by
the local ionospheric conductivities and electric field. Farther away from Europa, the ionospheric conductivi-
ties vanish and the ionospheric currents are fed into the Alfvén wing currents. The Alfvénic currents j

c±A
parallel

to the wing, i.e., the Alfvén characteristics are displayed in a cross section through the southern and northern
Alfvén wings in the plane perpendicular to c±A (equation (B11)) at z = ±3 RE in Figures 5a and 5b, respectively.
When we only consider a radially symmetric atmosphere, we expect j

c±A
to be concentrated at the flanks of the

Alfvén wings as it is shown for j
c−A

in Figure 5b. Due to the local atmospheric inhomogeneity, a pronounced

second current system in the southern Alfvén wing arises (see Figure 5a). The inhomogeneity drives a surplus
of the ionospheric electric current at the south pole that is closed in the southern far field. The current density
is concentrated at the flanks of this Alfvén winglet and the direction of the currents is the same as in the south-
ern Alfvén wing. A fraction of the current associated with the local inhomogeneity is closed in the northern
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Figure 6. Magnetic field components in the (a) southern and (b) northern Alfvén wing along a trajectory parallel to the
y axis and shifted 0.3 RE downstream from the wing center. Results are calculated with the MHD model. The
inhomogeneity is located at the south pole in a radially symmetric atmosphere. The initial values and atmospheric
properties can be found in Tables 1 and 2 denoted by “general model I.” The parameter 𝛾 denotes the ratio between the
mass content of the atmospheric inhomogeneity to the mass content of the total atmosphere. The vertical lines
represent the projection of the position of the center of the inhomogeneity into the southern Alfvén wing (dotted green
line), the position of the flanks of the Alfvén winglet (dotted red lines), the Alfvén wing crossing (dashed grey line), and
the position of the flanks of the Alfvén wings (dashed blue line).

far field through surface currents. For the model scenario shown here we have calculated a total Alfvén wing
current through the whole southern Alfvén wing of 4.9 × 105 A and an Alfvénic current through the winglet
of 1.8 × 105 A.

3.1.4. Influence of Varying Neutral Density Distribution on the Magnetic Field

in the Alfvénic Far Field
As demonstrated in the previous section, the perturbations of the magnetic field in the Alfvén wings are
controlled by the neutral atmosphere. Here we show how different atmospheric inhomogeneities affect the
perturbations of the magnetic field in the northern and southern Alfvén wings. Figures 6a and 6b show the
components of the magnetic field along trajectories parallel to the y axis shifted 0.3 RE downstream from
the center of the wing in the southern and northern Alfvén wings, respectively. The hypothetical trajectories
are displayed as white vertical lines in Figures 3b, 3c, and 3f. We display the magnetic field on a shifted tra-
jectory away from the center of the wings because on a trajectory through the center some properties of the
magnetic field are less significant due to symmetry reasons. The different lines show the magnetic field from
the MHD models with a radially symmetric atmosphere (grey line) and different densities of the atmospheric
inhomogeneity in the ambient radially symmetric atmosphere. The factor 𝛾 indicates the ratio between the
total mass of the atmospheric inhomogeneity and the total mass of the global atmosphere. This ratio 𝛾 is
varied between 0% and 75%.

As expected the perturbations of the magnetic field are symmetric in the northern and southern Alfvén wings
for a radially symmetric atmosphere and dominant in the x component due to the bending of the magnetic
field lines, as visible in the grey line in Figures 6a and 6b. Within the wings the magnetic field is more perturbed
at the inner face of the wings (at y ≈ ±0.8 RE) with 75 nT than in the center (at y = 0 RE) with a perturbation of
60 nT in the x component. This is a result of the increased conductances on field lines more tangential to
Europa, i.e., for regions characterized by x2 + y2 ≈ R2

E (see also maximum of conductance near rs in Figure 1).
The magnetic field perturbations are structured similar to the plasma velocity perturbations in the wings.
Therefore, the acceleration of the plasma at the flanks of the Alfvén wings results in a local decrease (increase)
of Bx in the southern (northern) wing as visible in the grey line at the position of the vertical dashed blue
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line in Figures 6a (top) and 6b (top). Due to the diversion of the plasma flow around the Alfvén wing, the
magnetic field is perturbed in the y direction at the flanks of the wings. Bz is more perturbed at the inner face
of the wings with a perturbation of 9 nT than in the center of the wings with a perturbation of 6 nT shown in
the grey line in Figures 6a (bottom) and 6b (bottom). This follows from |B| = const in the Alfvén wings and
the described Bx dependence.

A south polar inhomogeneity in a radially symmetric atmosphere leads to the formation of an Alfvén winglet
within the southern wing. At the dense inhomogeneity more perturbations are generated which map out
into the southern Alfvén wing as visible in the global maximum in the center of the wing (at the position
of the dotted green line) in the Bx component in the magenta, green, and blue lines in Figure 6a (top).
The perturbations in all three components become stronger with increasing density of the inhomogeneity.
The perturbation in the wing center reaches a value up to ∼125 nT for 𝛾 = 75%. The plasma flow within the
southern Alfvén wing is directed around the winglet and is accelerated at its flanks (at the position of the
vertical dotted red lines) resulting in a decrease of the perturbation of the Bx component. We see that
the denser the inhomogeneity, the slower the plasma flow within it and the faster the flow around the flanks
of the winglets. Faster flow leads to smaller perturbation in Bx in the surrounded Alfvén wing. Farther away
from the projection of the center of the inhomogeneity (at the position of the vertical dashed grey lines) the
influence of the Alfvén winglet decreases and the effect of the Alfvén wing becomes visible in the increase of
Bx (see Figure 6a, top). The diversion of the plasma flow becomes also more effective with increasing density
of the inhomogeneity. Therefore, the perturbation of By around the winglet becomes stronger as evident in
the minimum and maximum at the position of the vertical dotted red line in Figure 6a (middle). For example,
a plume at Europa that contains 50% of the total mass content of the atmosphere can exhibit a perturbation
in the y direction of∼25 nT. The behavior of the magnetic field in the northern Alfvén wing is very similar in all
four cases (see Figure 6b). Here By and Bz are weakly disturbed. In the northern hemisphere the atmosphere
is homogeneous, and therefore, no local perturbations within the northern wing develop on smaller scales in
contrast to the southern wing.

3.2. Comparison Between Analytic Model and MHD Model Results
In Figures 7a and 7b we display the calculated magnetic field in the northern and southern Alfvén wings on
a trajectory along the y direction shifted by 0.3 RE downstream from the center of the wings. The red lines
show the analytic model results calculated with a south polar atmospheric inhomogeneity. Additionally, we
compare these results with MHD model results calculated with an inhomogeneity which contains 50% of the
total gas content of Europa’s atmosphere displayed in the green lines. For the analytic model, we chose values
for the conductances which fit the MHD model data.

Within the plume indicated by p in Figure 7a the magnetic field experiences the maximum perturbation in Bx

direction. At the boundaries of the plume to the global atmosphere indicated with s, a magnetic field discon-
tinuity arises in the analytic model results (red lines). This discontinuity is a model discontinuity because the
real plume density does not abruptly jump but its transitions are smoothly to the global atmospheric density.
Inside the southern Alfvén wing (domain s) the Bx component is still perturbed in the positive x direction due
to the bending of the wing. At the boundary between outside (r > RE) and inside the Alfvén wing (r < RE)
indicated with a and s, respectively, a jump of the magnetic field components can be observed. The jump is a
result of the peak of the Pedersen conductance in Europa’s atmosphere and the effect of the hemisphere cou-
pling currents. The part of the discontinuity due to the hemisphere coupling is a real physical discontinuity.
This transition region is located between the volume currents which are fed into the southern atmosphere
and the surface currents which connect both hemispheres. The volume and surface currents have opposite
directions (see also Figure 2) and therefore produce the magnetic field signatures in the transition region a
to s shown as red lines in Figure 7a. Outside the Alfvén wing (domain a) the ionospheric conductance gradu-
ally decreases and so do the magnetic field perturbations. In the region where the ionospheric conductance
vanishes (domain e) the magnetic field components return to their upstream conditions. On the northern
hemisphere there is no inhomogeneity in the atmosphere; therefore, the magnetic field in the northern Alfvén
wing (Figure 7b) only experiences perturbations which occur from the interaction with a global atmosphere
except in the transition region between n and a. The hemisphere coupling effect also generates discontinu-
ities in the northern Alfvén wing as visible in the magnetic field components in the red lines in Figure 7b
between n and a.
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Figure 7. Magnetic field components in the (a) southern and (b) northern Alfvén wing along a trajectory parallel to
the y axis and shifted 0.3 RE downstream from the wing center. The green lines show the solution with a south polar
atmospheric inhomogeneity (𝛾 = 50%) calculated with the MHD model. The red lines indicate the Alfvénic perturbation
for a nonsymmetric interaction with an atmospheric inhomogeneity at the south pole with rs = 1 RE , rp = 0.5 RE ,

