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A B S T R A C T

Europa’s subsurface ocean is a potential candidate for life in the outer solar system. It is thought that plumes
may exist which eject ocean material out into space, which may be detected by a spacecraft flyby. Previous
work on the feasibility of these detections has assumed a collisionless model of the plume particles. New models
of the plumes including particle collisions have shown that a shock can develop in the plume interior as rising
particles collide with particles falling back to the moon’s surface, limiting the plume’s altitude. These models
also assume a Laval nozzle-like vent which results in a colder plume source temperature than in previous
studies, further limiting the plume’s extent. We investigate to what degree the limited extent of the shocked
plumes reduces the ability of the JUICE spacecraft to detect plume H2O molecules. Results show that the
region over Europa’s surface within which plumes would be separable from the H2O atmosphere by JUICE
(the region of separability) is reduced by up to a half with the collisional model compared to the collisionless
model. Putative plume sources which are on the border of the region of separability for the collisionless model
cannot be separated from the atmosphere when the shock is considered for a mass flux case of 100 kgs−1.
Increasing the flyby altitude by 100 km such that the spacecraft passes above the shock canopy results in a
reduction in region of separability by a third, whilst decreasing the flyby altitude by 100 km increases the
region of separability by the same amount. We recommend flybys pass through or as close to the shock as
possible to sample the most high-density region. If the spacecraft flies close to the shock, the structure of
the plume could be resolvable using the neutral mass spectrometer on JUICE, allowing us to test models of
the plume physics and understand the underlying physics of Europa’s plumes. As the altitude of the shock is
uncertain and dependent on unpredictable plume parameters, we recommend flybys be lowered where possible
to reduce the risk of passing above the shock and losing detection coverage, density and duration.
1. Introduction

Europa is thought to have a subsurface water ocean with the po-
tential to support life, making it one of the most intriguing places in
the solar system to astrobiologists. The physical and chemical char-
acteristics of this ocean are poorly constrained, but it is thought that
tidal heating from Jupiter sustains a liquid ocean around 100 km
deep, which could contain the essential ingredients and energy for
life (Nimmo and Pappalardo, 2016; Schubert et al., 2004). Several
observation methods have hinted at the possibility of water plumes
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erupting from the surface, potentially ejecting ocean material into space
and providing an opportunity to study its composition (Hand et al.,
2009; Chyba and Phillips, 2002).

Europa’s plumes were first detected by Roth et al. (2014), who
reported evidence of excess UV emission (in the Hydrogen Lyman-𝛼
and Oxygen OI 130.4 nm spectral emission lines) above the southern
hemisphere from analysis of Hubble images, consistent with a 200 km
water plume near Europa’s south pole. Sparks et al. (2016, 2017, 2019)
investigated limb-darkening effects in far ultra-violet Hubble images
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and also found cases of possible plume activity, although this has since
been contested by Giono et al. (2020) who showed that at least one
of these detections could also be explained by statistical fluctuations.
Recently, studies of Europa’s magnetic field and plasma wave observa-
tions by Jia et al. (2018) and Arnold et al. (2019) have reported features
consistent with interaction between Jupiter’s co-rotating plasma and
plumes, giving independent evidence to support their existence. Low-
albedo geographical regions have also been linked to cryovolcanic
activity by Fagents et al. (2000). Paganini et al. (2020) has shown
possible evidence of a plume through IR spectroscopic measurements
with the Keck telescope. Recent work by Huybrighs et al. (2020) shows
that energetic proton depletion during Galileo’s flyby of Europa is
consistent with charge exchange with a plume, providing evidence from
an independent method and data set from previous examples. However,
an artefact in the energetic proton data prevents a definitive conclusion
on the presence of a plume (Jia et al., 2021; Huybrighs et al., 2021).

The potential to study the Europan ocean for signs of life has
encouraged scientific and public interest in a spacecraft flyby of Eu-
ropa’s plumes. It is proposed that spacecraft flybys could investigate
the ocean’s composition, search for organic molecules and perhaps
sample microbial life directly (Lorenz, 2016). In this paper ESA’s
JUpiter Icy Moons Explorer (JUICE) mission is used as an example
mission (Grasset et al., 2013); the spacecraft’s Particle Environment
Package (PEP) (Barabash et al., 2013) has been predicted to be able
to detect molecules from the plumes during its two planned flybys
of Europa in the early 2030’s (Huybrighs et al., 2017; Winterhalder
and Huybrighs, 2022). The spacecraft may be capable of ‘tasting’ trace
gases and compounds in the plume using the Neutral Ion Mass spec-
trometer (NIM) instrument in the PEP package. Europa Clipper’s MAss
SPectrometer for Planetary EXploration/Europa (MASPEX) instrument
is also intended to analyse the composition of Europa’s atmosphere
and possible plumes (Teolis et al., 2017), when the spacecraft reaches
Europa (Brockwell et al., 2016).

Collisionless models have been used to model plumes on Europa
(Southworth et al., 2015; Lorenz, 2016; Teolis et al., 2017; Huybrighs
et al., 2017; Vorburger and Wurz, 2021; Winterhalder and Huybrighs,
2022) and Enceladus (Smith et al., 2010; Tenishev et al., 2010; Dong
et al., 2011). Specifically in Huybrighs et al. (2017) and Winterhalder
and Huybrighs (2022), a simple collisionless model using Monte Carlo
particle tracing was used to simulate the trajectories for neutrals and
ions under Europa’s gravity, Jupiter’s electric field, and the conven-
tional electric field, for several possible plume source mass fluxes.
These studies show that H2O molecules could be detected by the

IM instrument from a plume anywhere on the surface. However,
imulations by Berg et al. (2016) and more recently by Tseng et al.
2022), which included particle–particle collisions between H2O neu-

trals resulted in a canopy shock forming within the plume, as particles
falling back to the surface collide with rising material. This limits
the altitude and extent of the plume. The models presented in Berg
et al. (2016) assume a Laval nozzle-like vent which results in a colder
plume source temperature than in previous studies, further limiting the
plume’s extent. The canopy shock and the lower source temperature
suggest that in reality a spacecraft’s ability to detect plume molecules
will be poorer than previously thought.

