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Abstract The Galilean satellite Europa is a primary candidate for the study of ocean worlds. In anticipation
of NASA's Europa Clipper and ESA's JUICE missions, we revisit the magnetic field measurements of the
Galileo spacecraft. The ocean's induction response is governed by its induction amplitude and phase shift, which
are a function of the ocean properties, i.e., its depth, thickness, and electrical conductivity. While prior work
focused on deriving values for the former two by a qualitative comparison with measurements, this work
emphasizes the characterization of Europa's ocean properties directly, including their uncertainties. For that, we
perform an inversion of magnetic field measurements. Our model includes magnetic field contributions due to
Europa's plasma interaction and the inhomogeneous field of Jupiter's magnetospheric plasma. We estimate the
uncertainties of our plasma interaction model, our background field model, and the inducing field. Employing a
chi‐squared analysis, we utilize these uncertainties to quantify the ocean properties and their uncertainties. We
apply this method to the E14 flyby, which is currently the best flyby for such an inversion. Using existing depth
constraints from the literature, we find a minimum conductivity of 1.6 S/m at 20 km depth and 2.8 S/m at 35 km
depth. At the derived maximum depth, 49 km, the required conductivity exceeds current estimates. Our work is a
first step for the development of methods which quantitatively constrain the various magnetic field contributions
around Europa in future measurements, including their uncertainties, and highlights the challenges of a
quantitative characterization using magnetic sounding.

Plain Language Summary Jupiter's moon Europa is expected to host a subsurface ocean of
liquid water below its icy surface layer. This notion has been supported especially by magnetic field
measurements recorded with the Galileo spacecraft. While these measurements provided evidence for the
existence of an ocean, a quantitative description of the ocean, i.e., information about its depth, thickness,
and salinity or electrical conductivity, remains a question of current research. In this work, we develop a
method that provides such quantitative constraints by performing an analysis of Galileo spacecraft
magnetic field measurements. We present the resulting constraints and test their robustness, i.e., how stable
the results are to changes of the input parameters. This work provides insights into how individual
contributions to Europa's magnetic field environment influence our results, and thus our understanding of
Europa's interior.

1. Introduction
Magnetic field measurements recorded with the Galileo spacecraft discovered strong evidence for the existence of
a subsurface ocean harbored below the icy crust of Jupiter's moon Europa (e.g., Khurana et al., 1998; Kivelson
et al., 1999, 2000). Jupiter's dipole axis is tilted by 10.25° with respect to its rotational axis (Connerney
et al., 2022). In Europa's rest frame, this results in a time varying field oscillating at the synodic rotation period
(approximately 11.23 hr at Europa). In a conductive body, these temporal variabilities induce eddy currents,
which drive a secondary magnetic field, also called induced magnetic field or induction response. As such,
magnetic field perturbations in the direct vicinity of Europa have been attributed to an induced magnetic field
generated within its subsurface ocean.

The magnetic field in Europa's vicinity is additionally perturbed by the interaction between the Jovian magne-
tospheric plasma and Europa's atmosphere (see e.g., Blöcker et al., 2016; Harris et al., 2021; Neubauer, 1998;
Saur et al., 1998; Schilling et al., 2008). This interaction must be taken into account in order to retrieve the ocean
properties. In this work, we use a single‐fluid magnetohydrodynamic (MHD) model to describe the magnetic field
due to Europa's plasma interaction.
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The measured magnetic field provides a window into Europa's interior, as the induced magnetic field is a function
of the ocean's depth d, thickness h, and electrical conductivity σ, assuming that the ocean can be described by a
radially symmetric shell with homogeneous conductivity (Saur et al., 2010; Zimmer et al., 2000). Thus, the
modeled induction response can be compared against the measurements to characterize the ocean's properties
(e.g., Schilling et al., 2007; Zimmer et al., 2000). The values derived in prior studies, however, were obtained
visually from fitting various ocean models to the measurements, and the parameter space has not been system-
atically constrained. An important aspect to consider is that with magnetic sounding, no direct information about
the ocean properties, (d,h,σ), had been retrieved traditionally, but rather about its induction amplitude A and
phase shift ϕph. The ocean properties are non‐unique, that is, different sets of (d,h,σ) can result in the same values
for A and ϕph if only one frequency is available for the investigation. Motivated by the expected heterogeneity of
Europa's icy crust, recent modeling work advanced away from the radially symmetric model, allowing for the
consideration of local (Winkenstern & Saur, 2023) and global (Styczinski et al., 2022) conductivity anomalies
within Europa's interior.

While the primary inducing signal is at Jupiter's synodic rotation period, additional inducing frequencies arise due
to Europa's orbital motion and higher order synodics, as well as “beats” between the multiple inducing periods
(e.g., Biersteker et al., 2023; Khurana et al., 2002; Seufert et al., 2011; Vance et al., 2021). A multi‐frequency
approach allows to decouple the ocean's thickness and conductivity. However, one still has to consider the
ocean's depth as a third dimension of the induction problem. Furthermore, this approach requires exact knowledge
of the induced field, while in reality, all contributions to the magnetic field are measured. Seufert et al. (2011) also
studied the magnetic field induced within Europa's putative iron core, which is not observable in the presence of a
highly conductive ocean (see Figure 9 in Seufert et al., 2011). In addition to the ocean's induction response to the
temporal variabilities in the external field, electric currents are induced by flows within the ocean, resulting in
additional induced fields (Šachl et al., 2024; Vance et al., 2021).

Despite these novel developments, a quantitative analysis to characterize Europa's subsurface ocean with mag-
netic sounding that includes the plasma interaction and the uncertainties of the various processes remained
missing. Although Schilling et al. (2004) performed a joint inversion of four Galileo flybys, they only provided
information about the induction amplitude. Biersteker et al. (2023) developed an approach to quantify the ocean
properties using Markov‐chain Monte Carlo. In their work, a plasma interaction field was used and scaled from
0− 1 to represent incomplete plasma removal from the measurements. In addition, stochastic and systematic
magnetometer noise sources were considered. However, no actual uncertainty was provided for, for example, the
plasma interaction. This work aims to bridge the gap and provide such estimates for the uncertainties of the
inducing field, the Jovian background field, and the plasma interaction, respectively, and perform an inversion of
existing magnetic field measurements. The resulting output provides upper and lower limits of the ocean's depth
d, thickness h, and electrical conductivity σ.

This paper is organized as follows, in Section 2, we introduce models for the Jovian magnetospheric background
field, the inducing magnetic field, and the magnetic field due to Europa's plasma interaction, and we estimate their
respective uncertainties. We utilize these uncertainties to characterize the properties of Europa's ocean and
constrain them quantitatively using a chi‐squared analysis, which we apply to the magnetic field measurements of
Galileo's E14 and E04 flybys, respectively. The resulting constraints are presented in Section 3. In Section 4, we
compare our derived constraints against existing estimates for the ocean properties and test the robustness of our
method by slightly changing the model setup and comparing the resulting constraints against our reference model.
We also briefly discuss the potential of a joint inversion and summarize our assumptions. We finish the paper with
concluding remarks.

2. Model of Europa's Magnetic Field Environment
In this section, we first provide an outline of the method developed in this work to quantitatively compare a
magnetic field model with observations. We introduce the models with which we describe the individual con-
tributions to the modeled magnetic fields. Due to assumptions made within each model, these descriptions are an
approximate representation of the real magnetic field in Europa's environment. We quantify the uncertainties that
are introduced as a consequence of our assumptions. Afterward, we present a chi‐squared analysis in which these
uncertainties are used to characterize both the ocean properties and their uncertainties in a quantitative manner.
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2.1. Inversion Strategy

We model the magnetic field Bmodel in Europa's vicinity as the sum of three contributions

Bmodel = Bbg + Bind + Bplasma, (1)

where Bbg is the Jovian magnetospheric background field, Bind is the induced magnetic field generated within
Europa's subsurface ocean, and Bplasma is the magnetic field due to Europa's plasma interaction. The modeled
magnetic field is compared against observations recorded along the spacecraft's trajectory Bobs(r). A phenom-
enological sketch of the problem is shown in Figure 1.

Fitting all contributions to Bmodel at once would further increase the non‐uniqueness of the induction problem
when only one or a few flybys are used. It is thus sensible to disentangle these contributions by fitting them
separately. This is done as follows. Jupiter's magnetospheric field is modeled using measurements recorded
further away from the moon, that is, where contributions from plasma interaction and the ocean's induction
response are negligibly small (Section 2.3). To decouple the induced magnetic field and plasma interaction field
different components are used for each contribution, that is, the Bz‐component is used to fit the plasma interaction
model to the observations (Section 2.4) and the Bx and By‐components are used to describe the ocean's induction
response (Section 2.5).