Σs
P = Σn

P = 1 S, Σp
P = 15 S, Σa

P = 6 S calculated with the analytic model. The ionospheric Hall effect was neglected with

Σs
H = Σn

H = Σp
H = Σa

H = 0 S. The values were chosen to fit the MHD model results (green lines). The other quantities for
the calculation of the magnetic field perturbation can be found in Table 1 denoted by “general model I.” The red lines
show a stepwise behavior due to the sharp boundaries between each domain. The vertical dashed lines represent the
boundaries between the domains a, n, s, and p referring to Figure 2. The wavelike structure of the green lines in Bz is a
pure numerical effect.

Europa’s global atmosphere weakens the effect of the hemisphere coupling currents. This effect is very small
compared with the effect generated by the global atmosphere which occurs due to the peak of the iono-
spheric conductances. We calculated a jump of about 5% of the global perturbation in the magnetic field
components associated with the hemispheric coupling currents for the approach used here. Consequently,
an observed large jump of the magnetic field over a short but still sufficiently finite length scale during an
Alfvén wing crossing at Europa is most likely a steep gradient due to the atmospheric effect and a disconti-
nuity due to an asymmetric atmosphere would be hardly detectable in the data set (see further discussion in
section 3.4.1).

The analytic model results provide information on the influence of the hemisphere coupling due to the inho-
mogeneity and the atmospheric effect due to the peak of the ionospheric conductances at the flux tube
boundary. The comparison between the analytic and MHD model shows that the results are in general agree-
ment with each other except for the discontinuities. The transition regions calculated with the MHD model
(green lines) are much smoother in comparison with the analytic model results for two reasons:

1. A more realistic smoother neutral atmosphere.
2. Remaining small discontinuities from the hemispheric coupling currents are smeared out due to the finite

resistivity and viscosity of the MHD codes.

The maximum perturbation in Bx direction in the Alfvén winglet (domain p in Figure 7a, top) is larger in the
MHD model results than in the analytic model results, because the conductance calculated with the MHD
model in domain p reaches its maximum in the center of the inhomogeneity while the conductance given in
the analytic model is constant in this domain. The Bz component also experiences stronger perturbations with
a decrease in magnitude to ensure the required constancy of the magnetic field magnitude in the northern
and southern Alfvén wings and winglet (see Figures 7a (bottom) and 7b (bottom)). Due to the diversion of the
plasma flow around the Alfvén winglet, the By component is perturbed in the negative and positive y direction
around the winglet in the ambient Alfvén wing (see red and green lines in Figure 7a, middle). In the northern
Alfvén wing (domain n in Figure 7b) the By component calculated with the MHD model is slightly perturbed
(∼3 nT) while the By component calculated with the analytic model does not experience any perturbation
due to the constancy of the conductance inside domain n.
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Figure 8. Plasma flow velocity field in a cut through the southern Alfvén wing (z = −3 RE ) in the xy plane for plasma
interaction (a) without and (b) with induction in a subsurface water ocean. The magnitude of the plasma velocity
perpendicular to B0 is color coded. The white circle indicates the projection of Europa’s surface into the southern Alfvén
wing. The lengths of the arrows linearly scale with the highest magnitude of this plane: 144 km/s (Figure 8a), 151 km/s
(Figure 8b).

3.3. Influence of Induced Fields on the Alfvén Winglet
A spatially homogeneous inducing field in a radially symmetric ocean induces a dipole field. Deviations from
these idealized conditions of the inducing field and the conductive regions will result in higher-order multi-
pole fields [see, e.g., Schilling et al., 2004, 2007]. The induced magnetic field directly modifies the magnetic field
in the surrounding of the moon. However, it also affects the far field through a shrinkage and a displacement
of the Alfvén wings [Neubauer, 1999]. The inducing field is strongest when Jupiter’s dipole moment points
toward or away from Europa. In this section we study the case when Europa is located north of the magnetic
equator (𝜆III = 200°). In this case the induced dipole moment points mainly toward the Jupiter-facing side
at the position of Europa. The setup of the plasma conditions for the MHD simulation used here are given in
Tables 1 and 2 denoted by “general model II.” In Figure 8b we display the perpendicular plasma velocity in
a cross section through the southern wing when induction is included and compare it to the case without
induction in Figure 8a. The background magnetic field has a strong y component and therefore the Alfvén
wings are additionally tilted in the y direction (see also Figure 7A in Neubauer [1999]). The consequence of the
y tilt of the large Alfvén wing is that the Alfvén winglet sitting exactly at the south pole is not in the center
of the large wing anymore. The winglet is shifted to the Jupiter-facing side as visible within the white dashed

Figure 9. Trajectories of the Galileo flybys E17 (black line), E25A (blue line), and E26 (red line) in the EPhiO coordinate
system. The times associated with the spacecraft’s positions are labeled on the trajectories. The green crosses mark the
position of the closest approach.
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Table 3. Properties of the Europa Flybys E17, E25A, and E26

Date, Timea Altitude TAb Mag. Lat. 𝜆III

Flyby (UTC) (km) (deg) (deg) (deg)

E17 1998/9/26, 03:53:52 3581 293.9 4.6 140

E25A 1999/11/25, 16:29:00 8648 187.2 9.5 200

E26 2000/1/3, 17:59:37 340 216.4 -7.8 346
aAt the closest approach CA. Dates are formatted as year/month/day.
bTrue anomaly.

circle representing the projection of Europa’s surface into the wing in Figure 8. To quantify the relative impor-
tance of the induced fields compared with the background magnetic field Neubauer [1999] introduced the
inclination angle of the Jovian magnetic field with respect to the Jovian equator at the location of the moon
[see Neubauer, 1999, equation (5)]. For the scenario shown here the inclination angle is 65∘. Therefore, we
expect a small distortion of the cross section of the Alfvén wings by less than 10% according to Figure 5 in
Neubauer [1999]. Comparing the results with and without induction (see Figure 8), a small displacement to the
anti-Jupiter-facing side and a distortion along the x direction of the winglet can be observed. Moreover, the
results of the plasma interaction plus induced fields in a subsurface ocean show that the acceleration of
the plasma at the flanks of the Alfvén wings and the winglet is more distinctive than it is the case without
induction. This is a result of the small displacement of the winglet and its flanks to the negative y direction
and the nonconstant behavior of the velocity within the Alfvén wing.

3.4. Modeling of the Galileo Flyby Scenarios
Now we study the influence of an inhomogeneity by comparing our simulation and analytic results with the
Galileo MAG data along trajectories of three different flybys: E17, E25A, and E26. The flyby trajectories are
displayed in Figure 9 with associated properties of the flybys summarized in Table 3. Since the Alfvénic far
field is diagnostic of Europa’s atmospheric properties, a strong local atmospheric inhomogeneity should be
detectable in the magnetic field perturbations in the Alfvén wing. Among the 12 Europa flybys, only the three
flybys studied here crossed the Alfvén wings. Our aim is to investigate whether signatures of atmospheric
inhomogeneities are present in the measured data and whether we can draw conclusions on the existence
of an inhomogeneity in the atmosphere only from magnetic field data. The initial values and atmospheric
properties of the flybys used in the MHD model are presented in Tables 1 and 2. Induction in a subsurface
water ocean is included in the associated MHD simulations.
3.4.1. Europa Flyby E17
The flyby E17 occurred in the high plasma density region near the center of the Jovian plasma sheet at an
altitude of ∼3600 km. Galileo passed downstream through the southern Alfvén wing. The data (black line) in
Figure 10 shows a strong perturbation of the magnetic field in the positive x direction due to the bending
of the magnetic field lines and weak perturbations in the By and Bz components. Furthermore, small-scale
fluctuations on top of the main perturbations are measured and could be due to kinetic effects but are not
subject of this paper.

