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Abstract We analyze the magnetic field perturbations observed near Jupiter's icy moon Europa by the
Galileo spacecraft during the E26 flyby on 3 January 2000. In addition to the expected large-scale signatures
of magnetic fieldline draping and induction, the E26 data set contains various prominent structures on
length scales much smaller than the moon's radius. By applying a hybrid (kinetic ions and fluid electrons)
model of Europa's interaction with the impinging magnetospheric plasma, we demonstrate that these
fine structures in the magnetic field are consistent with Galileo's passage through a water vapor plume
whose source was located in Europa's orbital trailing, southern hemisphere. Considering the large-scale
asymmetries of Europa's global atmosphere alone is not sufficient to explain the observed magnetic
signatures. Combined with the recent identification of a plume during the earlier E12 flyby of Galileo, our
results provide strong evidence that plume activity at Europa was a persistent phenomenon during the
Galileo era.

Plain Language Summary Observations by the Hubble Space Telescope have revealed the
presence of water vapor plumes at Jupiter's icy moon Europa. However, in contrast to the Enceladus plume,
the occurrence of plumes at Europa seems to be a transient phenomenon. The mechanism governing the
times and locations of these emissions is still unknown. In addition to telescope observations, magnetic
field data collected near Europa can be applied as a tool to search for plumes. Since Europa is located within
Jupiter's magnetosphere, the moon is continuously exposed to a flow of magnetized plasma with a relative
velocity around 100 km/s. The interaction of this plasma with a plume at Europa will locally deflect the
magnetospheric flow, thereby generating characteristic deformations of Jupiter's magnetic field. We have
revisited magnetic field observations acquired by the Galileo spacecraft during its E26 flyby of Europa on
3 January 2000. By using a plasma simulation model, we demonstrate that the magnetic perturbations
observed near Europa are indicative of a water vapor plume in the moon's trailing hemisphere. The source
of this plume was located near the Butterdon Linea at Europa's surface. This finding is highly relevant for
the planning of synergistic measurements during the upcoming Europa Clipper mission.

1. Introduction
The smallest Galilean moon, Europa (radius RE = 1, 560.8 km), likely hosts a global subsurface ocean
(Kivelson et al., 2000). The thickness of the ocean is suspected to be on the order of 100 km (Schilling et al.,
2007), whereas the estimates for the thickness of Europa's icy crust range from a few kilometers up to 60 km
(Hand & Chyba, 2007; Hussmann et al., 2002; Schenk, 2002). Hubble Space Telescope (HST) observations in
December 2012 revealed a localized increase of ultraviolet emission intensity near the south pole of Europa,
associated with a surplus of oxygen and hydrogen. Roth et al. (2014a) demonstrated that the observed inho-
mogeneity in Europa's atmosphere could be interpreted as two water vapor plumes emanating near 180◦

W 75◦ S and 55◦ S, each with a scale height of about 200 km. A single, but broader, plume could explain
the observations equally well. However, subsequent HST observations in 2014 and 2015 could not iden-
tify the anomalies observed in 2012, indicating that (in contrast to the Enceladean plumes), the plumes at
Europa seem to be transient in nature (Roth et al., 2014b, 2016). Subsequently, Sparks et al. (2016, 2017) were
able to find new, equatorial locations of enhanced neutral column density through image postprocessing of
available HST data.

Europa orbits Jupiter at a distance of 9.38 RJ (radius of Jupiter RJ = 71, 492 km. The moon is embedded in
Jupiter's magnetosphere and its equatorial plasma sheet (Kivelson et al., 2009). Since the orbital period of
Europa is significantly larger than Jupiter's rotational period (the synodic period is 11.23 hr with respect to
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Figure 1. Geometry of the Galileo E26 flyby of Europa in EPhiO coordinates, as seen (a) from the upstream,
Jupiter-averted side (b) when looking at the moon's southern hemisphere. The white line denotes the trajectory of the
spacecraft. The blue isosurface illustrates the position and orientation of the plume included in simulation run #1
(see section 2 for details). The E26 trajectory is located within the z ≈ − 0.8RE plane of the EPhiO.