Subtracting the background and plasma fields from the observed magnetic field, we assume the residual field
represents the induced field within the measurements, referred to in this study as the “observed induction
response” Bobs,ind

Figure 1. Sketch of the basic setup showing the contributions of our inversion model. The tilt of Jupiter's dipole component
with respect to its rotational axis Ω causes time‐variable magnetic fields in Europa's rest frame, which induce magnetic fields
within Europa's subsurface ocean (dark blue) Bind(d,h,σ), which is surrounded by a non‐conductive icy crust (bright blue) and
underlying mantle material (brown). The presence of a putative core is neglected for our conductive model, that is, it is assumed
to be zero for simplicity (see Section 1). The induced field is a function of the ocean properties investigated in this work. Besides
the induced field, Europa's magnetic field environment is additionally perturbed by the plasma interaction between Europa's
atmosphere (gray layer) and the Jovian magnetosphere. The magnetic field due to plasma interaction is referred to as Bplasma and
its strength varies with the O2 column density NO2

, among other factors. These three contributions build our magnetic field
model, as described by Equation 1. To quantify the ocean's properties, we perform an inversion with the goal to minimize the
misfit between the model and measurements made by the Galileo spacecraft along its trajectory Bobs(r) (black line). Due to
assumptions in the model descriptions of background field, inducing field, and plasma interaction, uncertainties are introduced,
which are utilized in deriving the ocean properties and their constraints by employing a chi‐squared analysis, see Equation 3.
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Bobs,ind = Bobs − Bbg − Bplasma. (2)

Using the ocean properties as model parameters, we perform an inversion to determine which combinations of
depth d, thickness h, and conductivity σ appropriately reproduce the measurements. Therefore, we minimize the
difference of the modeled field Bmodel(d,h,σ) and the observed field Bobs including the uncertainties of the in-
dividual contributions. This is done by performing a chi‐squared analysis in which the difference between Bmodel
and Bobs is weighted against calculated uncertainties

χ2(d,h,σ) =
1

2N − m
∑
N

i=1

‖Bmodel (d,h,σ,ri) − Bobs (ri)‖2

σ2plasma + σ2bg + σ2ind
(3)

along the spacecraft's trajectory rwith number of measurements N and number of model parametersm = 3. With
a resolution on the order of 10− 2nT (Kivelson et al., 1992), the uncertainties of the magnetic field measurements
are negligible. Thus, it is the assumptions in the model descriptions of the individual contributions that control the
overall uncertainty used to calculate χ2. The criterion of χ2 ≤ 1 quantifies models that are in agreement with the
measurements within the one‐sigma uncertainties (e.g., Bevington & Robinson, 2003). This criterion subse-
quently also characterizes the uncertainty and ambiguity of the ocean properties in the form of a range, for
example, d ∈ [dlower,dupper], in which these properties can lie.

2.2. Inducing and Induced Magnetic Field Model

The induced field is the electromagnetic response to the inducing field. As such, any uncertainty in the model of
the inducing field directly propagates into the uncertainty of the induced field. In this section, we present our
inducing field model and quantify its underlying uncertainty. We also investigate the uncertainty propagation into
the induced field.

2.2.1. Inducing Field Model

We first define the coordinate system used in this study. We employ the right‐handed Europa IAU body‐fixed
reference frame, where the prime meridian, that is, x points approximately toward Jupiter, z is aligned with
Europa's rotational axis, and y completes the right‐handed system (Archinal et al., 2018). Previous modeling of
magnetic field data was mostly done in EPhiO coordinates (e.g., Schilling et al., 2004, 2007; Zimmer et al., 2000),
where z is parallel to Jupiter's rotational axis and y points toward Jupiter in a plane perpendicular to z. This
coordinate system, however, is not strictly body‐fixed due to the eccentricity and inclination of Europa's orbit. To
allow for easier comparability to existing studies on the Galileo flybys, we rotate the xy‐plane of the IAU co-
ordinates to approximately align with the EPhiO coordinate system, xIAU → yEPhiO and − yIAU → xEPhiO, similar
to the approach used for magnetic sounding of Enceladus in Saur et al. (2024). After rotation, the angle between
the prime meridians of the EPhiO and the rotated IAU coordinate system is approximately 2° for the E14 flyby.

As this work focuses on showcasing the inversion technique and the underlying uncertainties, we make certain
assumptions about the inducing field, noting that this method will still be applicable in general cases as well. For
one, we consider only the synodic rotation period as an inducing signal. Additionally, we neglect the inducing
signal in the Bz‐component. Both of these assumptions will be further discussed in Section 4.

Considering only the inducing frequency ω corresponding to the synodic rotation period T = 11.23 hr, we as-
sume that the inducing field is primarily confined to lie within the orbital plane of Europa (Kivelson et al., 1999).
Furthermore, we assume that the inducing field is homogeneous in Europa's vicinity (Khurana et al., 1998). Thus,
the temporal variability of the inducing field, also sometimes referred to as exciting or primary field, can be
described using external Gauss coefficients q11 and s11

Be
x(t) = − q

1
1(t) = − R{q0e

i(ωt− ϕ0 − ϕx)}

Be
y(t) = − s

1
1(t) = − R{s0ei(ωt− ϕ0 − ϕy)},

(4)
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with the inducing amplitudes q0 = − Be
x,0 and s0 = − Be

y,0, phase of the
inducing field ϕ0 = 200° (Schilling et al., 2007), and additional phases of the
individual components ϕx = 90° ,ϕy = 0°.

This study focuses on the measurements recorded during the E14 flyby. As
such, we fit Equation 4 to the magnetospheric model by Khurana (1997) and
choose values for Be

x,0 and Be
y,0 that best reproduce the values at System III

longitude at which the E14 flyby occurred (λIII = 184.3°). For that, we took
the model values at λIII = 184.3° (see Zimmer et al., 2000, Table I) and

calculated the required amplitudes using Equation 4. From this approach, it follows Be
x,0 = 37nT

and Be
y,0 = 222nT.

2.2.2. Uncertainty of the Inducing Field

The values for the inducing field amplitudes Bx,0 and By,0 are estimated using a magnetospheric model which
includes both Jupiter's intrinsic field, as well as contributions from magnetospheric currents, rather than exclu-
sively the dipole term of Jupiter's intrinsic field. The strength of the inducing amplitude at a given period can be
determined by performing a Fourier analysis of the modeled magnetic field over a long time series as was done by
Seufert et al. (2011) and Vance et al. (2021). Their respective values for the inducing amplitude at the synodic
rotation period are given in Table 1. As a simple first order estimate of the uncertainty of the inducing amplitude at
the synodic rotation period (σBe

x,0
,σBe

y,0
), we use the difference between the values obtained by Seufert et al. (2011)

and Vance et al. (2021), which yields σBe
x,0
= 9.3 nT and σBe

y,0
= 6.3 nT.

2.2.3. Induced Field Description

The internal Gauss coefficients (g11 ,h
1
1) of the induced field are related to the external Gauss coefficients via

g11 = Qq11
h11 = Qs11,

(5)

with the Q‐response Q = Aeiϕph . For a conductive shell with outer radius r0 and inner radius r1, the Q‐response
can be obtained by considering the ratio between the complex coefficients of the induced and inducing field
(Zimmer et al. (2000) for degree l = 1, Saur et al. (2010) for arbitrary l)

Ql = −
l

l + 1
ξJl+3/2 (r0k) − J− l− 3/2 (r0k)
ξJl− 1/2 (r0k) − J− l+1/2 (r0k)

, (6)

with

ξ =
r1kJ− l− 3/2 (r1k)

(2l + 1)Jl+1/2 (r1k) − Jl− 1/2 (r1k)
, (7)

where k is the complex wave number with k2 = iμ0ωσ and Jν(z) are the Bessel functions of first kind and order ν
with complex argument z. This solution assumes that both the icy crust and mantle have a conductivity of σ = 0.
We note that the usage of the wave number k2 = − iμ0ωσ in Parkinson (1983) results in the modified Bessel
differential equation, for which the solutions are the modified Bessel functions Iν(z). Parkinson (1983), however,
used the standard Bessel functions, resulting in positive values for the phase shift. From Equation 6, the induction
amplitude and phase shift can be calculated as A = (l + 1)/ l abs(Q)(r0/RE)3 and ϕph = arg(Q), respectively.
The induction amplitude ranges from 0 to (r0/RE)3 on the surface of Europa. With our definition of the wave
number k, the phase shift is negative, ranging from − π/2 to 0. For a conductor extending to the surface of the
satellite with radius RE and σ → ∞, A = 1, and ϕph = 0.