While the structure of Europa’s plumes, including the presence of
a canopy shock, has not been determined from the currently available
observations, the presence of canopy shocks has been observed at Io
(e.g. in Morabito et al. (1979) and Geissler and McMillan (2008))
and predicted by models (e.g. in Zhang et al. (2003), McDoniel et al.
(2015) and McDoniel et al. (2019)). The plumes on Enceladus do not
exhibit the canopy shape observed at Io and predicted at Europa. This is
because the exhaust velocity of the plumes exceeds the escape velocity
of the moon. The plume particles are therefore not strongly affected by
gravity and thus the collisions between rising and returning particles
2

are not frequent enough to form the canopy shock (e.g. Yeoh et al.
(2017)). Estimates of plume mass flux range from 5 kg s−1 (Southworth
et al., 2015) to 7000 kg s−1 (Roth et al., 2014).

In this study the extent to which using a collisional model with
a canopy shock reduces the potential of detection compared to a
collisionless case is investigated. We determine the effect of particle
collisions and the formation of a canopy shock on the region of separa-
bility (i.e. the surface area of Europa that can be probed by a flyby), and
on the peak density detected by the simulated flyby. The feasibility of
detecting particles from previously observed potential plumes by Roth
et al. (2014), Sparks et al. (2016, 2017, 2019), Jia et al. (2018)
and Arnold et al. (2019) are investigated. Flybys at different altitudes
are modelled to determine if a lower flyby would significantly improve
the area over Europa’s surface where plumes would be separable from
the atmosphere (the region of separability) and the peak density of
particles encountered.

2. Method

The density distribution of the plumes is here simulated using the
Direct Simulation Monte Carlo (Bird, 1994) code PLANET developed
at The University of Texas at Austin. The PLANET code was run
with different vent conditions listed in Table 1, varying the mass
flux and turning particle collisions on and off. Subsequently, the sim-
ulated plume densities are used as an input for simulations of the
measurements with the neutral mass spectrometer, NIM, on JUICE.

2.1. Plume model

PLANET has been previously used for a wide variety of atmospheric
applications, including plume simulations for Europa (Berg et al.,
2016), Io (McDoniel et al., 2019) and Enceladus (Mahieux et al., 2019;
Yeoh et al., 2017). In this work we simulate the plume H2O molecule
number density, velocity, and kinetic- and rotational-temperature fields
using the same approach as the one described in Mahieux et al. (2019);
the reader can find an extensive description and justification of the
computation method in that paper. A summary is provided here.

A single plume source with a circular vent aperture is considered,
pointing normal to the surface of Europa, outgassing a pure water
vapour flow. In DSMC, the time-dependent movement and collisions of
numerical particles, which represent a large number of real molecules,
are computed on a 3D spherical grid. The grid is defined by collision
cells, in which the collisions of the particles are computed probabilis-
tically. However, only 1/360 of the flow in a 1-degree wedge needs
to be simulated because of the cylindrical symmetry of the problem.
The computation is done in stages (see Fig. 1), whose sizes increase
as a geometric progression, and such that each stage encompasses the
previous ones. Thus, the cell size is defined such that it resolves the
local flow mean free path. Likewise, the time step needs to resolve
the mean collision time. There are seven stages in the computation.
PLANET is run in each stage until steady state is reached, i.e. that the
number of numerical particles is constant. When steady state is reached,
the flow is sampled over a large number of time steps to reduce the
numerical noise, and the numerical particles crossing the right and top
boundaries in Fig. 1 are counted. They are used as initial conditions for
the next stage.

We note that, in the present DSMC simulations, the particles can
only travel from a lower stage to an upper stage. This introduces a small
error below when considering Europan plumes, as the particles from
the outermost stage that should fall back to stage 6 are not counted.
Note, in our simulations the outer stage (stage 7) extends from 40–
700 km from the plume source, and so fully contains the region where
the canopy shock forms at an altitude of ∼400 km. As shown in Berg
et al. (2016), this error can be neglected. The stage parameters for the
Default case are given in the Appendices, Table 5.

The collisional model we use has an artefact along the symmetry

axis (Fig. 1A) (or 𝑧-axis in Fig. 1B), where the density is lower at the
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Fig. 1. Panel A: DSMC domain geometry. The vent is the white circle at the centre. The grid represents the domain that is simulated using the code PLANET. Panel B: Representation
of the staged calculation. The collision cells are shown in Stage 1 only for clarity.
centre of the plume than would be expected. This is because there is
a statistically small proportion of simulation particles that have the
exactly z-aligned velocity needed to populate the region along the
central axis. None of the conclusions of this paper are affected by the
artefact. The results of Figs. 4 and 6 are not affected because we use
the maximum density along the entire trajectory and not the value at
closest approach (where the artefact could occur). In Fig. 5, panel B, the
density at closest approach is an underestimate of less than an order of
magnitude compared to panel A. This does not affect the conclusions
of the paper.

2.2. Simulation cases

For this study, four different DSMC plume simulations were run: a
Default case, a second case with 10 times lower mass flux (1.04 kg s−1),
a third case with 10 times larger mass flux (104 kg s−1) and a fourth
case with no collisions. All cases have the same size vent and the same
water vapour speed and temperature at the vent exit. An overview
of the simulations is shown in Table 1. The first line refers to the
Default case, with collisions turned on. The speed and temperature
parameters were taken from Berg et al. (2016). The stage sizes and
grids are the same for all runs. In the Low Flux case, the expanding
flow in the neighbourhood of the vent remains collisional only in stage
1 and reaches nearly the same vertical speed as the collisionless case
within a few vent diameters above the surface. In the High Flux case,
the expanding flow remains collisional up to stage 4. The High Flux
plume extends to the same altitude as the Default case. The Default,
Low Flux, and High Flux cases plumes all rise to approximately the
same altitude. As described in Section 1, estimates from observations
show mass fluxes up to ∼1000 kg s−1, so the ‘high flux’ case is high
relative to the other models we considered, rather than high relative to
the mass fluxes of the observed of plumes.