Europa), sub-Alfvénic, magnetospheric plasma continuously impinges onto Europa's tenuous atmosphere
and ionosphere. The moon's ionosphere is mainly generated by electron impact ionization, with the contri-
bution of solar ultraviolet ionization being an order of magnitude smaller (Saur et al., 1999). Mass loading
of the magnetospheric plasma by Europa's ionosphere decelerates the impinging flow and deflects it around
the moon (e.g., Rubin et al., 2015). The magnetospheric field drapes around the obstacle, forming Alfvén
wings at larger distances to Europa (Neubauer, 1980, 1998).

Driven by the 9.6◦ tilt between Jupiter's magnetic and rotational axes, the ambient magnetospheric field
near Europa exhibits an oscillation at Jupiter's synodic rotation period. This time variability induces a sec-
ondary magnetic field in Europa's conducting subsurface ocean, which has a dipolar shape outside of the
moon (Khurana et al., 1998; Zimmer et al., 2000). Therefore, in addition to Europa's atmosphere/ionosphere,
the magnetospheric plasma interacts with the (time-varying) dipole field induced in Europa's subsurface
ocean (Kivelson et al., 1999). The induced dipole contributes to the plasma deflection and reduces the cross
sections of the two Alfvénic fluxtubes, compared to a scenario without induction (Neubauer, 1999; Volwerk
et al., 2007).

However, this picture considers only the influence of Europa's global atmosphere and induced field on the
plasma interaction but not the impact of a possible plume. A localized inhomogeneity in the atmosphere gen-
erates a tube-like region of locally enhanced current density and flow deceleration within the main Alfvén
wing, referred to as an Alfvén winglet by Blöcker et al. (2016). A plume source in, for example, Europa's
southern hemisphere, will also break the symmetry of the Alfvén wings between the moon's northern and
southern hemispheres (Blöcker et al., 2016). Due to the translational invariance along their characteristics
Neubauer (1980), the Alfvén wings and associated asymmetries can extend to arbitrarily large distances from
Europa. This facilitates a “remote” detection of plumes in magnetic field data from distant Europa flybys.

Out of the 12 Galileo flybys of Europa, only the E12 (on 16 December 1997) and E26 (on 3 January 2000)
flybys passed at a low altitude of only 400 km to Europa's surface, an altitude of the same order as the
scale height of the plume found by Roth et al. (2014a). Both of these flybys occurred in the orbital trailing
hemisphere of Europa: The E12 flyby occurred at equatorial latitudes, whereas the E26 flyby occurred at
more southern latitudes (see Figure 1). During E26, Europa was located at 03:00 local time and at a distance
of 1.5 RJ below Jupiter's magnetospheric current sheet. As suggested by Blöcker et al. (2016), transverse
currents within the plumes should leave a clear imprint in Galileo magnetometer data from such close
flybys. Indeed, magnetic field observations from both flybys reveal sharp, highly localized perturbations in
all three components near closest approach (C/A) of the spacecraft that are superimposed on the signatures
of the main Alfvén wings.

The black lines in Figure 2 display magnetometer data from the E26 flyby in EPhiO coordinates. In this
Cartesian coordinate system, the x axis is aligned with the corotational flow direction, the y axis points
toward Jupiter, and the z axis completes the right-handed system. The origin of the EPhiO system coin-
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Figure 2. Modeled and measured magnetic field along the E26 trajectory. (a–c) Each of the three panels illustrates the magnetic field components observed by
Galileo (black) as well as the dipolar magnetic field associated with induction in Europa's subsurface ocean alone (light blue). In addition, the modeled
magnetic fields from two of the hybrid simulation runs are shown in each panel. To facilitate the identification of fine structures in the magnetic field, each
panel contains only the results of two simulations. The vertical black line denotes Galileo's closest approach to Europa at 17:59:37. C/A = closest approach.

cides with the center of Europa. The Bx component observed during E26 shows a broad enhancement
between 17:59:00 and 18:05:00, associated with the bending of the field toward downstream in the south-
ern Alfvén wing. Superimposed on the main Alfvén wing signature is a double-peak structure (between
17:59:30 and 18:01:00) with a magnitude of about Bx = 150 nT at the two spikes and a minimum of
Bx = 25 nT in between the enhancements. The observed perturbation in the By component mainly consists
of a single, prominent enhancement of 100 nT near 18:01:00. The Bz component shows multiple drops and
enhancements during the same interval as Bx.