Table 1
Inducing Amplitude at the Synodic Rotation Period

Seufert et al. (2011) Vance et al. (2021)

Be
x,0 (nT) 66.3 75.55

Be
y,0 (nT) 216.6 209.78

Note. Values between the two references vary as different models for the
internal and external contributions to Jupiter's magnetic field have been used.

Journal of Geophysical Research: Planets 10.1029/2025JE009122

WINKENSTERN ET AL. 5 of 29

 21699100, 2025, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JE

009122 by B
ibl. der U

niversitat zu K
oln, W

iley O
nline L

ibrary on [17/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



In this work, we assume that the conductivity of Europa's space environment is zero. In this case, the induced field
is transported via the electromagnetic mode and additional variations due to the propagation withMHDmodes are
neglected (Strack & Saur, 2024). Thus, the induced field can be described by a potential Φ of the form

Φ(r,θ,ϕ) = RE (
RE
r
)

2

sin θ(g11 cos ϕ + h11 sin ϕ), (8)

with Europa's mean radius RE = 1561 km (Nimmo et al., 2007), colatitude θ, and longitude ϕ. The individual
components are calculated via Bind = − ∇Φ and read

Bind,r(r,θ,ϕ) = 2(
RE
r
)

3

sin θ(g11 cos ϕ + h11 sin ϕ)

Bind,θ(r,θ,ϕ) = − (
RE
r
)

3

cos θ(g11 cos ϕ + h11 sin ϕ)

Bind,ϕ(r,θ,ϕ) = (
RE
r
)

3

(g11 sin ϕ − h11 cos ϕ)

(9)

2.2.4. Uncertainty of the Induced Field

Assuming Gaussian error propagation, the uncertainty of the external Gauss coefficients propagates into the
internal Gauss coefficients via Equation 5 as

σg11 = Qσq11
σh11 = Qσs11 .

(10)

Their uncertainty propagates further into the induced magnetic field. The uncertainty for the jth component of the
induced field reads

σind,j(r,θ,ϕ) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(
∂Bind,j(r,θ,ϕ)

∂g11
)

2

(σg11 )
2 + (

∂Bind,j(r,θ,ϕ)
∂h11

)

2

(σh11 )
2

√
√
√
√

. (11)

As a conservative measure, we characterize the uncertainty of the induced field due to the inducing field as
max(σind) along the entire trajectory. This also ensures that parts of the measurements, where the uncertainty of
the induced field would approach zero because the local induced magnetic field is zero, are not weighted more
than measurements taken around closest approach.

For System III longitude of the E14 flyby, the internal Gauss coefficients g11 and h11 and their associated un-
certainties are given in conductivity‐thickness space at the top of the ocean, that is, distance effects are neglected
(Figures 2c–2f). As the uncertainties σg11 and σh11 depend solely on the inducing field amplitude, they follow the
same trends as their respective internal coefficients. In Figures 2a and 2b, we also show the induction amplitude A
and phase shift ϕph to highlight their aforementioned non‐uniqueness.

2.3. Jovian Magnetospheric Background Field

To compare the modeled induced magnetic field with the data, the Jovian background field must be removed from
the measurements. We approximate Jupiter's contribution to the measured magnetic field by fitting a second
degree polynomial to the portions of the flyby in which the perturbations due to induction and plasma interaction
are negligible and can solely be described by Jupiter's magnetospheric background field Bbg (Figure 3). The
plasma magnetic field perturbations due to the interaction with Europa's atmosphere are calculated with an MHD
model presented in Section 2.4. The choice of parameters for the MHDmodel output shown in Figure 3 are based
on default values also presented in Section 2.4.
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As a quantitative threshold for the start and end of the window excluded from the polynomial fit, we choose a
benchmark value of 1.5 nT in each component. Values greater than 1.5 nT would result in larger plasma magnetic
fields within the fitting window and generate a fit that is less representative of the background field. A value lower
than 1.5 nT would extend the overall time span of considered measurements due to the increased length of the
excluded window around closest approach. This would decrease the quality of our fit, as a polynomial fit cannot
reproduce the periodicity of the Jovian background field.

To assess the length of the intervals used to calculate the background fit, we consider the root‐mean‐square
deviation (rms) between the data and background fits calculated with varying interval lengths from 10 to
60 min (Figure 4)

Figure 2. (a) Induction amplitude A and (b) phase shift |ϕph| for degree l = 1 in conductivity‐thickness space calculated at the
top of the ocean. The internal Gauss coefficients g11 (c) and h11 (d), as well as their uncertainties σg (e) and σh (f) are given in
nT. The Gauss coefficients and their uncertainties were calculated for System III longitude λIII = 184.3°.
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rmsbg(Δt) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
3N

∑
N

i=1
(Bobs (ri) − Bbg (ri,Δt))2

√
√
√

, (12)

where N is the number of measurements, ri is the spacecraft position at the
time ti of the ith measurement, andBbg (ri,Δt) is the background fit calculated
with interval length Δt. Here, we also show the resulting rms for a third degree
polynomial used to fit the background. We find that, for short window
lengths, the difference between the two is minor, motivating the choice of a
second degree polynomial as the extra degree could introduce additional
’kinks' in the resulting fit.

Although the rms increases with increased window length for the E14 flyby, it
should be noted that very short fitting windows produce background fits that
are not representative of the variabilities of the Jovian background field on
scales of the flyby as the fitting window would be significantly smaller than
the interval that the resulting fit is extrapolated in. Furthermore, residual
plasma interaction in the fitting window might not be averaged out if the
chosen interval length is smaller, as Bplasma ≤ 1.5 nT at the start of our fitting
window. This could result in a fit that is not solely controlled by the Jovian
background field. For those reasons, we argue for a window length of 15 min
as a reasonable choice, despite the rms not being at minimum.

The resulting background fit is shown in Figure 5, with rmsbg = 0.67 nT
across all three components. The rms characterizes the uncertainty of the

Figure 3. Modeled magnetic field due to plasma interaction with Europa's atmosphere (purple) and induction response (red)
for the E14 flyby. Moving outward from closest approach (black vertical line), the green regions begin when the modeled
plasma and induced magnetic fields are smaller than 1.5 nT and cover a range of 15 min.

Figure 4. Root‐mean‐square deviation (rms) of background fits calculated
with a second degree (solid line) and third degree (dashed line) polynomial
for the E14 flyby with varying window length Δt before and after closest
approach, respectively. The rms has been calculated across all three
components of the magnetic field. For the E14 flyby, the excluded window
begins at 12:47:00 and ends at 14:05:00.
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background model, σbg = rmsbg. In Figure 5, we also recognize a magnetospheric “quiet” interval between 12:30
to 12:45, coinciding with the 15‐min window before closest approach. Around 12:30, a jump occurs in the
magnetic field, particularly noticeable in the Bx and By‐components, and the magnetospheric fluctuations increase
compared to the aforementioned quiet interval. This point will be discussed further in Section 4.3.

2.4. Plasma Interaction Model

To model the plasma interaction at Europa, we solve the three‐dimensional single‐fluid magnetohydrodynamic
(MHD) equations for the conditions during the E14 flyby using the PLUTO code (Mignone et al., 2007). This
code has been used by Duling et al. (2022) to model the plasma interaction of Ganymede.