The analytic model results with a symmetric atmosphere (see blue line in Figure 10a) are in good agreement
with the overall data structure. A local atmospheric inhomogeneity in the southern hemisphere (see red line
in Figure 10a) would generate perturbations that are not seen in the data during this flyby. For the radius rs

of the region where the field lines are tangent to Europa we chose a value of 0.9 RE because it better fits the
extent of the crossing of the Alfvén wing, but it does not qualitatively change the form and the amplitude
of the perturbation. The smaller extent of the interaction region could be an effect of the induced magnetic
field. Volwerk et al. [2007] estimated a shrinkage of 0.96 and an offset of 0.1 RE of the Alfvén wing during E17.

The MHD model results confirm the picture that we have from the analytic model (see Figure 10b). The results
from the model with the radially symmetric atmosphere (blue line) fit the overall structure very well. The
model results with a local inhomogeneity in the atmosphere (red line) show that the magnetic field would
experience a local perturbation in the negative x and y directions that we do not see in the measured data. The
Bz component is slightly overestimated by our MHD model compared to the measured data. The magnitude
of the Bz component in the MHD model results without inhomogeneity is reduced up to 45 nT in order to
maintain the constancy of the magnitude of the magnetic field in the Alfvén wing.
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Figure 10. Magnetic field components along the E17 flyby trajectory in the EPHIO coordinate system. (a) Comparison
between the Galileo MAG data (black lines) and the results obtained from the analytic model where a south polar
inhomogeneity in a global atmosphere (red lines) with rs = 0.9 RE , rp = 0.7 RE , Σs

P = Σn
P = 3 S, Σp

P = 15 S, Σa
P = 6 S,

Σp
H = Σs

H = Σn
H = Σa

H = 0 S is considered. The values were chosen to fit the measured data (black lines). The other
quantities for the calculation of the magnetic field perturbation can be found in Table 1. The blue lines show the
analytic results for a homogeneous atmosphere. (b) Comparison between the MAG data (black lines) and the results
obtained from the MHD model where a radially symmetric atmosphere (blue lines) is considered. The red lines show the
model results with an inhomogeneity at 𝜙 = 290∘ and 𝜃 = 140∘ in a radially symmetric atmosphere. The dashed vertical
line displays the closest approach at 03:54 UT, x = 1.57 RE , y = −1.85 RE , and z = −2.23 RE .

The perturbations in the analytic and MHD model due to the atmospheric inhomogeneity (see red lines
in Figures 10a and 10b) are slightly different because the location of the inhomogeneity differ between
both models. In the analytic model used here, we only have the opportunity to place the center of the
inhomogeneity exactly at the north or south pole and vary the extent.

In the time interval before the Galileo spacecraft enters the Alfvén wing at 03:56 UT the measured Bx compo-
nent shows a decrease which is associated with the Alfvén wing currents. This decrease is followed by a steep
gradient in the positive x direction at the entry of the Alfvén wing. This may be explained by the fact that
Galileo entered the Alfvén wing at the location of maximum current [Volwerk et al., 2007]. The steep gradient
is measured over four data points with a resolution of 6 s per data point implying a distance of 176 km.

Our model can explain this steep gradient. The ionospheric conductances given by equation (17) peak at the
location with field lines tangent to Europa because of the change of the integration path length. Moving out-
ward from Europa, the conductances decrease since the neutral gas density falls off and therefore collisions
between magnetospheric particles and neutrals decrease. The region of the decrease is strongly dependent
on the atmospheric and ionospheric scale heights. Assuming an effective scale height for the ionospheric
Pedersen conductivity of H̃ = 90 km in the analytic model (with an atmospheric scale height Ha = 145 km
and plasma scale height He = 240 km, see equation (B6)) leads to a steep gradient in the conductances and
thus also to a steep gradient in the magnetic field. The gradients are consistent with the measured magnetic
field data. An effective scale height larger than 90 km results in a decrease of the steepness of the gradient
and does not fit the measured data very well anymore. The atmospheric and plasma scale heights are vari-
able with the distance from Europa because they are influenced by heating and cooling of the atmosphere
and ionization, recombination and transport processes in the ionosphere. The variability of the scale height
could be an explanation for the perturbation structure in Bx seen in the observed data between 03:50 UT and
03:56 UT.
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Figure 11. Magnetic field components along the E25A flyby trajectory in the EPHIO coordinate system. (a) Comparison
between the Galileo MAG data (black lines) and the results obtained from the analytic model where a north polar
inhomogeneity in a global atmosphere (red lines) with rs = 1 RE , rp = 0.8 RE , Σs

P = Σn
P = 1.5 S, Σp

P = 4 S, Σa
P = 2 S,

Σp
H = 3.5 S, Σs

H = Σn
H = Σa

H = 0 S is considered. For further information, see Figure 10. (b) Comparison between the
Galileo MAG data (black lines) and the results obtained from the MHD model where a radially symmetric atmosphere
(blue lines) is considered. The red lines show the model results with an inhomogeneity at the north pole (𝜃 = 0∘) in the
radially symmetric atmosphere. The dashed vertical line displays the closest approach at 16:29 UT, x = 3.04 RE ,
y = −0.23 RE , and z = 5.79 RE .

We can not rule out that the steep gradient still contains a contribution due to a strongly asymmetric atmo-
sphere, e.g., due to a plume in the northern hemisphere or on the upstream side of the southern hemisphere,
since the jumps in the magnetic field data coincide with the location of the hemisphere coupling currents.
As we already discussed in section 3.2, it is difficult to separate between the atmospheric effect (i.e., the jump
in the vertical column density through a radially symmetric atmosphere at the limb of the moon) and the
hemisphere coupling effect in the jump of the magnetic field. High time resolution data would therefore help
to further disentangle these effects.
3.4.2. Europa Flyby E25A
The flyby E25A occurred at a large distance of ∼5.5 RE when Europa was located outside the plasma sheet.
Galileo passed downstream through the northern Alfvén wing nearly radially toward Jupiter. The resolution is
low compared to the other flybys with∼140 km between two data points and therefore insufficient to resolve
the high-frequency perturbations or steep gradients due to hemisphere coupling currents if a strongly asym-
metric atmosphere existed at that time. Since the flyby occurred in the Alfvénic far field of the moon, it is
not influenced by the effects of the ionospheric currents and therefore particularly well suited for the appli-
cation of the analytic model. The measured data (black line) presented in Figure 11 shows a perturbation of
the magnetic field in the negative x direction due to the bending of the magnetic field lines in the northern
Alfvén wing. The magnetic field signatures are better reproduced by our analytic model (see Figure 11a) when
a local inhomogeneity is included in the northern hemisphere in a global radially symmetric atmosphere
(red line). The atmospheric inhomogeneity is located at the north pole and has a radial extent of about 0.8 RE .
The conductance of the inhomogeneity (Σp

P = 4 S) at this location is more than twice as large as the conduc-
tance of the global atmosphere (Σn

P = 1.5 S). The values of the magnetic field along the trajectory indicate
that the enhancement of the atmospheric density in the area of the inhomogeneity is not that significant as
it is, e.g., for an inhomogeneity with 𝛾 = 50% and Σp

P = 15 S as presented in Figure 7a. The contribution of the
denser north polar inhomogeneity and especially the ionospheric Hall effect generate the local perturbation
of ∼20 nT in By at 16:38 UT in our analytic model. Also, the direction of the perturbation of the Bz component
is consistent with the observed data.
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Figure 12. Magnetic field components along the E26 flyby trajectory in the EPHIO coordinate system. Comparison
between the Galileo MAG data (black lines) with the results from the MHD model where a radially symmetric atmosphere
(blue lines) and different locations of the atmospheric inhomogeneities are considered. The magenta lines show the
results with an inhomogeneity at 𝜙 = 35∘ and 𝜃 = 125∘ and the green lines with one at 𝜙 = 55∘ and 𝜃 = 135∘ . The dashed
vertical line displays the closest approach at 17:59 UT, x = −0.83 RE , y = 0.04 RE , and z = −0.89 RE .

Figure 11b shows the results from our MHD model with a radially symmetric atmosphere (blue line) and results
with a local inhomogeneity at the north pole in a radially symmetric atmosphere (red line). We do not have
the ionospheric Hall effect included in the MHD model so that we can not confirm the significant influence of
the Hall effect in the atmospheric inhomogeneity that we see in the results of the analytic model. Both results
fit the global structure of the data and an atmospheric inhomogeneity is not indicated.