Blöcker et al. (2016) applied a three-dimensional magnetohydrodynamic model with a single plume in
Europa's southern trailing hemisphere to investigate whether the magnetic perturbations measured during
E26 could contain any hints of plume activity during the flyby. With this model, Blöcker et al. (2016) were
able to qualitatively reproduce the outbound enhancement in Bx. However, their model severely underesti-
mated the magnitude of the Bx peak in the inbound region. Also, the width of the modeled Bx peak in the
outbound region was much larger than observed by Galileo. The model of Blöcker et al. (2016) could not
reproduce the observed By enhancement between 17:56:00 and 18:02:00. The perturbations in the observed
Bz component could not be matched in magnitude nor structure. Blöcker et al. (2016) ascribed the discrep-
ancies between model and observations to the missing ionospheric Hall effect and the radially symmetric
atmospheric density profile applied in their model. Their model was therefore unable to determine whether
or not Galileo had passed through a plume during the E26 encounter. Several other models tried to explain
the magnetic field data from the E26 flyby without inclusion of a local plume source (Rubin et al., 2015;
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Schilling et al., 2008). While these studies were able to describe the magnitude of the broad Bx enhance-
ment associated with the southern Alfvén wing crossing (during 17:59:00–18:05:00), they did not succeed
in explaining the double-peaked fine structure within the Alfvén wing.

Magnetic field data from the E12 flyby display similarly localized perturbations on a scale smaller than the
radius of Europa. Using the BATS-R-US multifluid magnetohydrodynamic model, Jia et al. (2018) searched
for plume signatures in magnetic field and plasma data from the E12 encounter. These authors were able to
attribute the observed sharp enhancements and drops in all three magnetic field components over a distance
of 1,000 km near C/A to a plume at Europa. However, the model of Jia et al. (2018) underestimated the
observed amplitudes of the perturbations in Bx and By by more than a factor of 2. The density enhancement
observed by the Galileo Plasma Wave Spectrometer near C/A was reproduced by the model of Jia et al.
(2018). However, the structures in the plasma density observed in the outbound region were not matched
by their simulation. Overall, Jia et al. (2018) provided strong evidence that the location and extension of the
magnetic field and plasma perturbations observed during the E12 flyby were generated by a plume.

Building upon the work of Blöcker et al. (2016) and the recent, successful plume identification by Jia et al.
(2018), the goal of our study is to search Galileo magnetic field data from E26 for evidence of a plume in
Europa's orbital trailing, southern hemisphere.

2. Model Description
We apply the AIKEF (Adaptive Ion-Kinetic Electron-Fluid) hybrid code (Müller et al., 2011) for our simu-
lations, which treats ions as particles and electrons as a massless, charge-neutralizing fluid. In contrast to
the magnetohydrodynamic approach of Schilling et al. (2008) and Blöcker et al. (2016), AIKEF can describe
asymmetries in the plasma flow due to the ionospheric Hall effect as well as flow shear between the mag-
netospheric plasma and the plasma emanating from Europa (e.g., from its ionosphere or a plume source).
AIKEF has already been successfully applied to model Cassini magnetic field observations from multiple
flybys through the Enceladus plume (Kriegel et al., 2014, 2011, 2009).

We use similar magnetospheric upstream parameters as Rubin et al. (2015) and Blöcker et al. (2016) to
facilitate a comparison to their results for the E26 flyby. Since the bulk velocity of the (nearly) corotating
plasma relative to Europa is not constrained through observations from E26, we use a value of u0 = 100 km/s
in agreement with Bagenal et al. (2015). The upstream number density in the simulations (n = 30 ·106m−3)
is consistent with the range of values measured by Galileo during the flyby (Kurth et al., 2001). The plasma
density during E26 was about a factor of 20 smaller than the anomalously high density observed during
E12 (Kurth et al., 2001), suggesting a much weaker plasma interaction during E26. For the average mass
of the incident, singly charged ions we use mi = 18.5 amu (Kivelson et al., 2004). The temperature of the
impinging ions and electrons is set to the same value of kBTi,e = 100 eV (Kivelson et al., 2004) and the
magnetospheric background field during the E26 flyby is B⃗0 = (−22, 205,−379) nT (see Kivelson et al., 1999,
and Figure 2). These parameters result in an Alfvénic Mach number for the upstream plasma of MA = 0.25.