2.4.1. Model Setup

The MHD equations govern the plasma mass density ρ, plasma bulk velocity v, magnetic field B, and the total
energy Et. For each variable, an evolution equation is stated with

∂ρ
∂t
+ ∇ ⋅ (ρv) = Pmn − LmL, (13)

∂ρv
∂t

+ ∇ ⋅ [ρvv −
1
μ0
BB + I(p +

1
2
B2

μ0
)] = − (LmL + νnρ) v, (14)

∂B
∂t
− ∇ × (v × B) = 0, (15)

∂Et

∂t
+ ∇ ⋅ [(Et + p +

1
2
B2

μ0
) v −

1
μ0
B(v ⋅B)] = −

1
2
(LmL + νnρ) v2 −

3
2
(LmL + νnρ)

p
ρ

Figure 5. Polynomial fit (green) to the components of the measured magnetic field (blue). The light green area indicates the
respective 15‐min windows used to calculate the fit.
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+
3
2
(Pmn + νnρ)

kBTn
mn

. (16)

with plasma production and loss rates P and L, respectively, ion‐neutral collision frequency νn, thermal pressure
p, average ion massmL, and average neutral massmn. The initial values of the magnetic field and bulk velocity are
B0 = (5, − 213, − 409) nT and v0 = 100 km/s in corotational direction. Our model includes electron impact
ionization as the dominant ionization process in Europa's atmosphere (Saur et al., 1998), and we assume an
ionization frequency of fimp = 10− 6 s− 1, in the lower limit of the range provided by Smyth and Marconi (2006).
This results in a production rate P of

P = fimpnn, (17)

where nn is the neutral O2 number density. Therefore, in the model we take into account the production of singly
charged O+2 and furthermore assume mn = mL = 32 u. We consider a radially symmetric atmosphere and
describe its number density profile nO2

(z) as

nO2
(z) = n0,O2

e− z/H , (18)

with surface number density n0,O2
, height above surface z, and scale heightH = 150 km.We consider plasma loss

due to dissociative recombination between ions and electrons, where we employ a recombination rate coeffi-
cient of

αrec,O+2 = 2 ⋅ 10− 7 (
300
Te

)

0.7

cm3
/s, (19)

which has also been used in, for example, Saur et al. (1998) and Blöcker et al. (2016). For the electron temperature
Te, we use the ionospheric electron temperature of 0.5 eV. Analogous to Duling et al. (2022), we employ the
following expression for the loss rate L

L =
⎧⎨

⎩

αρ(ρ − ρ0)m
− 2
L for ρ> ρ0

0 for ρ< ρ0
. (20)

We model collisions between ions and neutrals using the collision frequency νO2
= σO2

v0nO2
, where

σO2
= 2 ⋅ 10− 15 cm2 is the O2 cross section, similar to Saur et al. (1998). Lastly, the MHD model includes

electromagnetic induction in Europa's subsurface ocean through boundary conditions given by Duling
et al. (2014). These boundary conditions state that toroidal contributions to the magnetic field need to vanish at the
insulating boundary and furthermore use a first order differential equation for the poloidal contributions.

2.4.2. Column Density and Uncertainty of the Plasma Interaction Model

As Figure 3 indicates, the perturbations in the Bz‐component are dominated by plasma interaction compared to
induction in the icy moon's interior. This is because the inducing field is primarily confined to the xy‐plane and the
E14 flyby occurred near the equatorial plane. As such, our fit to the measured Bz‐component is primarily
controlled by Europa's plasma interaction and we use the best fit for Bz as the best prediction for the Bx and By‐
components of the plasma interaction. Similar assumptions have also been made in the induction studies by
Zimmer et al. (2000) for Europa and Khurana et al. (2011) for Io.

For given upstream parameters, the strongest influence on the strength of the plasma interaction at Europa stems
from Europa's atmosphere. For simplicity of the parameter space, we assume a radially symmetric model and
describe the atmospheric content through the column density NO2

= n0,O2
H. We use the Bz‐component to assess

which column density best describes the measurements of the E14 flyby. For that, we consider the variance
between the “observed plasma perturbation” Bobs,plasma = Bobs − Bbg − Bind and the model

Journal of Geophysical Research: Planets 10.1029/2025JE009122

WINKENSTERN ET AL. 10 of 29

 21699100, 2025, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JE

009122 by B
ibl. der U

niversitat zu K
oln, W

iley O
nline L

ibrary on [17/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



σ2plasma =
1
N
∑
N

i=1
(Bobs,plasma,z (ri) − Bplasma,z (ri))2, (21)

whereBplasma,z is the modeled plasma interaction field. The plasma interaction has been modeled for fixed column
densities ranging from NO2

= 1− 8 ⋅ 1014 cm− 2 in integer steps. This approach yields a minimum variance at an
O2 column density of NO2

= 4 ⋅ 1014 cm− 2. The variance σ2plasma is also used as a proxy to estimate the uncertainty
of the MHD model. We confine the calculation of the MHD model uncertainty to measurements where Galileo
was within four Europa radii relative to the satellite's center. The uncertainty σplasma is assumed to be equal in all
three components. Note that this uncertainty measure requires us to specify the ocean properties in order to
subtract the induced field in the Bz‐component. As such, the estimate for the plasma uncertainty is specific to the
ocean model.

2.5. Chi‐Squared Analysis

After evaluating the individual contributions and their uncertainties, we perform a chi‐squared analysis to find all
induction models that appropriately reproduce the observed induction response described by Equation 2. We
construct a 3D parameter space for the ocean's depth d, thickness h, and conductivity σ. For each combination of
(d,h,σ), we calculate the ocean's induction amplitude, phase shift, and the resulting induced magnetic field. We
evaluate the corresponding chi‐squared value using

χ2(d,h,σ) =
1

2N − m
∑
N

i=1
(
(Bobs,ind,x (ri) − Bind,x (d,h,σ,ri))2

σ2bg,x + σ2plasma + σ2ind,x (ri)

+
(Bobs,ind,y (ri) − Bind,y (d,h,σ,ri))2

σ2bg,y + σ2plasma + σ2ind,y (ri)
),

(22)

where N is the number of measurements and m = 3 the number of model parameters. We only use the Bx and By‐
components to evaluate χ2, as we used the Bz component to constrain the plasma interaction, and we only include
measurements where Galileo was within four Europa radii relative to Europa's center, as suggested by Kivelson
et al. (2023). Any combination of values for (d,h,σ) that results in χ2 ≤ 1 is labeled a good fit to the data, given the
considered uncertainties (Bevington & Robinson, 2003). Assuming Gaussian distributed errors, a χ2 ≤ 1 will
mean that our fit, on average, deviates less than one standard deviation from the measurements. The resulting
parameter space for (d,h,σ) that fulfills χ2 ≤ 1 gives us constraints on the properties of Europa's subsurface ocean.

2.6. Model Parameter Space (d,h,σ)

Wecalculate χ2 as a function of the ocean properties, that is, its depth d, thickness h, and conductivity σ.We do so in
a prescribed parameter space, spanning a 3D grid with d ∈ [1,150] km, h ∈ [1,150] km, and σ ∈ [0.01,10] S/m.
We employ 50 log‐spaced grid points along the thickness and conductivity axes and 100 along the depth axis. The
parameter space is aimed to explore the range of existing estimates of the total thickness of theH2O shell (Anderson
et al., 1998), as well as the ocean's electrical conductivity (Pan et al., 2020, 2021; Schilling et al., 2007; Vance
et al., 2021; Zimmer et al., 2000). Our prescribed depth covers a broad range of estimates (e.g., Tobie et al., 2003;
Turtle & Pierazzo, 2001; Wakita et al., 2024). We note that conductivities above 10 S/m are possible if the salt
content of Europa's ocean is near the solubility limit (Hand & Chyba, 2007), the required salinity however lies
above 100 g/kg.

3. Results
In this section, we present the results from our chi‐squared analysis. First, we provide a short overview of the E14
flyby, followed by a review of the uncertainty estimates for that flyby. Taking into account these uncertainties, we
show the observed induction response and all induced magnetic fields that lie within χ≤ 1. Afterward, we
investigate the parameter space of depth d, thickness h, and conductivity σ and derive their limits. We take
additional geophysical estimates of the ocean's depth into account to further constrain the ocean properties. We
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also apply our method to the E04 flyby. Finally, we test the robustness of our method by slightly varying the
model setup and compare the resulting constraints against the reference model.

3.1. The E14 Flyby

During the E14 flyby, Galileo approached Europa upstream, crossing near its equatorial plane with a closest
approach (C/A) altitude of 1,684.1 km (Figure 6). Europa was situated above the plasma sheet during the
encounter with a magnetic latitude of Ψm = 9.1° (Kurth et al., 2001).

To evaluate if a flyby is suitable for the quantitative study of the ocean properties, we first compare the induction
response of a perfectly conducting ocean with A = 1 and ϕph = 0 to the measurements. For the E14 flyby, this is
shown in Figure 7. The Bx‐component is well reproduced by only taking the ocean's induced field into account.
While we expect the plasma interaction to contribute noticeably to the By‐component, the induced field is the
dominating contribution in both the Bx and By‐components (see Figure 3). If the plasma interaction were to be
stronger, the resulting magnetic field would obscure the induction response and thus hamper our ability to
quantitatively constrain Europa's subsurface ocean, as our model would be primarily controlled by Europa's
plasma interaction. Thus, the E14 flyby is a good candidate for our quantitative study.