Although the analytic model results indicate the possibility of a local inhomogeneity in the northern hemi-
sphere, it is not possible to draw clear conclusions on the existence of an inhomogeneity during this flyby.
Other reasons causing the observed magnetic field signature could be perturbations of Jupiter’s magneto-
sphere or small-scale dynamic plasma processes. Additionally, there are other magnetic field substructures
along the flyby which are not explained by our analytic model.
3.4.3. Europa Flyby E26
The E26 flyby was a south polar pass, upstream of the moon, and almost radially toward Jupiter. Europa was
located south of Jupiter’s magnetic equator in a low plasma density environment. The signals from induced
magnetic fields are particularly strong during this flyby. This pass occurred very close to the moon with a
closest approach altitude of ∼340 km. The analytic model is not applicable here because at this altitude the
interaction is not purely Alfvénic, and additionally to the Alfvénic currents, ionospheric currents also modify
the magnetic field environment. The black line in Figure 12 shows the measured data during E26. The pertur-
bations in the Bx component in the interaction region are similar to the perturbations during the E17 flyby. The
Bx component is affected by the bendback of the southern Alfvén wing resulting in a slight decrease shortly
before the Alfvén wing entry at 17:59 UT and a global enhancement of Bx during the Alfvén wing crossing.
The rotation of By and Bz is the result of the influence of the induced magnetic field and the ionospheric cur-
rents. The Bx component shows a strong gradient with an increase from −14 nT to 150 nT during the Alfvén
wing entry similar to the E17 data. The strong increase of the Bx component takes place over 19 s (57 data
points), which corresponds to a length scale of 152 km of the moving spacecraft. Inside the interaction region
all three magnetic field components show a very disturbed structure. Outside of the interaction region the
data show a smooth trend indicating a fairly quiet magnetic field environment during this flyby.
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Figure 13. Magnetic field components in the xy plane at z = −0.89 RE for three different MHD model runs (see Figure 12)
with a radially symmetric atmosphere (a) and additional atmospheric inhomogeneity at different locations (b and c)
during the E26 flyby. The dashed white line shows the trajectory of E26.

The MHD model that results from a simulation with a radially symmetric atmosphere (blue line in Figure 12)
fit the overall signature very well similar to the results of Schilling et al. [2007] and Rubin et al. [2015].
A prominent double-peak structure is evident in the measured Bx component. Neither Schilling et al. [2007] nor
Rubin et al. [2015] could fit this double-peak signature with a global atmosphere. When we include a dense
inhomogeneity on the southern hemisphere (longitude 𝜙 = 35∘ and colatitude 𝜃 = 125∘) within the atmo-
sphere, our model is able to produce a double-peak structure in Bx but width and amplitude differ compared
to the observations (see magenta line in Figure 12). The first peak in our model is a result of the maximum of
Bx that occurs in the southern main wing, and the second peak is a result of the maximum in the southern
Alfvén winglet. The ionospheric closure currents increase the effect of the atmospheric inhomogeneity.
The By component of the model with an atmospheric inhomogeneity is also perturbed on smaller scales
compared to the model with a radially symmetric atmosphere. By shifting the location of the inhomogeneity
more to the upstream side at the longitude𝜙=55∘ and colatitude 𝜃=135∘ (green line), the double-peak struc-
ture changes. The By component provides a better fit to the data but the perturbation of the Bz component in
the MHD model is not in agreement with the measured perturbation. Hence, the exact magnetic field signa-
ture is very sensitive to the location of the prescribed atmospheric inhomogeneity. The modifications of the
magnetic field due to the variation of the location of the atmospheric inhomogeneity is shown in Figure 13.
It displays the magnetic field components in the xy plane at the altitude z = −0.89 RE for the three differ-
ent cases discussed in Figure 12. The inhomogeneity generates an area of enhanced Bx and Bz in this plane
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(see Figures 13b, top, 13b, bottom, 13c, top, and 13c, bottom). By is influenced by the induced field at this
altitude (see Figure 13a, middle). The inhomogeneity modifies the plasma flow and thus also the resultant
magnetic perturbations and associated electric currents. Both the induced fields and the magnetic field
perturbation contribute to the structure in By seen in Figures 13b (middle) and 13c (middle).

Although the model is not able to reproduce the exact structure of the magnetic field perturbations during
this flyby, it suggests that a dense and localized inhomogeneity in the atmosphere could perturb the magnetic
field on smaller scales with a similar orientation like the observed perturbations. The large number of possi-
bilities to describe such an inhomogeneity with the free parameters like the latitudinal extent, density, scale
height and position and also the number of inhomogeneities makes it difficult to find the best fit parameters
for the data. During the flyby, Europa was at an orbital true anomaly of 216∘ similar to the true anomaly during
the December 2012 HST observations when the plume was identified. Tensile stresses on polar fractures and
fractures around the leading and trailing meridians are expected to be highest when Europa is located in the
apocenter of its orbit [Roth et al., 2014b]. The plumes that are included in our model are located in the southern
hemisphere between the equator and the south pole and between the sub-Jovian and the leading side.
Therefore, a clear correlation between the stresses for a certain true anomaly and the possible occurrence of
atmospheric inhomogeneities is not given here.

It is also possible that other effects play a role in the modification of the magnetic field that we have not
included in our MHD model such as the ionospheric Hall effect, solar illumination, or day-night asymmetry.
Plainaki et al. [2013] demonstrate that the spatial distribution of Europa’s atmosphere depends on the
time-varying relative orientations of solar illumination and the incident plasma direction. Their study sug-
gests an increase in the atmospheric density by a factor of ∼4 depending on the configuration between
the Sun and Europa. But their model does not produce sharp gradients in the neutral density. Solar
illumination, according to their model, would produce a more global asymmetry which would appear not
to be the reason for the generation of such an inhomogeneous localized structure in the magnetic field
components. But further modeling of Europa’s atmosphere is required to better understand the real spatial
structure of its atmosphere. Besides the atmospheric and ionospheric effects, sudden magnetospheric effects
(e.g., flux tube interchange, pressure balanced structures) during the time of the flyby could also affect the
observed magnetic field. Therefore, the magnetic field data needs to be interpreted with caution and it is
not possible to derive a rigorous conclusion about an atmospheric inhomogeneity during this flyby. Velocity
and plasma pressure data, if available, would be very helpful for the interpretation of the plasma interaction.
The analysis of plasma data would serve to separate between Alfvénic and magnetospheric effects, e.g., pres-
sure balanced structures during the flyby. An asymmetric atmosphere, e.g., due to the plumes, is expected to
produce Alfvénic perturbations, which are visible in the velocity and magnetic field data in the far field in a
distinctly correlated way. Magnetospheric perturbations would be present in the magnetic field, density, and
plasma pressure data in a different way.

4. Summary and Discussion

We present a study of the influence of inhomogeneities in Europa’s atmosphere, such as plumes, on the
interaction between the corotating magnetospheric plasma and Europa’s atmosphere. We apply two differ-
ent approaches, a 3-D MHD and an analytic approach, to model this interaction. The MHD model considers
self-consistently physical processes of the plasma interaction and includes plasma production, loss, and
induction in a subsurface ocean. The analytic approach to describe the effects of a local inhomogeneity is
based on the model for sub-Alfvénic nonsymmetric interaction by Saur et al. [2007] which we expand and
solve for conditions adopted to Europa. The analytic calculations support the MHD model results and pro-
vide additional insight into the influence of local inhomogeneities when embedded in a global atmosphere,
e.g., the ionospheric Hall effect and discontinuities associated with the hemisphere coupling due to a strong
asymmetric atmosphere.

By applying these models we demonstrate that atmospheric inhomogeneities do not only have a large effect
on the plasma and magnetic field environment near Europa but also affect the Alfvén wings in the far field.
Our study shows that an inhomogeneity in the atmosphere causes a pronounced north-south asymmetry
in the Alfvén wings and the development of an Alfvén winglet within the Alfvén wing which is connected
to the hemisphere with the inhomogeneity. Our MHD model results show that in the presence of a global
atmosphere with a surface density of ∼5 × 1013 m−3 and a plume with a surface density of ∼1.6 × 1015 m−3,
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a height of 200 km, and a latitudinal extent of 15∘, the plasma velocity experiences a decrease up to 95% of
the upstream velocity in the Alfvén winglet and a decrease up to 60% of the upstream velocity in the ambient
Alfvén wing. The magnetic field perturbations are stronger in the Alfvén winglet with up to 120 nT than in the
ambient southern Alfvén wing with 40 nT in the positive x direction. The global form of the Alfvén wings does
not change since the Alfvén velocity in the far field is unaffected by the distribution of the neutral density in
the atmosphere.