Due to the vast difference in the timescales of the plasma interaction and induction effects (minutes com-
pared to hours, see Seufert et al., 2011), the field induced in Europa's subsurface ocean during the E26 flyby
can be represented in our model as a static dipole moment (Neubauer, 1999; Zimmer et al., 2000). In analogy
to Rubin et al. (2015), Europa's interior is treated as a perfectly conducting sphere (see also Kivelson et al.,
1999; Zimmer et al., 2000, for details).

In our model, Europa's atmosphere consists of molecular oxygen, which was found to be the dominant
species (Hall et al., 1995; McGrath et al., 2009). Sputtering of Europa's surface is not uniform: Pospieszalska
and Johnson (1989) as well as Cassidy et al. (2013) showed that the sputtering rate decreases from the trail-
ing hemisphere toward the leading hemisphere. Therefore, for the neutral density distribution, we use an
analytical description similar to the model of Rubin et al. (2015). The density profile in the trailing nT and
leading nL hemispheres reads

nL(h) = n0 · exp
(
− h

h0

)
, 90◦ < 𝛼 ≤ 180◦,

nT(h, 𝛼) = nL(h) · (1 + A · cos(𝛼)), 𝛼 ≤ 90◦,
(1)

with the radial distance h = |r⃗|−RE (where r⃗ is the position vector from Europa's center) to Europa's surface,
the neutral scale height h0 = 50 km, and the surface density n0 = 1·1014 m−3. The symbol 𝛼 denotes the
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angle between the position r⃗ and the negative x axis (which points into the trailing/ramside hemisphere).
The parameter A represents the strength of the trailing/leading asymmetry. We consider two cases: A =
0, similar to the symmetric, barometric profile of Blöcker et al. (2016) and A = 10. In this way, we can
systematically assess the potential of large-scale/global atmospheric asymmetries to obstruct any (locally)
observable plume signatures in the magnetic field. The O2 column density in our runs therefore ranges from
5.5 · 1019m−2 for A = 10 to 5 · 1018m−2 for A = 0, consistent with the interval of 1018 − 1019 m−2 inferred
from HST observations (Hall et al., 1995; Plainaki et al., 2018; Saur et al., 1998).

We also consider a single water vapor plume with the neutral density profile suggested by Jia et al. (2018):

nP(h,Δ𝜃) = nP,0 · exp
⎡⎢⎢⎣−

(
h
hp

)2

−

(
Δ𝜃(P⃗)

h𝜃

)2⎤⎥⎥⎦ , (2)

where Δ𝜃(P⃗) represents the angular distance from the plume axis P⃗ (which is not necessarily perpendicular
to Europa's surface), hp the scale height of the plume, h𝜃 the opening angle of the plume, and nP,0 the surface
number density of the plume. Thus, the neutral density profile of the plume is rotationally symmetric around
the plume axis P⃗. In our simulations, we use hp = 200 km, h𝜃 = 15◦, and nP,0 = 3.9 · 1015 m−3, resulting
in a column density of H2O along the plume axis of 7.8 · 1020 m−2. This value is consistent with the range of
values inferred from HST observations: 1.5 ·1020 m−2 (Roth et al., 2014a) to 2.3 ·1021 m−2 (Sparks et al., 2016).
The location of the plume's “footpoint” and orientation of its symmetry axis P⃗ with respect to the surface
are free parameters in our model. However, we place its footpoint in the vicinity of the Butterdon Linea (see
Table 1 of Doggett et al., 2009), which is the surface feature closest to the E26 trajectory. Assuming that the
generation mechanism of plumes on Europa is similar to that of the plumes at Enceladus (Porco et al., 2006),
we allow an inclination of the plume axis P⃗ against the local radial/zenith direction at its footpoint (see Jia
et al., 2018). The footpoint of the plume at Europa's surface is located at