The induction response of a perfectly conducting ocean has also been compared to the measurements of the flybys
E04, E12, E19, and E26 (Appendix A). For the cases of the E12 and E26 flybys, the induction response is
obscured by strong plasma magnetic fields of up to 100 nT. During the E19 flyby, the magnetometer stopped
recording shortly after closest approach. This complicates the fitting of the Jovian background field and thus the
overall inversion process. The E04 flyby was a wake crossing and had plasma magnetic fields on a similar
strength to the induced field. Of the five flybys discussed, the E04 was deemed the second most suitable for the
exploration of Europa's ocean.

3.1.1. Uncertainties During the E14 Flyby

In Section 2, we provided the equations to estimate the uncertainties for the inducing magnetic field, Jupiter's
background field, and the plasma interaction at Europa (see Equations 11, 12, and 21, respectively). The un-
certainty of the background field is calculated for each component individually and is constant across the entire
flyby, with σbg = (0.61, 0.62) nT for the Bx and By‐components. In the case of a perfectly conducting ocean,
A = 1 and ϕph = 0, the uncertainty of the inducing field results in an induced field uncertainty of
σind = (0.48,0.42) nT. With σplasma = 1.60 nT, the plasma uncertainty is the dominating contribution to the

overall uncertainty, which can be described with σtot =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ2bg + σ2ind + σ2plasma

√
= (1.78, 1.77) nT. The plasma

Figure 6. Trajectory of the Galileo spacecraft during the E14 encounter in the xy (left) and yz‐plane (right), respectively. The
red triangle marks the time and location of closest approach. The yellow arrow points toward the sun.
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uncertainty is assumed to be the same in both components as we assume that the uncertainty in the Bz‐component
translates to Bx and By. While the uncertainty of the background field is calculated once, the uncertainties of the
induced field and plasma model change with the ocean model. As such, σtot is not constant but also varies with the
specific ocean model. The plasma uncertainty remains the primary contribution to the total uncertainty throughout
the prescribed parameter space. Having obtained our uncertainty estimates, we can now perform the chi‐squared
analysis to derive the ocean properties and their constraints.

3.1.2. Chi‐Squared Analysis of the E14 Flyby

Figure 8 shows the “observed induction response” Bobs,ind as calculated with Equation 2. In addition, all induction
models that lie within χ≤ 1 are presented. We are able to reproduce the trend of the observed induction response
in the Bx‐ and By‐components, although underestimating the amplitude of the perturbation in the Bx‐component
around closest approach. This could be a result of the single‐frequency approach used in this work. At System III
longitude of the E14 flyby, the half‐synodic period would produce an inducing signal of approximately 15 nT. At
the altitude of the E14 flyby, this could result in an induced field around 1.5 nT, depending on the ocean's in-
duction amplitude.

The best fit to the measurements is a highly conductive, shallow ocean (d = 1 km, h = 26 km, σ = 10 S/m),
indicated as a red solid line in Figure 8. This fit, however, is on equal footing with any other fit with χ≤ 1 in terms
of agreement with the measurements due to the calculated uncertainties. The χ≤ 1 criterion provides a direct
method to obtain upper and lower limits for the ocean's depth, thickness, and conductivity, above or below which
χ2 would be greater than one, and thus not an appropriate fit. The limits are derived by considering the χ = 1
isocontour.

In Figure 9, we show the χ‐isocontours in conductivity‐thickness space for three fixed values for the ocean's
depth. With magnetic sounding (of the E14 flyby), we are unable to resolve a lower limit on the ocean's
depth. Thus, we consider depth constraints from the literature, employing a lower limit of 20 km. This value

Figure 7. Magnetic field measurements of the E14 flyby (blue) and the induction response of a perfectly conducting ocean
with A = 1 and ϕph = 0 (red) in rotated IAU (=approximately EPhiO) coordinates defined in Section 2.2.1. The vertical
black line marks the closest approach.
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corresponds roughly to the icy crust thickness that has been estimated from both tidal heating (Tobie et al., 2003;
Walker & Rhoden, 2022), as well as impact crater simulations (Schenk, 2002; Wakita et al., 2024). Additionally,
we consider a value of 35 km, which corresponds to the estimated depth in a recent study using JUNO's
microwave radiometer (Bolton et al., 2024; Voosen, 2024).

At d = 20 km, we find a minimum conductivity around 1.6 S/m and minimum thickness of h> 6 km. As the
depth increases, the space of possible values for thickness and conductivity below the χ = 1 isocontour de-
creases. Thus, at 35 km, we find lower limits for the thickness and conductivity of 8.6 km and 2.8 S/m,

Figure 8. Observed induction response Bobs,ind (blue) for the E14 flyby in rotated IAU (=approximately EPhiO) coordinates.
The light red band shows all induction models with χ≤ 1. The red solid line is our best fit with χ2 ≈ 0.62 at d = 1 km,
h = 24 km, and σ = 10 S/m. The interval of the trajectory where Galileo was within 4 Europa radii relative to Europa's center is
highlighted in light blue.

Figure 9. χ‐isocontours in conductivity‐thickness space for (left) d = 20 km, (middle) d = 35 km, and (right) d = 63 km.
The blue shaded region marks the parameter space in agreement with the E14 flyby, that is, with χ< 1.
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respectively. For both properties, magnetic sounding (of the E14 flyby) is unable to provide upper limits as the
induction response goes into saturation.

The lowest depth that still lies within χ≤ 1 is approximately 49 km. However, the required conductivity at that
depth lies around 7 S/m. This conductivity would require a highly saline ocean above 100 g/kg, considering
temperatures around 273 K (Pan et al., 2020, 2021; Vance et al., 2021). It is important to note that the limits for an
ocean property are given for specified values for the other two properties, for example, a conductivity of 1.6 S/m
is only a valid solution if d = 20 km and h ≈ 100 km. This cross‐correlation between the ocean properties
complicates the quantification of their uncertainties.

3.2. The E04 Flyby

While this work focuses primarily on the magnetic field measurements of the E14 flyby, we also apply our chi‐
squared analysis to the E04 flyby at Europa. This equatorial flyby occurred at a C/A altitude of 696 km while
Europa was outside the Jovian plasma sheet. A noticeable difference to the E14 flyby is that the E04 was a
downstream flyby, crossing Europa's wake. Figure 10 shows the observed magnetic field, as well as the induction
response of a perfectly conducting ocean with A = 1 and ϕph = 0. While this comparison indicates that the
general trend of the perturbation is reproduced by the induced field, there are several additional structures in the
measurements not accounted for.

We model the magnetic field due to the plasma interaction using a column density ofNO2
= 1014 cm− 2 and derive

a plasma uncertainty of σplasma ≈ 7.1 nT, approximately five times higher than our estimate for the E14 flyby. The
column density for the E04 flyby is four times smaller than for the E14 flyby. A column density equal to that of the
E14 flyby would significantly overestimate the perturbations in the Bz component. The different column densities
between the two flybys motivates potential spatial variabilities of Europa's atmosphere. While Galileo traversed
the night side of Europa during the E04 flyby, the E14 flyby occurred toward the sunlit hemisphere, where an

Figure 10. Magnetic field measurements of the E04 flyby (blue) and the induction response of a perfectly conducting ocean
with A = 1 and ϕph = 0 (red) in rotated IAU (=approximately EPhiO) coordinates. The vertical black line marks the closest
approach.
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increased sputtering yield is expected to generate a denser atmosphere (Plainaki et al., 2013). Additional vari-
ations have been observed upstream and downstream of Europa (Hansen et al., 2005), further increasing the
difference in expected column density between the two flybys.

Figure 11 compares the plasma magnetic field and the induced magnetic field, similar to Figure 3 for the E14
flyby. While the induced field is the primary source of magnetic field perturbation in the Bx and By‐components,
plasma magnetic fields are larger for the conditions of the E04 flyby compared to those of the E14 flyby. The
induced field is stronger compared to the E14 flyby, due to the lower altitude.

To fit the background field, we used a polynomial fit of degree n = 2 and window length Δt = 30 min (Figure 12).
This deviates from the 15 min used in the E14 flyby, as for the E04, the rms was minimum at 30 min. This can be
explained by larger magnetospheric fluctuations between 06:15 and 06:30, resulting in an increased rms at smaller
window lengths.