According to our analytic model results, Europa’s global atmosphere weakens the effect of the hemisphere
coupling and generates steep gradients in the magnetic field. Unlike Enceladus, which lacks a global atmo-
sphere and where the plasma interaction is driven by the plumes, Europa’s global atmosphere has a huge
effect on the plasma interaction. Our analytic model results show that the resultant discontinuities for a plume
that contains 50% of the mass content of Europa’s atmosphere would only contribute with ∼5% to magnetic
field amplitudes generated by the global atmosphere. Within the temporal resolution of the available data,
such a discontinuity is difficult to detect given the additional steep gradients due to the global atmosphere.

Additionally, we investigate if signatures of atmospheric inhomogeneities are locally detectable and visible
in magnetic field measurements of the Galileo Magnetometer. Therefore, we compare the MHD and analytic
model results with the observed magnetic field data from three flybys of Europa which include Alfvén wing
crossings: E17, E25A, and E26.

Our results demonstrate that the perturbations during the E17 flyby do not show signals from local inho-
mogeneities in the atmosphere and can be explained by a plasma interaction with a radially symmetric
atmosphere. The steep gradient in the magnetic field at the location of the Alfvén wing entry seen in the data
provides information about the scale height of the atmosphere and the ionosphere. According to the analytic
model results, an effective scale height of about 90 km fits the measured steep gradient in the data very well.

The measurements during the E25A flyby in the Alfvénic far field, in particular the By , component could be
weakly influenced by an inhomogeneous atmosphere in the northern hemisphere especially by the iono-
spheric Hall effect according to the analytic model results. However, the modeling is inconclusive as discussed
earlier. The MHD model results can not reproduce the By perturbations since the ionospheric Hall effect is not
included in the MHD model.

Our analysis demonstrates that the magnetic field perturbations during the E26 flyby could be consistent with
an atmospheric inhomogeneity on the southern hemisphere between the upstream and the Jupiter-facing
side according to our results. The extent of the inhomogeneity in our model is similar to the plume derived
by Roth et al. [2014a]. The inhomogeneity contains 50% of the gas content of the total atmosphere. The
results also show that the magnetic field perturbation is very sensitive to the shape and the location of the
inhomogeneity. However, we cannot exclude other effects which might cause comparable magnetic field
perturbations, e.g., atmospheric day-night asymmetries, magnetospheric pressure balanced structures being
convected over Europa, or flux tube interchange. With the previous searches [Roth et al., 2014a, 2014b] the
occurrence patterns of plumes could not be unveiled. The plumes could be sporadic events on unknown time
scales and with uncertain locations. These temporal and spatial variabilities make the development of obser-
vational strategies difficult. The present study provides ideas how a future spacecraft mission to Europa could
be able to detect and distinguish signals from plumes in the measured magnetic field and plasma data.

A more comprehensive data set recorded with sufficient time resolution is required such as the data set which
will be taken by the planned Europa Mission. The results will therefore be helpful for the search of plumes at
Europa during the JUICE mission of ESA and the Europa mission of NASA. Our findings suggest that signals
from the plume can be detected in the magnetic field, the velocity field, and the density. Due to the locally
increased neutral density in the atmosphere when a plume is present, collisional and mass loading processes
increase at the location of the plume causing a local perturbation of the plasma parameters. The requirement
for the detection of local plumes in the measured plasma density is that the spacecraft passes the center of
the plume in the near field as close as possible. Plumes can also be detected on distant flybys in the Alfvénic
far field. The local perturbation in the velocity and magnetic field due to the plume in Europa’s near field maps
out into the Alfvén wing along the Alfvén characteristics. To achieve a pronounced signal from the plume in
the Alfvén wing it is important that the spacecraft trajectory crosses the center of the characteristics which
are connected to the center of the plume, i.e., crosses the center of the Alfvén winglet that maps to the center
of the plume. The farther away the spacecraft passes the center of the winglet, the more complicated is the
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detection of plume signals in the data especially when an additional global asymmetry of the atmosphere
is present as predicted by, e.g., Pospieszalska and Johnson [1989] or Plainaki et al. [2013]. Both velocity and
magnetic field measurements are required to distinguish between a pure Alfvénic structure such as generated
by a plume and magnetospheric structures that are convected across Europa and its Alfvén wings. Alfvénic
structures generated at Europa will obey the relationship 𝛿B = ±

√
𝜇0𝜌0 𝛿v, while convecting magnetospheric

signatures might simply be pressure-balanced structures. A perturbation in the density in the far field due to
the plume will not or only barely be visible.

The implications are also interesting for other moons which show inhomogeneities in their atmospheres like,
e.g., Io with its eruptive volcanoes.

Appendix A: MHD Model
A1. Scale Analysis of Terms in MHD Equations
We derived the single-fluid MHD equations from the two-fluid equations for one ion and one electron species
where we included source terms describing electron impact ionization, dissociative recombination, and colli-
sions between charged particles and neutrals. The two-fluid equations have been derived by taking velocity
moments of the terms of Boltzmann’s equation [e.g., Schunk, 1975; Szegö et al., 2000]. The set of equations for
the electrons and ions consists of the continuity, momentum, and energy equation as follows:

𝜕tns + ∇ ⋅ (nsvs) =
𝛿ns

𝛿t
(A1)

𝜌s(𝜕tvs + vs ⋅ ∇vs) + ∇ps − nsqs(E + vs × B) =
𝛿Ms

𝛿t
− msvs

𝛿ns

𝛿t
(A2)

𝜕t𝜖s + ∇ ⋅ (𝜖svs) + ps∇ ⋅ vs =
𝛿Es

𝛿t
(A3)

with

𝛿ns

𝛿t
= Ps − Ls (A4)

𝛿Ms

𝛿t
= −𝜈s,n𝜌svs − Lsmsvs (A5)

𝛿Es

𝛿t
=

ms

ms + mn
𝜈s,nns

[
3kB(Tn − Ts) + mnv2

s

]
+ 1

2
msv2

s Ps −
3
2

kBTsLs . (A6)

The index s stands for ions or electrons. The parameter ns represents the number density, vs is the bulk
velocity, 𝜌s = msns is the mass density with the mass ms, ps = nskBTs is the thermal pressure with the tempera-
ture Ts and the Boltzmann constant kB, qs is the charge, 𝜖s =

3
2

ps is the internal energy density of the species s, E
is the electric field, mn and Tn are the mass and the temperature of the neutrals, 𝜈s,n is the momentum
transfer collision frequency between species s and the neutrals, and Ps and Ls are the production and loss
rates, respectively. In addition, 𝛿ns

𝛿t
,
𝛿Ms

𝛿t
, and 𝛿Es

𝛿t
are the net source, the change in momentum, and the local

change in internal energy density, respectively, per unit volume of the fluid species s due to collisions, plasma
production, and loss. Here it is assumed that the neutrals are at rest and that the distribution functions of the
plasma species are isotropic in the plasma frame.