A collisionless plume model was also run. The collisionless plume
can be similarly scaled linearly for different mass fluxes. The collision-
less case we expect to be similar to a slightly collisional low-mass flux
plume since the flow is so rarefied that collisions between particles
hardly occur at any altitude. Therefore, descending particles do not
collide with rising particles and a shock wave does not form. Without
the canopy shock, the collisionless plume rises higher and spreads more
broadly than a collisional, shock-constrained plume would. We expect
that the geometric (canopy or no-canopy) nature of Europan plumes is
based simply on the mass flow rate and its influence on whether or not
a canopy shock forms. Examples of the plume model for a collisional
and collisionless 100 kg s−1 plume are shown in Fig. 2.

The plume model can be scaled linearly in either the non-shocked
(essentially collisionless) regime (Huybrighs et al., 2017), or in the
3

collisional shocked case (Berg et al., 2016). However, during the tran-
sition from non-shocked to shocked (roughly between 1 and 10 kg s−1)
the scaling of the model is not linear as the structure and height
changes from fountain-shaped to the dome-shaped canopy shock. A
∼1000 kg s−1 plume simulation would yield essentially the same result
as a ∼100 kg s−1 plume, just with a density scaling of ∼ × 10.

The lifetime of a plume particle is sufficiently short such that only
a small fraction of the plume particles are ionised by the radiation
environment (including e.g. solar UV-C and the Jovian plasma torus).
We therefore assume the ion component does not affect the outcome of
this study and it is neglected (Huybrighs et al., 2017).

2.3. Instrument simulation

The example JUICE mission flybys are the baseline 3.0 flybys1 orig-
inally planned to take place in October 2030. At closest approach the
spacecraft will have an altitude of ∼400 km. Note that since this study
is primarily illustrative and the flybys are still planned to pass over
each hemisphere with a closest approach at 400 km, the conclusions
of this paper are unaffected by the updates to the flybys thereafter. In
this study the southern flyby is taken as a reference trajectory, as it
passes over the southern hemisphere where most of the putative plume
locations lie. The JUICE spacecraft’s PEP package contains the NIM
instrument; a high resolution time-of-flight mass spectrometer, capable
of detecting low energy (<10 eV) neutrals and ions. PEP also contains
the ion mass spectrometer, Jovian Dynamics and Composition Analyzer
(JDC), which covers the 1 eV–41 keV range.

A 1D model of Europa’s atmosphere is assumed, with a constant
water density of 104 cm−3, which is based on densities above 100 km in
model D in Shematovich et al. (2005b), which is the same atmospheric
model as used in Huybrighs et al. (2017) and Winterhalder and Huy-
brighs (2022). The Shematovich et al. (2005b) model is a 1D collisional
Monte-Carlo model that includes sublimation and sputtering as sources
of H2O.

Since we are only looking at altitudes at or above 300 km we
ignore the variations in atmospheric density closer to the surface.
This assumption and simplification of the atmosphere is described
in Shematovich et al. (2005b); a summary of the main arguments is
as follows. Firstly lateral density gradients have been predicted and
observed between the day and night side of Europa (Teolis et al., 2017;
Plainaki et al., 2010; Roth, 2021) as H2O is sublimated from the surface
during the day and re-adsorbed at night. These modelled and observed
asymmetries are hemispheric and so are at a much larger scale than the
local density increase caused by the plume, meaning that plumes can be

1 https://www.cosmos.esa.int/web/spice/spice-for-juice.

https://www.cosmos.esa.int/web/spice/spice-for-juice
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Table 1
Parameters of the vent and of the flow at the vent for the different cases.

Run name Mass flux in kg s−1 Vent radius in m Water vapour exit
speed in m s−1

Water vapour
temperature in K

Angle of the flow to
the normal at the
vent in ◦

Particle collisions

Default 10.4 10.2 902 53 0 On
High flux 100.4 10.2 902 53 0 On
Low flux 1.04 10.2 902 53 0 On
No collisions 100.4 10.2 902 53 0 Off
Fig. 2. H2O neutral density in the 𝑥𝑧 plane of two simulated 100 kg s−1 plumes. The coordinate system is centred on the centre of Europa with the 𝑧-axis passing through the
plume source. (a) is a collisionless plume showing a large fountain-like shape, (b) is a collisional plume showing the canopy shock. The empty disk segment at the bottom of the
figures is the surface of Europa, with the plume source at 𝑧 = REuropa. The canopy shock forms at around 𝑧 = 2100 km corresponding to an altitude of ∼500 km above the surface.
separated from this lateral asymmetry. The atmospheric simplification
also ignores secondary effects playing a role in the distribution of
plume particles caused by interaction with the surface, atmosphere,
and radiation environment such as sputtering/resputtering, bouncing,
adsorption/desorption and photon or electron-impact ionisation, mod-
elled for example in Teolis et al. (2017). Furthermore, these secondary
plume features are ignored as they are less dense than the primary
erupted particles. Since this paper focuses specifically on the effects of
collisions in the plumes, we do not attempt to simulate all secondary
effects.

In this paper a plume detection is defined as the plume signal
exceeding NIM’s noise level. The noise level is determined from instru-
mental effects and background radiation represented as a density of
7 cm−3 following Huybrighs et al. (2017). The density of trace gases,
organic molecules, and H2O molecules must surpass this noise limit
to be detected by NIM. To separate the plume from the background
water atmosphere we require the plume H2O density to exceed the
background atmospheric H2O density (at an altitude of ≥100 km) of
104 cm−3, and define this point as the atmospheric threshold (Shema-
tovich et al., 2005b). Trace gases and organic molecules are separable
from the atmosphere providing they exceed both the instrument noise
limit and their species’ own atmospheric background density.