Comparing the observed induction response obtained for the E04 flyby (Figure 13) to that of the E14 flyby
(Figure 8), larger residuals in the Bz component become apparent. These indicate that the plasma interaction
model used here is less representative of the real environment than compared to the E14 flyby. In addition, small‐
scale fluctuations are stronger throughout the encounter compared to those of the E14 flyby. These high frequency
perturbations can be seen throughout the measurements and are possibly a result of kinetic effects (see Blöcker
et al., 2016). Another noteworthy feature is the continuous offset in the Bx component while approaching Europa,
on the order of 10–20 nT. These strong deviations from our model result in a rms of approximately 10 nT for our
best fit model obtained in the analysis of the E04 flyby. This value is 10 times larger than that of the E14 flyby,
which was 1.44 nT. The chi‐squared analysis yields χ> 1 across the entire parameter space, with a minimum
of 1.8.

Figure 11. Modeled magnetic field due to plasma interaction with Europa's atmosphere (purple) and induction response (red)
for the E04 flyby. Moving outward from closest approach (black vertical line), the green regions begin when the magnetic
field signatures are smaller than 1.5 nT and cover a range of 30 min, respectively.
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4. Discussion
Here, we discuss the quantitative constraints on Europa's interior derived with the chi‐squared analysis of the E14
flyby. We compare the results of the E04 flyby against the E14 and comment on the potential of a joint inversion.
Afterward, we investigate our method's robustness, highlighting the complexity of the inversion process and
important aspects to consider in future work. Finally, we discuss the assumptions that were made in estimating the
model uncertainties. We also mention additional sources of uncertainty that were not considered in this work.

4.1. Ocean Properties Derived With the E14 Flyby

The primary motivation of this work is to introduce an approach to quantitatively characterize and constrain the
depth, thickness, and electrical conductivity of Europa's subsurface ocean. As most existing constraints origi-
nating from electromagnetic induction have been derived qualitatively from visual comparison, this study em-
phasizes the development of a method using a quantitative measure, in the form of a chi‐squared analysis, where
the squared deviation between the modeled induction response Bind and the observed induction Bobs,ind, described
by Equation 2, is weighed against the sum of model uncertainties described by Equations 11, 12 and 21. We
applied this method to the E14 flyby due to its ideal conditions for magnetic sounding, that is, a strong inducing
field and quiet plasma environment. Here we found a minimum conductivity of approximately 1.6 S/m, assuming
the icy crust is at least 20 km thick. This value is larger than the constraint obtained by Schilling et al. (2007), who
estimated the minimum conductivity to be 0.5 S/m. Zimmer et al. (2000) suggested a minimum conductivity of
0.06 S/m. Compared to the value derived in this study, our method provides a tighter constraint on the con-
ductivity. It is worth noting that the cited constraints were not derived quantitatively, but only qualitatively on the
basis of visually comparing various ocean models to the measurements. Retrieval of the ocean's conductivity is
tightly coupled to its salinity and can provide insights about the ocean's composition. By providing constraints on
the ocean's conductivity, our method may benefit the assessment of Europa's ocean composition, a key goal of the
Europa Clipper mission (for more information see Vance et al., 2023). The large amount of data collected by the

Figure 12. Polynomial fit (green) to the components of the measured magnetic field (blue). The light green area indicates the
respective 30‐min windows used to calculate the background fit. For the E04 flyby, the window that includes induction and
plasma effects, that is, the window excluded from the background fit begins at 06:27:00 and ends at 07:33:00.
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Europa Clipper spacecraft over multiply flybys unlocks the potential of joint inversions, thus increasing the
potential to tighten the conductivity constraints and inform about the ocean's salinity and composition.

While our inversion of magnetic field data favors an ocean that lies at a shallow depth, with d = 1 km for the best
fit, such small values conflict with geological and geophysical estimates from tidal heating and crater simulations,
where larger icy crust thicknesses in the range of 20–35 km are suggested. Turtle and Pierazzo (2001), for
instance, derive a minimum thickness of 3–4 km, excluding a near‐surface ocean as would be the case in our best
fit. Assuming a conductivity of 10 S/m, we derived a depth constraint on Europa's ocean, according to which it lies
at most 49 km below the icy surface. This value lies outside the uncertainties on the icy crust thickness derived by
Petricca et al. (2023), where they suggest a thickness of at most 35 km. In their work, induction amplitudes of
A = 0.97 ± 0.02 and A = 0.92 ± 0.02 are considered. The uncertainty of the induction amplitude is taken from
Schilling et al. (2004), who, however, did not perform a systematic analysis of their model uncertainties. The cited
value thus likely underestimates the range of possible values for the induction amplitude. As a comparison, our
lowest value for the induction amplitude is A = 0.86. This comparison highlights the varying constraints that can
be derived under consideration of different uncertainties and, more importantly, emphasizes the necessity of a
systematic error analysis.

An inversion considering only magnetic sounding does not yield information about the ocean's minimum depth.
Additional measurements, such as the gravity data recorded by Galileo, could be used to further constrain the
parameter space of possible ocean characteristics, similar to the approach used in Petricca et al. (2023). Casajus
et al. (2021) provided an updated analysis of Galileo gravity data, suggesting a hydrosphere thickness of
138.7 ± 7.7 km for an H2O density of 1,000 kg/m3.

Figure 13. Observed induction response Bobs,ind (blue) for the E04 flyby in rotated IAU coordinates. The red solid line shows
the best fit induced magnetic field obtained from our analysis of the E14 flyby. The blue region highlights the portion of the
trajectory where Galileo was within 4 Europa radii relative to the moon's center. The vertical black line marks the closest
approach.
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4.2. Galileo's E04 Flyby and Potential of a Joint Inversion

Figure 14 shows the residuals ΔB = Bobs,ind − Bind in all three components for the E04 and E14 flyby. Non‐zero
residuals are visible in both flybys across all components, although for the E04 flyby they are on the order of
10 nT. In comparison, the residuals for the E14 flyby lie consistently below 10 nT throughout the flyby. This
direct comparison emphasizes that the observations during the E04 flyby have stronger contributions from effects
that are not considered in our model for Europa's magnetic field environment.

Our chi‐squared analysis for the E04 flyby results in χ2 > 1 across the entire parameter space. Two possible
explanations for this result are (a) underestimating our uncertainties and (b) our model of the Europa's magnetic
field environment is missing a physical contribution and thus does not fully capture the measured magnetic field.
Particularly, the latter reason plays a role during the E04 flyby, as shown in Figure 14. Residuals oscillating
around zero indicate that our model describes the general structure of the observations well, with the exception of
the small‐scale fluctuations, as is the case for the E14 flyby. However, in the E04 flyby, these fluctuations are not
only stronger, but there are also noticeable offsets from the zero line on the order of 10 nT, indicating that larger
structures of the observations are mismodeled. This could result from an incomplete plasma interaction model.
Thus, the E04 flyby is a good example to highlight that flybys with smaller plasma interaction are crucial to gain
quantitative insights about Europa's interior from magnetometer measurements, but it also emphasizes the need
for accurate modeling of the plasma perturbed magnetic fields around Europa. The Europa Clipper spacecraft is
equipped with the Plasma Instrument for Magnetic Sounding (PIMS) instrument, monitoring the plasma envi-
ronment to correct the magnetometer measurements for plasma perturbed fields (Westlake et al., 2023). These
corrections should allow for better removal of plasma magnetic fields from observations, which in turn will
improve retrieval of ocean properties, but also increase the number of measurements that can be used in the
inversion.

The multitude of flybys performed by the Europa Clipper spacecraft will generate an unprecedented amount of
measurements, filling gaps in System III longitudinal coverage as well as uniformly covering the true anomaly
phase (Cangahuala et al., 2025; Pappalardo et al., 2024), therefore allowing the investigation to characterize the
anomalous and nodal orbital periods of 84.6 and 85.2 hr, respectively. This mission will provide a great op-
portunity to apply this method in a joint inversion of multiple flybys. Due to the large residuals in the E04 flyby, a
joint inversion was not performed in this work. While the consideration of further data generally tightens con-
straints placed on the ocean characteristics (see, Biersteker et al., 2023; Cochrane et al., 2025), the difference in
the ’quality’ between the measurements recorded during the E04 and E14 flybys warrants an exception to this

Figure 14. Residuals ΔB = Bobs,ind − Bind for (left) the E04 flyby and (right) the E14 flyby.
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rule. A smaller pool of measurements that is described well by our plasma interaction model allows for better
retrieval of ocean properties than a larger sample size, where our model leads to larger deviations and systematic
uncertainties due insufficiently constrained plasma interaction, resulting in larger residuals. A joint inversion with
a method similar to the one employed in this work would be of interest if multiple flybys with conditions similar to
the E14 flyby existed, that is, a low C/A altitude (<1800km), large distance to the plasma sheet, magnetic field
perturbations dominated by the induced field, and small high‐frequency fluctuations throughout the
measurements.