To derive the MHD equations, we consider one electron and one singly charged ion species. After combining
equations (A1)–(A6) with Faraday’s and Ampère’s law, we find a set of complex one-fluid equations as follows:

𝜕t𝜌 + ∇ ⋅ (𝜌v) = mi(P − L) (A7)

𝜌(𝜕tv + v ⋅ ∇v) = −∇p + j × B −
(
𝜌e𝜈en + 𝜌i�̃�in

)
v − miPv +

me

e

(
𝜈en − �̃�in

)
j −

me

e2
j ⋅ ∇

(
j

n

)
(A8)

𝜕tB = ∇ ×
(
−

me

ne2
𝜕t j −

me

ne2
∇ ⋅

(
v j + j v − 1

en
j j
)
+ 1

ne
∇
(

pe −
me

mi
pi

)
+ v × B

)
+ ∇ ×

(
− 1

ne
(j × B) +

me

e
(𝜈en − �̃�in)v −

me

ne2

(
me

mi
�̃�in + 𝜈en

)
j −

me

n2e2
Lj

) (A9)
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𝜕t𝜖 + ∇ ⋅ (𝜖v) = −p∇ ⋅ v −
3kB

2e
∇ ⋅

((
me

mi
Ti − Te

)
j

)
− 1

e

(
me

mi
pi − pe

)
∇ ⋅

(
j

n

)

+
�̃�in𝜌

mi + mn

(
3kB(Tn − Ti) + mn

m2
e

𝜌2e2
j2 + 2

mnme

𝜌e
j ⋅ v + mnv2

)
+

nme𝜈en

me + mn

(
3kB(Tn − Te) +

mn

n2e2
j2 + mnv2 −

2mn

ne
v ⋅ j

)
+

me

n2e2
Pj2 − 3

2
kBL(Te + Ti) +

1
2

miPv2

(A10)

For the calculation, we applied several simplifications and assumptions: me ≪ mi, n = ne ≈ ni , the total
plasma mass density is 𝜌 = 𝜌i + 𝜌e ≈ 𝜌i , the total plasma pressure is p = pi + pe, the current density is
j = ne(vi − ve), the plasma bulk velocity is v = 𝜌eve+𝜌i vi

𝜌
, and the total momentum transfer collision frequency

between ions and neutrals �̃�in = 𝜈in + 𝜈ex takes into account elastic collisions and charge exchange.

We performed a scale analysis to estimate the importance of each term for our problem. Therefore, we applied
typical values of each plasma variable to evaluate the typical scale of each term in equations (A7)–(A10). Typi-
cal values used for our estimations can be found in Table A1. Typical scales for each term of the continuity (A7),
momentum (A8), induction (A9), and energy density equation (A10) are presented in Tables A2–A5, respec-
tively. In these tables the terms which are considered to be negligible are separated from the important terms
by a horizontal line. In the next step, we removed the terms pertaining to small scales, because they do not
alter the important physics of our model. Although, the loss terms in the continuity (A7) and energy density
equations (A10) are of insignificant scales, we included them in our MHD equations, because they have been
traditionally included in modeling of Europa’s interaction [e.g., Saur et al., 1998; Schilling et al., 2007; Rubin
et al., 2015]. Finally, we get the equations (1)–(4) of our MHD model.

Table A1. Typical Values for Each Plasma Variable

Plasma Variable Typical Value

v0, Plasma bulk velocity 104 km s−1

RE , Europa’s radius 1569 km

B0, Background magnetic field 4.5 × 10−7 T

𝜌0, Plasma mass density 4.93 × 108 amu m−3

kBTe, Electron temperature 100 eVa

kBTi , Ion temperature 100 eVa

mi = mO+
2

, Ion mass 32 amu

mn = mO2
, Mass of the neutrals 32 amu

pe = nekBTe, Pressure of electrons 0.2 nPa

pi = nikBTi , Pressure of ions 0.2 nPa

Tn , Temperature of the neutral gas 130 K

𝜈in, Ion-neutral collision frequency, equation (13)b 0.02 Hz

𝜈en, Electron-neutral collision frequencyc 0.02 Hz

𝜈ex, Charge exchange frequency, equation (14)b 0.1 Hz

L, Recombination rate, equation (12)d 6.0 m−3 s−1

P, Production rate, equation (8)b,e 2.3 × 107 m−3 s−1

aKivelson et al. [2004].
bIn the calculations a neutral number density nA(h = 100 km) = 1.8 × 1013 m−3

was used.
c𝜈en = 10−15nA after Schilling et al. [2007].
dFor the calculation of 𝛼rec (equation (11)) the temperature of the ionospheric

electrons (0.5 eV) was used.
efimp(Te = 100 eV) = 8.0 × 10−14 m3 s−1 was applied.
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Table A2. Typical Scales for Each Term of the Continuity Equationa

Term Value

𝜕t𝜌
b 1.0 × 100

∇ ⋅ (𝜌v) 1.0 × 100

miP 2.2 × 101

miL 5.8 × 10−6

aThe terms below the horizontal line can be neglected because their
typical scales are very small.

bThe values were normed so that 𝜕t𝜌 is 1.

A2. Electron Impact Ionization
Electron impact ionization strongly depends on the temperature of the electrons Te. Magnetospheric elec-
trons which collide with the neutral particles in the atmosphere are locally cooled down. The electrons, which
loose energy due to the electron impact process with the atmospheric neutrals, can be reheated by the energy
reservoir provided by the plasma torus. Energy is transported via heat conduction along the magnetic field
lines from the plasma torus to the cooler regions of the flux tubes. Saur et al. [1998] show that this process is
very effective at Europa which results in weak temperature gradients along the field lines. In our MHD model,
Te is not calculated self-consistently. To approximately account for the effect of heat conduction and to ensure
conservation of energy, we apply the following description: First, we consider the electron energy flux FTorus

from the plasma torus, which is available for the reheating of the cooled magnetospheric electrons:

FTorus =
3
2

n0kBTev0DtubeLTorus (A11)

= 3
2

n0kBTev02(RE + H0)𝛼PlasmaLTorus . (A12)

This flux is based on the total flux tube energy, which is convected across Europa. We additionally assume that
electron heat conduction parallel to the magnetic field very effectively transports electron energy within the
flux tube above and below Europa into the ionosphere. The electron temperature in our model is assumed to
be constant along the magnetic field lines. LTorus = 1.7 RJ is the vertical extent of the plasma torus with Jupiter’s
radius RJ [Bagenal and Delamere, 2011]. Dtube is the width of the flux tubes approaching the interaction region.
The upstream width of the flux tube 2(RE + H0) changes when it is convected across Europa depending on
the strength of the plasma interaction. It decreases by the factor 𝛼plasma, which is given by

𝛼plasma = vwing∕v0 . (A13)

Table A3. Typical Scales for Each Term of the Velocity Equationa

Term Value

𝜌𝜕tvb 1.0 × 100

𝜌v ⋅ ∇v 1.0 × 100

∇p 5.6 × 10−2

j × B 1.8 × 10−3

miPv 2.2 × 101

𝜌i �̃�inv 2.1 × 100

𝜌e𝜈env 4.8 × 10−6

me
e
�̃�inj 3.1 × 10−9

me
e
𝜈enj 4.2 × 10−10

me
e2 j ⋅ ∇

(
j

n

)
1.4 × 10−13

aThe terms below the horizontal line can be neglected because their
typical scales are very small.

bThe values were normed so that 𝜌𝜕tv is 1.
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Table A4. Typical Scales for Each Term of the Induction Equationa

Term Value

𝜕tBb 1.0 × 100

∇ ×
(

v × B
)

1.0 × 100

∇ ×
(

1
ne
∇pe

)
1.4 × 10−3

∇ ×
(

1
ne

j × B
)

8.9 × 10−5

∇ ×
(

me
e
�̃�inv

)
1.7 × 10−6

∇ ×
(

me
e
𝜈env

)
2.3 × 10−7

∇ ×
(

1
ne
∇me

mi
pi

)
2.3 × 10−8

∇ × me
ne2 𝜕t j 7.5 × 10−11

∇ × me
ne2 ∇ ⋅ (v j) 7.5 × 10−11

∇ × me
ne2 ∇ ⋅ (j v) 7.5 × 10−11

∇ ×
(

me
ne2 𝜈enj

)
2.1 × 10−11

∇ × me
ne2 ∇ ⋅

(
1

en
j j
)

6.6 × 10−15

∇ ×
(

me
ne2

(
me
mi

�̃�in

)
j
)

2.6 × 10−15

∇ ×
(

me
n2e2 Lj

)
4.4 × 10−16

aThe terms below the horizontal line can be neglected because their
typical scales are very small.

bThe values were normed so that 𝜕tB is 1.

It is the ratio between the x component of the perturbed plasma velocity inside the Alfvén wing vwing and
the unperturbed upstream plasma velocity v0. This factor is a measure of the fraction of the upstream plasma
flow that can enter Europa’s ionosphere and can also be expressed by conductances [e.g., Southwood and
Dunlop, 1984]:

𝛼plasma =
2ΣA

ΣP + 2ΣA
. (A14)

We determine the perturbed plasma velocity inside the Alfvén wing at a distance of 3 RE following the north-
ern characteristic. The maximum energy flux which is lost due to electron impact ionization within Europa’s
atmosphere is calculated by

Flost = fimp,maxn0Eion,eff

∞

∫
RE

2𝜋

∫
0

𝜋

∫
0

nn(r, 𝜙, 𝜃)dV . (A15)

For the effective ionization energy of O2 we use Eion,eff = 32 eV [Banks and Kockarts, 1973].