The 2D plume models were converted into a 3D map of H2O neutral
density in Europa’s vicinity by rotating the single slice by 360◦ via an
interpolation algorithm. The density of particles encountered along the
spacecraft trajectory, as shown in Fig. 3, was calculated using the same
software tools as Winterhalder and Huybrighs (2022).

3. Results and discussion

3.1. Detected density reduced and concentrated around closest approach

The ability of the spacecraft to detect plumes over the Europan
surface is displayed as detected density maps, showing the peak density
detected along the spacecraft trajectory at the instrument as a function
of plume location on the map. The maps are generated by considering
a plume located at any location on the surface, and determining the
4

peak density by a simulated flyby through the resulting 3D H2O density
map of Europan space for each possible plume location. To compare the
collisional and collisionless plume cases, the two detected density maps
shown in Fig. 4 are produced.

The collisional model results in a reduced peak detected density,
with increasing effect the further away from the location of the closest
approach. For example, by inspecting Fig. 4, a collisional 100 kg s−1
model plume located at the position of the putative plume detected
in Jia et al. (2018) would lead to a maximum detected density of
101 cm−3 encountered by the instrument during flyby, while a collision-
less model would suggest a detected density of 104 cm−3, a difference
of three orders of magnitude. For plumes not located directly below
the closest approach, the flyby will detect orders of magnitude lower
H2O molecule density than was previously predicted from collisionless
models. Therefore, plume models that do not include collisions such as
the feasibility studies in Huybrighs et al. (2017) and Winterhalder and
Huybrighs (2022) lead to over-predictions of the plume H2O density for
mass fluxes above 1 kg s−1. Teolis et al. (2017) also use a collisionless
model for a plume with a mass flux of 500 kg s−1. Our models predict a
strong canopy shock effect at this mass flux, and as such the predicted
H2O density by Teolis et al. (2017) from a plume along a spacecraft
flyby trajectory is an over-prediction, for flybys with altitudes of several
100 km that will likely pass over the canopy shock.

The highest density (>106 cm−3) region is more restricted to the
area of the surface around the closest approach (Fig. 4), indicating
that the relationship between density detected and instrument alti-
tude is stronger in the collisional case. Fig. 5 shows how the density
changes with altitude as the spacecraft follows its trajectory in time.
The gradient of the change of density with altitude is steeper in the
collisional case as expected. The density scale factor is defined as the
change in altitude at which the density drops by a factor of 𝑒. For the
100 kg s−1 mass flux plume, the density scale factor is ∼36 km using
a collisionless model, and is reduced to just ∼28 km for a collisional
model. This represents a reduction of 23%, indicating that the density
drops off significantly more quickly when the limiting effect of the
shock is considered.

These two effects of the collisional model, the reduction in peak
detected density and density scale factor, hold for each of the three
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Fig. 3. JUICE trajectory through the model 100 kg s−1 collisional plume, with closest approach at an altitude of 400 km (at 𝑧 = 2000 km). The section of the spacecraft trajectory
that we see here covers approximately 15 min, and approximate time ticks are shown in white.
Fig. 4. Maps illustrating the peak H2O density detectable at the spacecraft trajectory as a function of plume location over the surface of Europa. For a plume located at any
point on the surface, the colour at that point corresponds to the peak detected density at the flyby from that plume. The collisionless (a) and collisional (b) models with a mass
flux from the source of 100 kg s−1 are compared. Approximate locations of putative plumes from the literature are plotted and labelled in the legend. The white background on
Europa’s surface indicates the regions where the density is less than 101 cm−3. This plot illustrates that the density detected by the spacecraft for a plume not located at the closest
approach is orders of magnitude lower when a collisional model is used, see Section 3.1. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
mass fluxes studied, but is strongest for the high mass 100 kg s−1 plume,
see Appendices, Fig. 9.

3.2. Limitation for plume observation time

The plume observation time is defined as the period during the
flyby when the plume density exceeds the atmospheric threshold. For
a 100 kg s−1 plume located directly below the closest approach, the
plume observation time for a collisionless model is 10 min. This is
reduced to 6 min for a collisional plume, a reduction of 40%. This is a
result of the altitude limiting effect of the canopy shock, as there is a
5

shorter period where the spacecraft is at low enough altitude to detect
plume H2O molecules at a density above the atmospheric threshold.

JUICE’s NIM instrument will only be able to make measurements
during the approach to Europa. When JUICE enters the outbound
phase of the flyby, incoming neutral gas will be blocked from the
NIM instrument entrance by the body of the spacecraft (Galli et al.,
2022). Applying the halved NIM time to our results, the plume time
is reduced to 5 min for a collisionless model, and only 3 min for the
collisional model. Recall that this is for a plume located below the
closest approach and represents a best case scenario; the plume time
will be even shorter for plumes not in this ideal location. This paper
does not fully explore the impact of this restriction on NIM, for example
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Fig. 5. Variation of H20 density with time during the flyby, with closest approach at 400 km. The plot shows the density of H2O molecules (blue) detected by the spacecraft in
time as it flies through a plume located directly under the point of closest approach, with the atmospheric limit (the approximate water density from ∼100 km to at least 600 km
in the atmosphere from Shematovich et al. (2005b)) and NIM noise limit indicated. The red line gives the spacecraft’s altitude above the surface in km, the green line gives the
NIM instrument noise limit in particles per cubic centimetre; the yellow line indicates the atmospheric H2O density below which plume H2O molecules are not discernible. The
density detected by the spacecraft drops off 23% more quickly with altitude for a collisional plume, see Sections 3.1 and 3.2. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
by calculating the detection from only the first half of the flyby. We
consider an optimal flyby to illustrate the potential of the instruments
and mission. Note that the halved instrument time is a restriction for
JUICE specifically and does not necessarily apply to other spacecraft
such as Europa Clipper, to which this study is also relevant.