F⃗(𝜃F , 𝜙F) = RE(sin(𝜃F) cos (𝜙F), sin(𝜃F) sin (𝜙F), cos(𝜃F)), (3)

where 𝜙F is measured in the right-handed EPhiO coordinates, whereas 𝜃F = 0◦ marks Europa's north
pole and 𝜃F = 180◦ Europa's south pole, respectively. The inclination of the plume axis P⃗ against the
local radial direction at the footpoint F⃗ is defined by the angles 𝜃 = 𝜃 − 𝜃F and �̃� = 𝜙−𝜙F , that is,
𝜃 = 0◦, �̃� = 0◦ means that the plume axis P⃗ is perpendicular to the surface. We have carried out mul-
tiple simulation runs for various combinations of footpoint locations and orientations of the plume axis.
The following four sets of parameters were found to yield best possible agreement between modeled and
measured magnetic field perturbations: run #1: A = 10, P⃗(𝜃, 𝜙, 𝜃, �̃�) = (140◦, 300◦,−20◦,−20◦); run #2:
A = 10, P⃗(𝜃, 𝜙, 𝜃, �̃�) = (140◦, 300◦, 0◦,−10◦); run #3: A = 10, P⃗(𝜃, 𝜙, 𝜃, �̃�) = (140◦, 300◦, 0◦, 35◦); and run
#4: A = 10, P⃗(𝜃, 𝜙, 𝜃, �̃�) = (135◦, 305◦, 0◦, 35◦). For reference, we have also carried out two simulations with-
out a plume, using an asymmetric atmosphere (A = 10) in run #5 and a symmetric atmosphere (A = 0,
with a higher base density of 11 · n0, to compare it with run #5) in run #6.

In our model, the neutral atmosphere and plume are ionized by electron impacts, which is the dominant
ionization process at Europa (Saur et al., 1998). In analogy to Blöcker et al. (2016), Schilling et al. (2008),
and Jia et al. (2018), we calculate the ion production rate by multiplying the electron impact ionization rate
fimp(Te) for H2O and O2 with the respective neutral density profile. To derive the electron impact ionization
rate of each species, we assume a Maxwellian velocity distribution for the ionizing electrons and integrate
over their energy-dependent ionization cross sections (taken from the National Institute of Standards and
Technology database [Kim et al., 2004]); see also the approach of Banks and Kockarts (1973). This leads
to constant ionization rates of 2·10−6 s−1 for H2O+ and 2.3·10−6 s−1 for O+

2 . The assumption of a constant
ionization rate is consistent with the approach of Blöcker et al. (2016) and Jia et al. (2018). Our model also
considers loss of ionospheric O+

2 and H2O+ ions due to dissociative recombination, with the recombination
rates given in Schunk and Nagy (2000):

𝛼O+
2

= 2 · 10−13
(

300
Te

)0.7
m3∕s,

𝛼H2O+ = 1.03 · 10−9(Te
)−1.111 m3∕s.

(4)

The extensions of our simulation domain are −10RE ≤ x ≤ 20RE, −15RE ≤ y ≤ 15RE, and −30RE ≤

z ≤ 30RE. The grid resolution varies between three regions of our simulation box (centered around (0,0,0)):
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33 km for |x, y, z| ≤ 1.5RE, 66 km for 1.5RE < |x, y, z| ≤ 3RE, and 132 km outside of that cube. Analogous
to the approach of Blöcker et al. (2016), we discontinue the simulations as soon as the Alfvén wings reach
the outer boundaries of the domain.

3. Results
In Figures 2a–2c, the comparison between the modeled (runs #1 to #6 from section 2) and measured mag-
netic field signatures (black lines) is depicted. For reference, we also show the dipolar field induced in the
subsurface ocean (without any contributions from plasma currents, light blue line) in all panels.