The ionization rate by the background magnetospheric plasma fimp,0 represents in our calculation an upper
limit for the applicable ionization rate. The fimp,0 for a specific electron temperature is calculated by [Banks and
Kockarts, 1973]

fimp,0(Te) =

∞

∫
Eion

dE fE(E)𝜎imp(E)vel(E) (A16)

with the normalized Maxwellian distribution function in energy space

fE(E) =
2
√

E
𝜋

(kBTe)
− 3

2 exp

(
− E

kBTe

)
, (A17)

the kinetic electron velocity at a given energy

vel(E) =
√

2E
me

, (A18)
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Table A5. Typical Scales for Each Term of the Energy Equationa

Term Value

𝜕t𝜖
b 1.0 × 100

∇ ⋅ (𝜖v) 1.0 × 100

p∇ ⋅ v 6.7 × 10−1

1
2

miPv2 1.3 × 102

�̃�in𝜌

mi+mn
mnv2 1.2 × 101

�̃�in𝜌

mi+mn
3kBTi 1.0 × 100

�̃�in𝜌

mi+mn
3kBTn 1.2 × 10−4

nme𝜈en
me+mn

mnv2 5.7 × 10−5

3kB
2e

∇ ⋅
(

Te j
)

4.4 × 10−5

1
e

pe∇ ⋅
(

j

n

)
3.0 × 10−5

nme𝜈en
me+mn

3kBTe 4.8 × 10−6

3
2

kBLTi 3.0 × 10−6

3
2

kBLTe 3.0 × 10−6

�̃�in𝜌

mi+mn
2 mnme

𝜌e
j ⋅ v 7.5 × 10−8

nme𝜈en
me+mn

2mn
ne

v ⋅ j 1.0 × 10−8

3kB
2e

∇ ⋅
(

me
mi

Ti j
)

7.6 × 10−10

nme𝜈en
me+mn

3kBTn 5.3 × 10−10

1
e

me
mi

pi∇ ⋅
(

j

n

)
5.1 × 10−10

me
n2e2 Pj2 3.4 × 10−12

nme𝜈en
me+mn

mn
n2e2 j2 4.5 × 10−13

�̃�in𝜌

mi+mn
mn

m2
e

𝜌2e2 j2 2.9 × 10−17

aThe terms below the horizontal line can be neglected because their
typical scales are very small.

bThe values were normed so that 𝜕t𝜖 is 1.

and the ionization cross sections 𝜎imp(E) for O2 adopted from Hwang et al. [1996]. Eion is the threshold for ion-
ization of O2. In order to obey energy conservation we take into account that the energy flux that is available
from the plasma torus for the reheating of the cooled magnetospheric electrons needs to be larger than the
energy flux which is used up by electron impact ionization (Flost ≤ FTorus). To ensure that this condition is ful-
filled at every time step in our MHD simulations, we compute the maximum possible ionization rate fimp,max.
This is done by equating FTorus = Flost:

fimp,max =
3kBTev0(RE + H)𝛼PlasmaLTorus

Eion,eff ∫ nn dV
. (A19)

The electron impact ionization rate in equation (8) is then calculated in the following way:

fO2
=
{

fimp,max for fimp,max ≤ fimp,0

fimp,0 for fimp,max > fimp,0 ,
(A20)

where fO2
is controlled by the strength of the plasma interaction to avoid overestimation of the plasma

production.

Appendix B: Analytic Model of the Plasma Interaction

Europa’s conductive ionosphere acts as an obstacle to the unperturbed plasma flow. The electrodynamic
interaction creates a current system composed of ionospheric currents, Alfvén wing currents, and additional
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hemisphere coupling currents when an asymmetric atmosphere is present. In this section we present an
analytic solution of the electric potential for asymmetric ionospheric quantities and for a constant magnetic
field. Note that this solution is only applicable for the Alfvénic far field. Sketches of the constant ionospheric
conductances and the geometry of the electric current system are displayed in Figures 1 and 2. We aim to
elucidate with this solution the implications of an atmospheric inhomogeneity in a global atmosphere on
Europa’s plasma interaction in the Alfvénic far field. Although the electric potential is reduced to two dimen-
sions, the ionospheric conductivities and the ionospheric current system is three dimensional. In analogy to
the calculations of Saur et al. [2007] we apply the following approach in polar coordinates (x = r cos𝜙 and
y = r sin𝜙):

Φ̂(r̂, 𝜙) =
∞∑

l=1

[
r̂l(al sin(l𝜙) + bl cos(l𝜙)) + r̂−l(gl sin(l𝜙) + hl cos(l𝜙))

]
(B1)

for the solution of the Laplace equation ΔΦ(x, y) = 0, where we use r̂ = r∕R for the radial component and
Φ̂=Φ∕Φ0 for the electric potential with the radius of the moon R, the unperturbed electric potentialΦ0 = E0R,
and the unperturbed corotational electric field E0. The constants al , bl , gl , and hl are to be determined from the
boundary conditions. Note, within each area of constant conductances where the Laplace equation needs to
be solved, a separate set of al , bl , gl , and hl have to be calculated. The solution for the electric potential should
fulfill the boundary and the jump conditions. Additionally, it has to be continuous without singularities. Only
coefficients with l = 1 are nonzero because the perturbed electric field vanishes at infinity and the potential
is given by

Φ0 = E0y for r → ∞ . (B2)

We subdivide our interaction region in five domains (see Figure 2): In the external domain, where the field
lines do not intersect the solid body and the ionospheric conductances vanish, the electric potential with
superscript e is given by

Φ̂e(r̂, 𝜙) = r̂ sin(𝜙) + r̂−1
(

ge
1 sin(𝜙) + he

1 cos(𝜙)
)

for r̂a,8 ≤ r̂ . (B3)

The domain with superscript a represents the area where the conductances peak and decrease approximately
in an exponential form, when moving outward and where the currents feed into the global ionosphere are
located. The potential in this area is given by

Φ̂a,k(r̂, 𝜙) = r̂
(

aa,k
1 sin(𝜙) + ba,k

1 cos(𝜙)
)
+ r̂−1

(
ga,k

1 sin(𝜙) + ha,k
1 cos(𝜙)

)
for r̂a,k−1 < r̂ ≤ r̂a,k . (B4)

This exponential-ionospheric domain is subdivided into eight regions in order to construct the decrease of
the conductances as visible in Figure 1. The index k runs from 1 to 8 and ra,0 = rs correspond to the radius of
the moon. In each region the conductances Σa,k

P,H are constant and each region is spatially limited by ra,k . The
conductances are constructed in the way that

Σa,k
P,H = Σa,1

P,H exp
(
−(k − 1) Δ∕H̃

)
. (B5)

For the step size Δ we chose a value of 0.04 rs. Here we introduced the effective scale height H̃. Our purpose
with the approximation to an exponentially decreasing ionospheric domain is to investigate if the steep gra-
dient seen in the measured magnetic field when Galileo crossed the Alfvén wing during the E17 flyby can be
explained by Europa’s global atmosphere. Therefore, we consider the average electron density which has its
maximum near the surface. The average profile of the electron density is best described by an exponential
decrease with altitude with a model having a plasma scale height of He = 240±40 km below 300 km according
to the results of Kliore et al. [1997]. We describe Europa’s global atmosphere radially symmetric (equation (6)).
The atmospheric neutral density is described by an exponential decrease in altitude. The Pedersen conductiv-
ity depends approximately on the product of the electron and the neutral density which is particularly correct
farther away from the surface. Thus, we assume for the linear Pedersen conductivity 𝜎P ∼ exp

(
h

He
+ h

Ha

)
. The

effective scale height is then given by

H̃ =
HaHe

Ha + He
. (B6)

For the atmospheric scale height we choose Ha =145 km [Saur et al., 1998; Roth et al., 2016] and for the plasma
scale height He = 240 km [Kliore et al., 1997] (see discussion in section 3.4.1). The spatial extent of domain a
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strongly depends on the effective scale height. In the northern hemisphere we assume a global atmosphere
with constant conductances Σn