The plasma instruments such as the JDC and Energetic Neutral
atom imagers in the PEP package do not have the same limitation
and will make measurements during both phases. JDC may detect
H2O+ pickup ions (Huybrighs et al., 2017) created by electron impact
ionisation of plume neutral H2O. We expect that the collisional model
plume will also limit the physical extent of the region from which
pickup ions can be generated as it follows the density distribution of
the neutral component, and therefore would also cause a reduction in
plume detection time for JDC.

3.3. Collisional model gives reduced region of separability

The region of separability can be defined as the area over the
surface of Europa where the H2O density from a model plume (in
said area) detected by the flyby exceeds the atmospheric threshold
and is therefore identifiable as separate from the moon’s atmosphere.
Maps showing the region of separability considering the atmospheric
threshold are shown in Fig. 6.

Comparing the collisional and collisionless cases there is a reduction
in the area of the region of separability (note that the difference in
the extent of the simulated particles, visible in Fig. 2, does not affect
the size of the region of separability). In the high mass flux case of
100 kg s−1, the area of the region of separability is reduced by 43% for
the collisional case compared to the collisionless case. Table 2 shows
the area of the region of separability for each case in km2. These data
show the region of separability is reduced in each case, and that higher
mass flux plumes suffer greater area reduction. For the 1 kg s−1 mass
flux plume the area is reduced only by 3%. Hence, at low mass fluxes
the detected density is not as greatly affected by the presence of the
shock; this is a result of the shock effect being less strong and limiting
at low mass flux (see Section 2). Therefore, a collisionless model as used
in Huybrighs et al. (2017) and Winterhalder and Huybrighs (2022) is a
useful approximation for modelling plumes with mass fluxes ≤1 kg s−1.
Note 1 kg s−1 plumes are detectable by JUICE according to Huybrighs
et al. (2017), Winterhalder and Huybrighs (2022). See Appendices,
Fig. 10 for region of separability plots for each mass flux.

Due to a lack of measurements, uncertainties exist in the atmo-
spheric profile, so better understanding of the atmospheric profile is
needed to separate plumes from the atmosphere with high accuracy.
6

Table 2
Comparison of the region of separability for a collisional and collisionless model at
different plume mass fluxes, where the region of separability is defined as the surface
area where the spacecraft is capable of differentiating plume water molecules from
the atmospheric water molecules. In the 100 kg s−1 case the region of separability is
reduced to 57% of the collisionless model, see Section 3.3. In the 1 kg s−1 case the
collisional and collisionless models agree with only 3% difference.

Mass flux in kg s−1 Region of separability as %
of Europan surface

Ratio

Collisional Collisionless Collisional
Collisionless

100 9.34% 16.50% 0.57
10 7.07% 11.53% 0.61
1 7.17% 7.40% 0.97

Table 3
y Separated from atmosphere; m marginally separated; n not separable. This table

illustrates how plumes which were considered separable using a collisionless model are
not separable when a collisional model is used, for 100 kg s−1 plumes being measured
during the southern flyby over the southern hemisphere, see Section 3.4.

Plume sources Collisionless Collisional

Sparks et al. (2016) (A) m n
Sparks et al. (2016) (B) m n
Sparks et al. (2017) (A) m n
Roth et al. (2014) y y
Sparks et al. (2017) (B) n n
Sparks et al. (2019) n n
Jia et al. (2018) m n
Arnold et al. (2019) n n

3.4. Implications for detecting putative plumes

To illustrate the implications of the reduction in area of the region
of separability, the possibility of detecting putative plumes from the
literature is presented in Table 3. Considering the case of a 100 kg s−1

plume, this table shows whether the putative plumes lie within, on the
border, or outwith the region of separability. Putative plumes that lie
touching the border of this region are marked as marginal.

There are putative plumes that would be considered to have
marginal possibility of separation using a collisionless model, which are
not detectable when a collisional model is used. This is an illustrative
example of the concrete effect collisional models have on whether these
putative plumes are detectable.

3.5. Lowering altitude of flyby increases region of separability

Trajectories at closest approach altitudes of 300 km and 500 km
were tested in addition to the planned JUICE flyby trajectory at 400 km.
This set of trajectories coincidentally aligns with the spacecraft passing
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Fig. 6. Maps illustrating the H2O molecule density detected in the region of separability, defined as the region in which the detected H2O density exceeds the atmospheric threshold
of 104 molecules per cm3. These maps show the area of the surface of Europa over which JUICE could separate a plume from the moon’s atmosphere (colour), where the greyed
out area is everywhere a plume would not be separable by a this flyby. Approximate locations of putative plumes from the literature are plotted on the surface and labelled in
the legend. The region of separability is reduced in the collisionless case to about a half of the collisional case, see Section 3.3. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
Table 4
Comparison of the region of separability at different altitudes, based on a collisional
100 kg s−1 case. Increasing or decreasing the altitude by 100 km affects the region of
separability by roughly 30% each way, see Section 3.5.

Altitude at closest Region of separability as a Ratio to
approach in km fraction of Europa’s surface area 400 km case

300 12.4% 1.32
400 9.3% 1
500 6.8% 0.73

under, over, and through the top of the canopy shock. Atmospheric
models from Shematovich et al. (2005a) show that the H2O density
in Europa’s atmosphere increases below 300 km. We do not consider
altitudes below 300 km in our analysis, so it is therefore not necessary
to consider this atmospheric density increase.

Table 4 and Fig. 7 show the result of different trajectory altitudes
on the region of separability, see Fig. 8 in the Appendices. When the
spacecraft flies lower, under the shock canopy altitude, the region of
separability is increased by 32% compared to the 400 km trajectory.
Similarly, when the altitude is increased and the spacecraft passes
above the shock canopy the region of separability is reduced by 27%.
The density along the trajectory is affected by an order of magnitude
between the 400 and 500 km cases, and the width of the density-time
peak is reduced indicating a shorter time period where detections can
be made. Wherein during a 300 km flyby the spacecraft may detect
plumes within a 14 min window, this is reduced to 9 min for a 500 km
flyby.