4.3. Robustness of Our Method

The constraints derived in this work are influenced by the assumptions in our individual models for the inducing
field, the background field, and the magnetic field due to Europa's plasma interaction, as well as the values for the
input parameters, for example, the degree of the background fit and the O2 column density. In three additional
runs, we introduce changes to our model parameters to assess the robustness of our derived constraints, only
varying one parameter at a time. If our approach is robust, the derived limits on the ocean properties will be
similar compared to the reference model. The variations to our model that we consider are

i. a background fit of degree n = 3,
ii. a background fit with interval length Δt = 20 min,
iii. a background fit with interval length Δt = 30 min,
iv. and an asymmetric O2 atmosphere that includes both upstream‐downstream asymmetry and a day‐night

asymmetry.

In each case, we estimate the resulting uncertainties and calculate χ2 across the prescribed parameter space. The
resulting χ = 1‐isocontours for all four models are shown in Figure 15 in depth‐thickness and conductivity‐
thickness space, respectively. In the following subsections, we will compare the resulting background and
plasma interaction fields and demonstrate the robustness of our analysis.

4.3.1. Robustness Against Background Field Variations

Figure 16 shows the four background fits used in this study compared to the measured data. Particularly in the Bx‐
component, the 20‐min fit is around 1 nT smaller than our reference fit around closest approach. This in turn will

Figure 15. χ = 1‐isocontours of the reference model presented in Section 3.1.2 (solid), a model with degree n = 3
background fit (dash‐dotted, green), and a model with interval length Δt = 20 min background fit (dashed, green). The left
figure presents the isocontours in depth‐thickness space for a conductivity of σ = 10 S/m, highlighting variations in the derived
depth constraints. The right figure shows the isocontours in conductivity‐thickness space for a depth of d = 20 km to highlight
the robustness of our derived conductivity constraints. Note that for the asymmetric atmospheric model the entire parameter
space lies outside the χ< 1 regime and is thus not shown in this figure.

Journal of Geophysical Research: Planets 10.1029/2025JE009122

WINKENSTERN ET AL. 20 of 29

 21699100, 2025, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JE

009122 by B
ibl. der U

niversitat zu K
oln, W

iley O
nline L

ibrary on [17/09/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



result in an “observed induction response” that is approximately 1 nT larger than in the reference case. As a
consequence, the required induction amplitude to stay within χ< 1 increases, while the required phase decreases.
This results in more restrictive limits on the ocean properties. In contrast, the background fit with degree n = 2 is
shown to be fairly insensitive to changes in the degree of the polynomial fit from n = 3. This indicates that the
background is captured mostly by a linear or quadratic fit within the considered frame of measurements. We also
performed the inversion technique using a 30‐min background fit. This fit, however, resulted in a χ> 1 throughout
the prescribed parameter space. The observed induction response resulting from this fit is shown in Figure 17 and
compared against the possible solutions presented in Figure 8. Here, we see a striking offset from zero in the Bx‐
component. Assuming that our plasma interaction model is reasonably accurate, this means that the resulting
background fit is not physically representative of Jupiter's magnetic field in Europa's vicinity. This can be
explained by the abrupt jump in the magnetic field observed around 12:30 in the Bx and By‐components. The
magnetospheric field measured by Galileo before 12:30 is likely not indicative of Europa's space environment.

The background fit is involved in multiple instances of our method, that is, its uncertainty σbg, the uncertainty of
the plasma interaction σplasma, and the observed induction response. Particularly the last point is not exclusive to
our work, but pertains to the principle of magnetic sounding in general, and emphasizes the importance of the fit
of Jupiter's background field.

4.3.2. Robustness Against Variations in the Atmospheric Model

While a radially symmetric atmosphere was used to obtain the results in Section 3.1.2, simulations by Plainaki
et al. (2013) on the generation of Europa's exosphere show spatial variability due to the time‐varying orientations
of solar illumination and the incident plasma direction. Additional variabilities between the trailing and leading
hemispheres of Europa have been observed (Hansen et al., 2005). In this section, we employ an atmosphere model
that includes both an upstream‐downstream and day‐night asymmetry to test how a varying atmosphere model

Figure 16. Magnetic field measurements of the E14 flyby (blue) and background fits calculated with (solid green) degree
n = 2 and window length Δt = 15 min, (dashed green) n = 2 and Δt = 20 min, (dotted green) n = 3 and Δt = 15 min, and
(dash dotted green) n = 2 and Δt = 30 min. The light green area indicates the respective 15‐min intervals.
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influences the derived limits of Europa's ocean properties. For that, the surface density is described with a lon-
gitudinal variability following

nO2
(ϕ,θ) = n0,O2

sin θ

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1 + k sin ϕ)(1 + kʹ cos (ϕ − ϕsp)) if
π
2

< ϕ <
3π
2

∧ | ϕ − ϕsp|<
π
2

(1 + k sin ϕ) if
π
2

< ϕ <
3π
2

∧ |ϕ − ϕsp|>
π
2

(1 + kʹ cos (ϕ − ϕsp)) if −
π
2

< ϕ <
π
2

∧ | ϕ − ϕsp|<
π
2

1 else,

(23)

with n0,O2
resulting in a column density ofNO2

= 1014 cm− 2 and ϕsp being the longitude of the subsolar point. The
density decays exponentially with height z, following Equation 18. Here, we use k = 1 and kʹ = 1 to reproduce
the perturbations in the Bz‐component from the symmetric model, which results in a maximum column density of
4 ⋅ 1014 cm− 2, assuming the subsolar point aligns with the trailing hemisphere apex. The resulting plasma
interaction field for the conditions of the E14 flyby is shown in Figure 18. As the Bz‐component does not vary
much between both model runs, the uncertainty σplasma of our MHDmodel changes by roughly 5%, with σplasma =

1.60 nT in the reference model and σplasma = 1.61 nT for the asymmetric atmosphere model in the case of a
perfectly conducting ocean. Since the uncertainty is slightly smaller in the asymmetric description of Europa's
atmosphere, we would expect tighter constraints on the ocean properties, assuming the Bx and By‐components are
unchanged. If the plasma interaction fields from the asymmetric case would be in better agreement with the

Figure 17. Observed induction response Bobs,ind (blue) for the E14 flyby in rotated IAU coordinates when a background fit
with interval length Δt = 30 min is subtracted. The light red band shows induction models with χ ≤ 1 retrieved from the
reference model.
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observations in the Bx and By‐component, the misfit between Bmodel and Bobs would decrease, thus increasing the
combination of ocean properties that fulfill χ2 ≤ 1.

The changes in the magnetic field due to plasma interaction, which were introduced by consideration of an
asymmetric atmosphere, result in a χ> 1 throughout the entire parameter space. This is a consequence of the
reduced MHD model uncertainty on one hand, i.e., the asymmetric model reproduces the Bz‐component more
accurate than the radially symmetric model. On the other hand, its fit to the Bx and By‐components is worse
compared to a radially symmetric atmosphere, further increasing χ2. This investigation indicates the importance
of the plasma correction in the retrieval of the ocean properties. We emphasize that these findings are specific to
the atmosphere model considered in this study, and furthermore a result of the chosen strength of the asymmetry,
with k = 1 and kʹ = 1.

We cannot extrapolate this conclusion to changes in the overall setup of our MHD model, as we kept additional
parameters affecting the plasma interaction (e.g., ionization frequency fimp) unchanged. Therefore, additional tests
are required to study the robustness of the retrieved ocean properties to changes in the various input parameters of
the MHD model. In general, the results of any inversion will be specific to the plasma interaction model used in
the description of Europa's magnetic field environment.

4.4. Assumptions in the Uncertainty Estimates and Additional Sources

In this work, we estimated the uncertainties that are introduced by our models for the inducing field at Europa, the
Jovian magnetospheric background field, and the magnetic field due to plasma interaction in Europa's vicinity.
These uncertainties are specific to the conditions of a given flyby. The uncertainty of the inducing field, and thus
of the induced field, varies with System III longitude. We characterized the uncertainty of the inducing field

Figure 18. Plasma perturbed magnetic field resulting from (solid) a symmetric atmosphere with column density
NO2

= 4 ⋅ 1014 cm− 2 and (dashed) an asymmetric atmosphere with upstream‐downstream and day‐night asymmetries,
following Equation 23.
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amplitudes (σBex,0 ,σBe
y,0
) as the difference of the inducing amplitude of the synodic rotation period obtained from

two various models. This approach provides only a rough approximation, as the uncertainty of the inducing field
requires a separate study. Additional uncertainties of the phase of Jupiter's magnetospheric field, ϕ0, were not
taken into account. For a comprehensive quantitative characterization of Europa's ocean, it is important to analyze
the multiple inducing frequencies of Jupiter's inducing field and their respective uncertainties individually.