P,H. Thus, the electric potential within the northern tube is given by

Φ̂n(r̂, 𝜙) = r̂
(

an
1 sin(𝜙) + bn

1 cos(𝜙)
)

for r̂ ≤ r̂s . (B7)

In this calculation the inhomogeneity with conductances Σp
P,H is assumed to lie at the south pole of the moon

and the electric potential in domain p is calculated by

Φ̂p(r̂, 𝜙) = r̂
(

ap
1 sin(𝜙) + bp

1 cos(𝜙)
)

for r̂ ≤ r̂p . (B8)

The region outside of the dense inhomogeneity is characterized by the electric potential with superscript s:

Φ̂s(r̂, 𝜙) = r̂
(

as
1 sin(𝜙) + bs

1 cos(𝜙)
)
+ r̂−1

(
gs

1 sin(𝜙) + hs
1 cos(𝜙)

)
for r̂p ≤ r̂ ≤ r̂s . (B9)

The free parameters aj
1, bj

1, gj
1 and hj

1 with the superscript j = e, a, n, s, and p depend on the conductances
within each domain and the spatial limitations of each domain. To compute these constants, we have to
consider the boundary conditions between individual domains. The electric potential has to be continuous
at the boundaries of the domains, so Φ̂e(r̂ = r̂a,8) = Φ̂a,8(r̂ = r̂a,8), Φ̂a,8(r̂ = r̂a,7) = Φ̂a,7(r̂ = r̂a,7), … ,
Φ̂a,2(r̂ = r̂a,1) = Φ̂a,1(r̂ = r̂a,1), Φ̂a,1(r̂ = r̂s) = Φ̂n(r̂ = r̂s) = Φ̂s(r̂ = r̂s), and Φ̂s(r̂ = r̂p) = Φ̂p(r̂ = r̂p). The con-
dition of continuity does not hold for the normal component of the electric potential. For the boundaries at
the domain at rp and ra we use the jump condition [Saur et al., 1999, equation (A2)]

lim
𝜖→0

||||r (ΣP + ΣA

) 𝜕Φ
𝜕r

+ ΣH
𝜕Φ
𝜕𝜙

||||rj+𝜖

rj−𝜖
= 0 (B10)

with rj = rp,a. At r = rs the hemisphere coupling occurs and the potentials Φa,1, Φs, and Φn are linked through
equation (9) in the work of Saur et al. [2007]. We apply a computer algebra program to calculate the 42 free
parameters from the boundary and jump conditions. The equations for the electric potential (B3)–(B9) are
uniquely solved. The calculation of the electric potential for a north polar inhomogeneity is analogous.

In the Alfvén wings the frozen-in-field theorem holds, so the electric field is given by E = −v × B. The analytic
model is based on pure Alfvénic interaction in the far field so the perturbed magnetic field 𝛿B and velocity
𝛿v are related by 𝛿B = ±

√
𝜇0𝜌0 𝛿v. Combining these relationships it is possible to calculate the perturbed

magnetic field from the electric field [Neubauer, 1980]. Neubauer [1980] uses a coordinate system with the z
axis aligned with either the northern or the southern Alfvén characteristic. The northern (c−A ) and southern
(c+A ) Alfvén characteristics are given by

c±A = v0 ± B0∕(
√
𝜇0𝜌0) . (B11)

The y axis in the system of Neubauer [1980] is the same as in the EPhiB system and the x axis completes the
right-handed coordinate system. Transforming equations (14) and (15) of his work into the EPhiB system leads
to the expression of the magnetic field for the Alfvénic far field:

B = 1√
1 + M2

A

⎛⎜⎜⎜⎜⎜⎜⎝

∓𝜇0ΣAEy ∓ MA

√
B2

0 − 𝜇2
0Σ

2
A

(
E2

y + 1
1+M2

A

E2
x

)
±𝜇0ΣAEx

𝜇0ΣAMAEy −

√
B2

0 − 𝜇2
0Σ

2
A

(
E2

y + 1
1+M2

A

E2
x

)
⎞⎟⎟⎟⎟⎟⎟⎠
, (B12)

where B and E are given in the EPhiB system. The upper and lower signs refer to the northern and southern
Alfvén wings, respectively. The Alfvén conductance is given by

ΣA = 1

𝜇0vA0

√
1 + M2

A

(B13)

for low Alfvénic Mach numbers MA [Neubauer, 1980]. The parameter vA0
is the Alfvén velocity of the upstream

plasma. Incorporating our solutions for the electric potential given in equations (B3)–(B9) in the calculations
of the magnetic field allows us to calculate the magnetic field in the Alfvénic far field for our specific problem.
It is not applicable to calculate the magnetic field perturbation in the near field since local ionospheric effects
become important in this region.
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The calculations made here are based on the fact that the chosen geometry of the conductances possesses
rotational symmetry around the z axis. A breakup of this symmetry, for example, by choosing a position for
the inhomogeneity away from the north or south pole, would make the calculations exceedingly complex. The
real plasma interaction is not purely Alfvénic and the interaction region is much more complex. However, the
here presented approach is useful for a first analysis to search for potential local atmospheric inhomogeneities
in the magnetic field and, if available, plasma velocity data.
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Vasyliūnas, V. M. (2016), Physical origin of pickup currents, Ann. Geophys., 34, 153–156, doi:10.5194/angeo-34-153-2016.

BLÖCKER ET AL. ALFVÉN WINGLETS WITHIN ALFVÉN WINGS 34

http://dx.doi.org/10.1029/1999JA900217
http://dx.doi.org/10.1029/2000GL012320
http://dx.doi.org/10.1029/2001GL014127
http://dx.doi.org/10.1029/1999JA900191
http://dx.doi.org/10.1016/j.icarus.2012.01.023
http://dx.doi.org/10.1016/j.pss.2013.08.011
http://dx.doi.org/10.1126/science.1247051
http://dx.doi.org/10.1073/pnas.1416671111
http://dx.doi.org/10.1002/2015JA022073
http://dx.doi.org/10.1002/2015JA021149
http://dx.doi.org/10.1029/97JE03556
http://dx.doi.org/10.1029/1999JA900304
http://dx.doi.org/10.1029/2007JA012479
http://dx.doi.org/10.1088/0004-637X/738/2/153
http://dx.doi.org/10.1029/2003JE002166
http://dx.doi.org/10.1016/j.icarus.2007.06.024
http://dx.doi.org/10.1029/2007JA012842
http://dx.doi.org/10.1016/j.icarus.2004.08.013
http://dx.doi.org/10.1029/2010JA016338
http://dx.doi.org/10.1002/2014GL060081
http://dx.doi.org/10.1002/2015JA021529
http://dx.doi.org/10.1029/JA092iA06p05741
http://dx.doi.org/10.1016/j.pss.2013.01.013
http://dx.doi.org/10.1029/JA085iA11p05959
http://dx.doi.org/10.1126/science.1147621
http://dx.doi.org/10.1086/191680
http://dx.doi.org/10.5194/angeo-34-153-2016


Journal of Geophysical Research: Space Physics 10.1002/2016JA022479

Volwerk, M., M. G. Kivelson, and K. K. Khurana (2001), Wave activity in Europa’s wake: Implications for ion pickup, J. Geophys. Res., 106,
26,033–26,048, doi:10.1029/2000JA000347.

Volwerk, M., K. Khurana, and M. Kivelson (2007), Europa’s Alfvén wing: Shrinkage and displacement influenced by an induced magnetic
field, Ann. Geophys., 25, 905–914, doi:10.5194/angeo-25-905-2007.

Wolf-Gladrow, D. A., F. M. Neubauer, and M. Lussem (1987), Io’s interaction with the plasma torus—A self-consistent model, J. Geophys. Res.,
92, 9949–9961, doi:10.1029/JA092iA09p09949.

Zimmer, C., K. K. Khurana, and M. G. Kivelson (2000), Subsurface oceans on Europa and Callisto: Constraints from Galileo magnetometer
observations, Icarus, 147, 329–347, doi:10.1006/icar.2000.6456.

BLÖCKER ET AL. ALFVÉN WINGLETS WITHIN ALFVÉN WINGS 35

http://dx.doi.org/10.1029/2000JA000347
http://dx.doi.org/10.5194/angeo-25-905-2007
http://dx.doi.org/10.1029/JA092iA09p09949
http://dx.doi.org/10.1006/icar.2000.6456

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