The height of the canopy shock of potential plumes is currently
poorly constrained, as previous plume detections have all had high
uncertainties associated with the size of the plume. Simulations for
7

Fig. 7. Region of separability i.e. area over the surface of Europa over which a plume
would be separable from the Europan atmosphere, plotted against the altitude of the
closest approach for three modelled spacecraft flybys. See Section 3.5.

different source mass fluxes, different vent geometry, or different tem-
perature and velocity parameters suggest a height somewhere in the
100’s of kilometres range. In the simulations studied in this paper, the
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Table 5
Mean values of DSMC parameters in each stage (stg) for the Default case: 𝑓𝑛𝑢𝑚, number of vertical (vt.) and horizontal (hz.) cells, horizontal and vertical size of each stage, time
tep, spatially averaged mean collision time, cell vertical size, spatially averaged mean free path, and spatially averaged Knudsen number Kn𝑔𝑟𝑎𝑑 . The computational values are
ean values over the whole stage. The computational time step resolves the mean collision in all stages. Furthermore, the horizontal cell sizes always resolve the mean free path.
ote that the vertical cell size does not resolve the mean free path in stages 1 and 2. However, the flow is close to continuum conditions in those lowest stages, as the Knudsen
umber based on the density gradient is very small.
𝑛𝑔𝑟𝑎𝑑 = 𝜆𝑀𝐹𝑃 ⋅

‖∇𝑚H2O
‖

𝑚H2O

where 𝜆𝑀𝐹𝑃 is the mean free path assuming local thermodynamic equilibrium and 𝑚H2O is the local water vapour mass density. It varies between 2.42 × 10−5 and 0.1 in stage 1
and between 0.04 and 0.5 in stage 2.

Stg 𝑓𝑛𝑢𝑚 # vert. # horiz. Stg vt. Stg hz. Time Mean coll. Cell vt. Cell hz. Mean free 𝐾𝑛𝑔𝑟𝑎𝑑
cells cells size [m] size [m] step [s] time [s] size [m] size [m] path [m]

1 9 × 1016 144 6912 44.9 44.9 10−4 5 × 10−4 0.31 0.006 0.09 0.06
2 2.3 × 1017 144 6912 112.7 78.8 2 × 10−4 0.0023 0.78 0.011 0.31 0.2
3 6.7 × 1017 240 11 520 333.4 189.2 5 × 10−4 0.0088 1.39 0.016 0.95 0.5
4 2.3 × 1018 288 13 824 1163.7 604.3 0.002 0.095 4.04 0.043 7.63 1.7
5 9.6 × 1018 384 18 432 4790.8 2417.9 0.009 2.3 12.48 0.13 110.9 6.9
6 4.7 × 1019 528 25 344 23 262.4 11 653.7 0.05 82.3 22.07 0.46 2495 36.7
7 1.8 × 1021 1008 48 384 900 000 900 000 2 4 × 106 892.86 18.6 6.2 × 107 3.2
spacecraft trajectory at 400 km is sufficient to pass through the plume
shock, but this only represents one possible set of plume parameters.

3.6. Effect of low temperature plume compared to previous studies

Comparing the models presented in this paper to those in Win-
terhalder and Huybrighs (2022) and Huybrighs et al. (2017) the col-
lisionless model in this work (e.g. Fig. 6) predicts a smaller region
of separability for the same mass flux. This implies that the model
plume in this work has a smaller physical extent to that used in Win-
terhalder and Huybrighs (2022) and Huybrighs et al. (2017). Because
this discrepancy in plume extent is visible for even low mass flux and
collisionless models where there is no canopy shock, and because the
average velocity in this work is higher (902 m s−1) than in Huybrighs
et al. (2017) and Winterhalder and Huybrighs (2022) (460 m s−1)
we attribute the difference to our plume source temperature (53 K),
which is colder than in previous studies (230 K Huybrighs et al., 2017;
Winterhalder and Huybrighs, 2022 and 150 K Teolis et al., 2017).
At cooler source temperatures, plume molecules ejected have a lower
velocity spread as per their Maxwell–Boltzmann distribution, and thus
fewer of them reach distances further away from the source, reducing
the extent of the plume.

The low plume temperature (53 K) is due to the following physical
argument, as shown in Berg et al. (2016). According to Berg et al.
(2016), plume material leaving the vent will be subject to the Laval
nozzle effect. This means that the material will be cooled as it erupts
out into space, dependent on the vent properties. The plume simulation
in this study has a source temperature of 53 K, based on physical
arguments considering a high speed plume starting at 230 K in the vent,
then being cooled by the nozzle effect (Berg et al., 2016) to 53 K. Note
that the temperature and exit velocity used in our simulations is the
coldest case put forward by Berg et al. (2016) i.e. a worst case scenario
in terms of detectability.

Plumes may be colder than expected in previous feasibility stud-
ies, making them more difficult to detect by spacecraft flyby. Plume
temperature should be considered by JUICE and other Europa in-situ
missions, as less energetic plumes will have a smaller physical extent
and therefore be less likely to be detected by spacecraft flyby.

3.7. Discerning plume structure

The plume canopy shock is a large structure in comparison with
the path of the spacecraft, and may intersect the trajectory for around
500 km (in 𝑥, see Fig. 3) before and after the closest approach.
This translates to several minutes of plume observation time (see
Section 3.2) which is much longer than the NIM integration time (5 s),
giving good temporal (and therefore spatial) resolution of samples
of plume material. Presence of a plume would dominate the H2O
density detected during in-situ detections during the flyby for a plume
8

located near the closest approach, meaning that any changes in density
throughout the plume would be due to the structure of the plume
itself rather than the background atmosphere. This suggests that the
structure of the plume could be discernible from the density of plume
molecules encountered during the flyby. Measurements of the structure
of the plume would provide an empirical constraint on plume models,
by which we can investigate the underlying physics and typical char-
acteristics of Europan plumes. This would allow us to investigate yet
unknown properties of plumes such as the temperature, exit velocity,
mass flux, and vent characteristics.