The Bx component in all six runs shows a broad enhancement between 17:57:00 and 18:04:00, corresponding
to the crossing of the southern Alfvén wing, similar to the results of Schilling et al. (2007), Rubin et al. (2015),
and Blöcker et al. (2016). Runs #1 to #4 (which include a plume) also reveal the prominent double-peak
feature in Bx between 17:59:30 and 18:01:00. The relative strength of the two enhancements varies between
our simulations. Runs #3 and #4 display a weaker inbound (18:00:00) than outbound peak (18:01:30) in
Bx, whereas the magnitude and shape of the two peaks in run #2 are nearly symmetric around the local
minimum (18:00:30). In run #1, the inbound enhancement in Bx is about 10 nT stronger than the outbound
enhancement. The fine structure of the Bx signature observable along the E26 trajectory is highly sensitive to
even slight changes in the orientation and footpoint of the plume axis P⃗. However, the width of the modeled
Bx signature in all four runs with a plume is consistent with the Galileo data.

All six model runs produce a bipolar perturbation in the By component: An enhancement in the inbound
region is followed by a decrease in the outbound region. Comparison to the pure induction signal (light
blue line) illustrates that the inbound By signature is generated when the dipole field is compressed by the
plasma interaction, thereby amplifying the perturbations associated with an induced dipole field alone. The
magnitude and width of the By enhancement observed in the inbound region are well reproduced by all six
model runs. However, compared to observations, the contribution of plasma currents is overestimated in
the outbound region. All other models that have been applied to E26 without a plume (Rubin et al., 2015;
Schilling et al., 2007) as well as with a plume (Blöcker et al., 2016) produced a similar outbound depletion in
By as our model. The discrepancy in the outbound region of By may be caused by a locally enhanced current
density within the plume that is not reproduced by the analytical density profile applied here (equation (2)).
An analysis of the two-dimensional magnetic field structures in the E26 flyby plane (Figure 3, see below) will
shed additional light on the origin of this structure. If a plume is considered, only the sharp flank between
the inbound and outbound signatures in By (17:59:00–18:00:01) changes quantitatively. The modeled By
component therefore contains the least indicative signatures for the presence of a plume.

The observed Bz component displays a bipolar structure as well: An enhanced |Bz| was detected by Galileo
in the inbound region (17:51:00–17:59:30), followed by a decrease in the outbound region immediately after
17:59:30. The inbound enhancement of |Bz| is nearly identical to the pure induction signal, indicating that
plasma currents made only a weak contribution to this feature. The width and magnitude of the inbound|Bz| increase are well reproduced by all six hybrid runs. The Bz perturbation observed outbound is highly
localized: It possesses an extension of only 0.1RE along the flyby trajectory (crossed between 18:01:00 and
18:02:00) and is bounded by discontinuity-like jumps of Bz on both sides. Furthermore, the location of the
outbound depression in |Bz| nearly coincides with the outbound spike seen in Bx (which could clearly be
associated with Galileo's passage through a plume). The model's ability to reproduce the pillar-like outbound
depletion of |Bz| near 18:01:00 strongly depends on the plume orientation and location of its footpoint: Even
slight changes of either lead to a drastic change of width and magnitude of the modeled Bz structure (e.g., run
#1 versus run #4). The best agreement in both, width and magnitude of the outbound Bz feature is achieved
in run#1: In this case, model and observation are nearly indistinguishable. The model used by Blöcker et al.
(2016) was not able to reproduce the observed orientation of Bz anywhere in the perturbed segment.

In conclusion, each of the four runs reproduces certain features of the observed magnetic field components
better than the other three. Therefore, we refrain from choosing a “best fit” run.

For comparison, Figure 2c displays the modeled magnetic field signatures for the case of an asymmetric
(run #5) and symmetric (run #6) global atmosphere but without a plume included. Neither of these runs is
able to reproduce any of the magnetic fine structures observed by Galileo around closest approach, consistent
with the modeling results of Schilling et al. (2008) and Rubin et al. (2015; see Figure 10 in both works).
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Figure 3. Two-dimensional illustration of the magnetic field components
(

Bx ,B𝑦,Bz
)

close to Galileo's E26 flyby, in the
plane of z = −0.8RE . For a scenario with (run #2, panels a–c) and without (run #5, panels d–f) a plume, the figure
illustrates Europa's magnetic environment near the E26 trajectory. The solid black lines indicate the flyby trajectory.