To assess the justification of our assumptions, we performed an analysis of the two important additional inducing
frequencies. First, the half‐synodic rotation period at T = 5.62 hr, which is primarily pronounced in the Bx and
By‐components. Analyzing this signal for the E14 flyby has shown that the strength of the inducing signals at the
given System III longitude was Be

x (T = 5.62 h,λIII = 184.3°) ≈ 15 nT and Be
y (T = 5.62 h,λIII = 184.3°) ≈ 6

nT. At the distance of the closest approach during the E14 flyby, this inducing field could generate an induction
response with a strength of up to 2 nT, depending on the ocean's induction amplitude, potentially accounting for
our underestimation of the Bx‐component (see Figure 8). The second signal are the nodal and anomalistic orbital
periods at 85.2 and 84.6 hr, respectively. The former causes an inducing signal in the Bx and By‐components,
which however was negligibly small during the E14 flyby, with Be

x(T = 85.2 h) ≈ 1 nT and Be
y(T = 85.2 h) ≈ 3

nT. The anomalistic orbital period affects the Bz‐component, producing a signal of roughly 10 nT during the E14
flyby. We, however, neglect an inducing signal in the Bz‐component, as both the E14 and E04 flyby occurred near
the equatorial plane.We conclude that, within the scope of this work, these assumptions are valid and do not affect
the interpretation of the results. In a thorough analysis, however, these additional inducing signals must be taken
into account.

The uncertainties of the background field and the plasma magnetic field are characterized by the rms, following
Equations 12 and 21. As such, an increased misfit between our model and the observations will naturally increase
these two uncertainties as well. Such increased misfits can occur during flybys where small‐scale fluctuations are
larger than, for example, during the E14 flyby, as they are not included in our model description of Europa's
magnetic field environment (see Section 4.2).

We estimate the uncertainty of the plasma model using the Bz‐component and assume that this uncertainty
translates into the Bx and By‐components. At flybys near the equatorial plane, the Bx and By‐components of the
plasma interaction are very small (and even exactly zero in case the interaction would be symmetric with respect
to the equatorial plane, e.g., Neubauer (1998)), while the Bz‐component resulting mostly from the fast mode
represents the plasma interaction (Saur, 2021). Deviations from these symmetries, particularly in Europa's wake
where electron beams have been detected to contribute to ionization (Allegrini et al., 2024), need to be considered
in future inversions using data obtained downstream of Europa.

In this work, we were able to disentangle the individual contributions to the modeled magnetic field by fitting the
magnetic field due to plasma interaction using the Bz‐component, followed by an inversion of the induction
response using the Bx‐component and By‐component. This approach works particularly well for the E04 and E14
flybys, as they occurred near the equatorial plane, resulting in a very small induction signal in the Bz‐component.
As a consequence, the plasma uncertainty changes by only 1 nT throughout our parameter space. For polar flybys,
this difference will be larger.

It should be noted that this work does not cover all uncertainties and is confined to single‐frequency magnetic
sounding. While the consideration of additional frequencies, for example, higher order synodics and Europa's
orbital period, can provide useful additional insights (Biersteker et al., 2023; Khurana et al., 2002; Seufert
et al., 2011; Vance et al., 2021), we consider these outside the scope of this work.

5. Summary
In this paper, we developed a method to quantitatively derive the depth, thickness, and electrical conductivity of
Europa's subsurface ocean, as well as lower and upper limits of these properties. For that, we performed an
inversion where we compared the modeled magnetic field against the observations of the Galileo spacecraft. The
magnetic field model in this work is described as the sum of the Jovian background field, the induced magnetic
field generated within Europa's subsurface ocean, and the plasma magnetic field. Each contribution to the
magnetic field was modeled individually and has an uncertainty associated with it, for which we introduced
estimates.
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These estimates were used in a chi‐squared analysis to derive the ocean properties. Any combination of depth d,
thickness h, and conductivity σ that resulted in a magnetic field model with χ> 1 was classified as an inappro-
priate fit to the observations and thus considered outside the regime of possible values for the ocean properties.
This way, the χ = 1 isocontour provided constraints on the range of (d,h,σ).

We showcased the method using the magnetic field measurements of Galileo's E14 flyby, as the plasma envi-
ronment was ’quiet’ during the encounter and the inducing field was near its maximum, resulting in a strong
electromagnetic response. For comparison, we also applied the method to the E04 flyby. While the observations
of three other flybys, E12, E19, and E26, were also discussed as potential candidates for the inversion, we ul-
timately decided against further consideration of those measurements for varying reasons, as stated in Section 3.1.

After performing the chi‐squared analysis, we took additional estimates of the ocean's depth into account to
further constrain the electrical conductivity and thickness. For that, we considered a minimum depth of 20 km,
such as suggested in the literature. Under consideration of the additional depth constraint, we derived a minimum
conductivity of 1.6 S/m. An upper limit on the conductivity could not be resolved, as the induction amplitude
saturates. For the thickness, no upper constraint was found within our prescribed parameter space, considering
thicknesses up to 150 km. However, our analysis yielded a minimum thickness of 6 km at a depth of 20 km.

The Jovian background field is commonly approximated by a polynomial fit to the measurements of the specific
flyby considered. The degree of the fit, as well as the interval length and its start and end, however, are ambiguous
and usually not well documented in the previous literature. In this work, we have shown the effect that varying
background fits have on the derived ocean properties, emphasizing the need to adequately choose and document
background fitting in future work to ensure reproducibility. This includes the degree of the polynomial, the start
and end of the excluded window, as well as the interval length. While we motivated a background fit with interval
length of 15 min and degree n = 2 for the E14 flyby, it is not the best fit if measured solely by the rms. The E14
flyby also presents an abrupt change in the magnetospheric field shortly before the first 15‐min window, further
motivating this choice. It is worth noting that, measured by the rms, the optimal interval length varies between
flybys, as the magnetospheric behavior is variable between individual flybys. We conclude that accurate
magnetospheric models are imperative for magnetic sounding and further analysis of the periodic and non‐
periodic variations of the magnetospheric field is required.

We also compared the constraints resulting from two different descriptions for Europa's atmosphere. Here, the
derived constraints were the least robust due to the increased misfit between the model and measurements in the
Bx and By‐components, while the plasma uncertainty decreased. Although the conditions of the E14 resulted in
comparably small plasma magnetic field contributions in the Bx and By‐components, this does not hold for any
arbitrary flyby, as shown in our application to the E04 flyby, emphasizing the necessity for complementary
observations of the plasma environment and atmosphere in addition to the magnetometer measurements on board
of ESA's JUICE and NASA's Europa Clipper spacecraft (Kivelson et al., 2023; Masters et al., 2025). Both
missions are equipped with instruments monitoring the plasma environment (Wahlund et al., 2025; Westlake
et al., 2023). Complementary measurements of the plasma environment and Europa's atmosphere will be provided
by the UVS instruments (Davis et al., 2021; Retherford et al., 2024). The framework we present in this study
provides a useful method to analyze existing and future spacecraft data recorded with the two aforementioned
spacecrafts. We also delivered first estimates to quantify uncertainties introduced by our models for the individual
contributions to Europa's magnetic field environment.

Appendix A: Measurements of the E12, E19, and E26 Flybys
For the sake of completeness, we present the measurements of the E12 (Figure A1), E19 (Figure A2), and E26
flybys (Figure A3), compared against the induction response of a perfectly conducting ocean with A = 1
and ϕph = 0.
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Figure A1. Magnetic field measurements of the E12 flyby (blue) and the induction response of a perfectly conducting ocean
with A = 1 and ϕph = 0 (red) in rotated IAU (=approximately EPhiO) coordinates. The vertical black line marks the closest
approach.

Figure A2. Magnetic field measurements of the E19 flyby (blue) and the induction response of a perfectly conducting ocean
with A = 1 and ϕph = 0 (red) in rotated IAU (=approximately EPhiO) coordinates. The vertical black line marks the closest
approach.
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