4. Recommendations for future missions

We recommend that missions such as JUICE and Europa Clipper
consider low flyby altitudes for Europa. For the best chance of detection
of any plume, including those not yet detected, the flyby should take
place below the shock altitude e.g. 300 km, to give the highest chance
of flying through or below some part of the canopy and making a
positive plume detection (i.e. maximising the region of separability).
However, if a specific active plume is targeted, we recommend to
target the shock itself as it is an extended, high density region which
is difficult to miss (as opposed to the dense region directly above the
source, which is a fraction of the size of the shock and therefore easier
to miss).

Putative plume locations from the literature are present primarily
around Europa’s southern hemisphere, close to the track of the southern
flyby. The putative plume detected in Roth et al. (2014) shows the
greatest chance of being detected by JUICE as it is positioned close to
the planned closest approach for the southern flyby. The estimated mass
flux of this plume is 1−7×103 kg s−1; our models predict that this mass
flux would easily lead to a canopy shock which would constrain the
extent of the plume and therefore the region of separability and plume
density (at altitudes above the canopy).

The JUICE flyby over the southern hemisphere is the better candi-
date (of the two planned flybys) for plume detection as it covers more
putative plume candidates, see Winterhalder and Huybrighs (2022). If
lowering any of the flybys is possible the southern flyby should be
chosen, as flying low over putative plumes increases the chance of a
positive detection.

Winterhalder and Huybrighs (2022) showed that when using a
collisionless model, lowering the flyby altitude would not result in
a significant increase in the region of separability, so the benefit of
a lowered altitude flyby was only in the increase in density of the
detected plume H2O molecules. However, this study using a collisional
model shows that the reduced extent of the plume due to the canopy
shock can lead to a large (43%) reduction in the area of the region of
separability, which can only be offset by lowering the flyby altitude
by 100 km. Hence, the case study presented in Winterhalder and
Huybrighs (2022) must be re-assessed. In contrast to their results, we
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Fig. 8. Comparison of the region of separability at difference trajectory altitudes at closest approach. The region of separability for the 500 km case (bottom) above the plume is
reduced by a third compared to the default 400 km (middle), where in the 300 km case (top) the region of separability is improved by a third.
find that lowering the flyby trajectory would increase the likelihood of
separating putative plumes from the atmosphere, when we account for
particle collisions.

Teolis et al. (2017) predicts the H2O atmosphere will be suppressed
on the night side due to surface condensation, but enhanced on the
day side due to sublimation, which was observed in Roth (2021). As
the night-side will therefore have a lower atmospheric water density
at the flyby altitude, the atmospheric threshold will be lower leading
to a larger region of separability. Plumes would therefore be easier
to detect by spacecraft flyby from their H2O signature on the night-
side of Europa. The JUICE mission’s proposed imaging for Europa
requires optimal imaging illumination conditions i.e. a 𝛽-angle (angle
between the orbital plane and the sun) of ≥50◦. This means it is likely
that most of the JUICE trajectory will be on the dayside — however
9

the proposed orbits by Europa clipper should sample the nightside
thoroughly (Dougherty et al., 2011; Bayer et al., 2019).

The canopy altitude of the plume will depend on various parame-
ters, such as the mass flux, temperature of the flow, exit speed, and
spreading angle at the vent, as well as vent geometry. All of these are
poorly constrained on Europa. Full exploration of the possible canopy
altitudes is beyond the scope of this paper, though a full parameter
sweep would be a useful study. Though the plume height is difficult to
constrain, the recommendations presented in this work would apply
to any plume of 100s km scale — the most plausible case. Models
presented by Zhang et al. (2003) and McDoniel et al. (2015) explore
the dependence of canopy height on vent temperature and exit velocity,
but without further constraints on the plume physics it is not currently
possible to give a height range beyond the 100s km scale discussed here.
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Fig. 9. Plot of the peak H2O density detected by the NIM instrument during the flyby as a function of the plume location on the surface, for different plume models consisting
of the collisional and collisionless model of a low mass 1 kg s−1, 10 kg s−1, and 100 kg s−1. For a low mass plume the effect of the particle-collisions is lesser, so the collisional
map is more similar to the collisionless case than in the high mass plume case, where the collisional and collisionless plume density maps are drastically different. This figure
illustrates how higher mass flux plumes are more affected by the addition of particle collisions as the canopy shock effect is stronger.

Fig. 10. Region of separability maps for different plume models including the collisional and collisionless cases for low 1 kg s−1, default 10 kg s−1, and high 100 kg s−1 mass flux
plumes. The region of separability is defined as the area over the surface of Europa where a plume located at that point would be separable from the atmosphere i.e. it exceeds
the atmospheric threshold. This plot illustrates that the region of separability is reduced for a collisional plume model, for a low mass plume only by a small amount, but for a
high mass plume the potential region of separability is reduced by a half.
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5. Conclusions

The predicted probability of detecting plume H2O molecules is
educed when considering a collisional plume model compared to
ollisionless, for mass fluxes exceeding 1 kg s−1. For the low mass

flux plume (1 kg s−1 or lower) the collisional model approximates the
ollisionless model. In the high mass case for a plume with flux of
00 kg s−1, the useful region of separability is reduced by as much as

half when compared to the collisionless model, and the peak particle
density detected at closest approach can be reduced by as much as an
order of magnitude. Previously suggested putative plume locations that
were thought to be detectable with the southern JUICE flyby may lie
outwith the region of separability when collisions are considered.

Model-based predictions for detecting Europa’s plumes from a
spacecraft flyby must consider particle collisions, as the results obtained
using a collisional model show differences as large as order of magni-
tude lower density, 23% steeper altitude density gradient, and 43%
reduced region of separability in the high mass flux (100 kg s−1) case.
The nozzle effect results in much colder plume temperatures than have
been used in previous feasibility studies. Since this limits the extent of
the plume, it should also be considered in future plume modelling —
particularly for plume detection where the physical extent of the plume
is vital for a positive detection/separation.