This provides strong additional evidence that the magnetic signatures observed around closest approach of
E26 were (partially) generated by a localized atmospheric inhomogeneity with an extension much smaller
than Europa. A comparison of the magnetic signatures from runs #5 and #6 also indicates that a global
ram/wake asymmetry of Europa's atmosphere makes only minor quantitative contributions to the magnetic
field signatures observable upstream of the moon: It mainly affects the Bz signatures in the outbound region.

Figure 3 shows two-dimensional cuts through the magnetic field near the flyby plane at z = −0.8RE. Results
are displayed for run #2 (plume included, panels a–c) and run #5 (no plume, panels d–f). Note that the
background field B⃗0 is not parallel to any plane of the EPhiO coordinate system.

In the model results with the plume included (see Figure 3a), the Bx component exhibits three distinct
signatures along the trajectory: the two enhanced (dark red) outer segments of the double-peak structure
and the narrow region in between (orange/yellow), where Bx is reduced compared to the peak values at the
spikes. A similar Bx depletion occurs in all four runs with a plume included. In the run without the plume
(see Figure 3d), the region of reduced Bx is moved closer to Europa because the local bulge in the field
generated by the plume is no longer present. Changes due to a plume in the overall Bx topology are rather
subtle and occur on length scales much smaller than Europa's radius. Therefore, if the spacecraft trajectory
during the E26 flyby were only slightly displaced, an unambiguous identification of a local plume source
may have been severely complicated.

For By (see Figures 3b and 3e), the model displays only minor quantitative differences between both cases,
which is consistent with the results obtained along the flyby trajectory (see Figure 2). It is important to
note that Figure 3b displays a “finger-like,” narrow region of enhanced By (depicted in dark red and yellow)
along the outbound segment of the E26 trajectory. This enhancement locally interrupts the extended region
of negative By perturbation in the Jupiter-facing hemisphere associated with field line draping. A slightly
different plume orientation or a slightly different shape of the neutral gas profile may shift this feature closer
to the path of the spacecraft, thereby eliminating large portions of the outbound decrease in By visible in our
simulations. Using the plume model from equation (2), we did not find a parameter set that simultaneously
explains Bx and Bz as well as the observed, weak dip in the outbound segment of By. However, our results
clearly indicate that a plume source may indeed generate a highly localized channel through the region of
reduced By, along which Galileo may have traveled during the E26 flyby. Due to the uncertainties in the
upstream conditions (especially the bulk velocity of the incident magnetospheric flow during E26 is not well
constrained) and the numerous degrees of freedom in the shape and orientation of the plume model, the
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parameter space to be explored for improving agreement in the outbound segment of By is vast. This effort
is beyond the scope of the present study.

Figures 3c and 3f depict two-dimensional cuts through the modeled Bz component. In the Jupiter-averted
hemisphere (y < 0), we see an extended region of enhanced |Bz|, associated with the induced dipole alone.
In the Jupiter-facing hemisphere, the region of locally reduced |Bz| (which is strongly shaped by plasma
currents) is slightly different between Figures 3c and 3f. Galileo just “scratched” the outer regions of this
structure. In the run with a plume included, the outbound Bz feature is more confined, which explains the
localized, narrow “pillar” visible in both the modeled and the observed magnetic field time series.

4. Concluding Remarks
Our model shows that a plume source is required to explain the fine structures in the magnetic field pertur-
bations observed by Galileo during the E26 flyby of Europa. The modeled magnetic signatures along the E26
trajectory are highly sensitive to the plume orientation and the location of the plume's footpoint at Europa's
surface. Multiple sets of plume parameters were found to be in similarly good agreement with observations.
It is therefore not feasible to quantitatively constrain parameters of the plume (e.g., the neutral gas content
or shape) based on magnetic field observations alone. In addition to the E12 flyby (Jia et al., 2018), E26 has
become the second Galileo encounter with a strong indication of plume activity. Although yet unnoticed,
plumes at Europa seem to have been a persistent phenomenon during the Galileo area.
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