If a flyby is low enough to pass through or under the plume shock,
for a model 100 kg s−1 case, the region of separability is improved by
32%. Conversely, increasing the flyby altitude to 500 km reduces the
region of separability by 27%. For a spacecraft aiming to detect plume
molecules, a lower altitude is recommended to improve the likelihood
of passing through plumes originating from the widest possible area of
the surface. The alternative scenario where the spacecraft passes over
the shock altitude, results in a region of separability reduced by almost
a third, and peak density reduced by an order of magnitude.

A flyby passing through the plume shock could give a plume ob-
servation window of 3 min (for a model including particle collisions).
Compared to JUICE’s neutral mass spectrometer (NIM) observing ca-
dence of 5 s, we see that the structure of the plume could be resolved,
allowing us to probe the underlying physics of Europa’s plumes. Re-
solving the structure of the plume would allow us to compare the
observation to plume models and infer plume parameters such as mass
flux, vent characteristics, or plume temperature.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

We thank the reviewers for their effort in providing their use-
ful and insightful comments on the manuscript. This work was car-
ried out during the Leiden/ESA Astrophysics Program for Summer
students (LEAPS) 2020 hosted by the European Space Research and
Technology Centre (ESTEC) - European Space Agency (ESA) and Lei-
den Observatory. R. Dayton-Oxland is supported by the University of
Southampton and INSPIRE Doctoral Training Program; this work was
supported by the Natural Environmental Research Council [grant num-
ber NE/S007210/1]. H. Huybrighs gratefully acknowledges the support
from Khalifa University’s Space and Planetary Science Center under
grant N. KU-SPSC-8474000336, the ESA research fellowship and the
International Space Science Institute (ISSI) visiting scientist program. T.
O. Winterhalder was supported by the University of Heidelberg and the
11
European Southern Observatory. D. B. Goldstein and A. Mahieux were
supported by the SSW NASA grant with award number 80NSSC21K016.
Plume computations were done at the Texas Advanced Computing
Center.

Appendix

See Figs. 8–10 and Table 5.

References

Arnold, H., Liuzzo, L., Simon, S., 2019. Magnetic signatures of a plume at
Europa during the Galileo E26 flyby. Geophys. Res. Lett. 46 (3), 1149–1157.
http://dx.doi.org/10.1029/2018GL081544, URL: https://agupubs.onlinelibrary.
wiley.com/doi/abs/10.1029/2018GL081544. arXiv:https://agupubs.onlinelibrary.
wiley.com/doi/pdf/10.1029/2018GL081544.

Barabash, S., Wurz, P., Brandt, P., Wieser, M., Holmström, M., Futaana, Y., Stenberg, G.,
Nilsson, H., Eriksson, A., Tulej, M., et al., 2013. Particle environment package
(PEP). EPSC, EPSC2013–709.

Bayer, T., Bittner, M., Buffington, B., Dubos, G., Ferguson, E., Harris, I., Jackson, M.,
Lee, G., Lewis, K., Kastner, J., Morillo, R., Perez, R., Salami, M., Signorelli, J.,
Sindiy, O., Smith, B., Soriano, M., Kirby, K., Laslo, N., 2019. Europa Clipper
Mission: Preliminary Design Report. Institute of Electrical and Electronics Engineers.

Berg, J., Goldstein, D., Varghese, P., Trafton, L., 2016. DSMC simulation of Europa wa-
ter vapor plumes. Icarus 277, 370–380. http://dx.doi.org/10.1016/j.icarus.2016.05.
030, URL: http://www.sciencedirect.com/science/article/pii/S0019103516302354.

Bird, G.A., 1994. Molecular Gas Dynamics and the Direct Simulation of Gas Flows. In:
Oxford Engineering Science Series, Oxford University Press, Oxford, New York.

Brockwell, T.G., Meech, K.J., Pickens, K., Waite, J.H., Miller, G., Roberts, J., Lunine, J.I.,
Wilson, P., 2016. The mass spectrometer for planetary exploration (MASPEX). In:
2016 IEEE Aerospace Conference. pp. 1–17. http://dx.doi.org/10.1109/AERO.2016.
7500777.

Chyba, C.F., Phillips, C.B., 2002. Europa as an abode of life. Origins of Life Evol.
Biosphere 32 (1), 47–67. http://dx.doi.org/10.1023/A:1013958519734.

Dong, Y., Hill, T.W., Teolis, B.D., Magee, B.A., Waite, J.H., 2011. The water
vapor plumes of enceladus. J. Geophys. Res. Space Phys. 116, 10204.
http://dx.doi.org/10.1029/2011JA016693, URL: https://onlinelibrary.wiley.
com/doi/full/10.1029/2011JA016693https://onlinelibrary.wiley.com/doi/abs/
10.1029/2011JA016693https://agupubs.onlinelibrary.wiley.com/doi/10.1029/
2011JA016693.

Dougherty, M., Grasset, O., Bunce, E., Coustenis, A., Blanc, M., Coates, A., Cora-
dini, A., Drossart, P., Fletcher, L., Hussmann, H., Jaumann, R., Krupp, N.,
Prieto-Ballesteros, O., Tortora, P., Tosi, F., Hoolst, T.V., 2011. JUICE: Ex-
ploring the emergence of habitable worlds around gas giants European space
agency. URL: https://sci.esa.int/documents/33960/35865/1567258126055-JUICE_
Yellow_Book_Issue1.pdf. ESA/SRE(2011)18.

Fagents, S.A., Greeley, R., Sullivan, R.J., Pappalardo, R.T., Prockter, L.M., The Galileo
SSI Team, 2000. Cryomagmatic mechanisms for the formation of rhadamanthys
linea, triple band margins, and other low-albedo features on Europa. Icarus 144 (1),
54–88. http://dx.doi.org/10.1006/icar.1999.6254, URL: http://www.sciencedirect.
com/science/article/pii/S0019103599962541.

Galli, A., Vorburger, A., Mogan, S.R.C., Roussos, E., Wieser, G.S., Wurz, P., Föhn, M.,
Krupp, N., Fränz, M., Barabash, S., Futaana, Y., Brandt, P.C., Kollmann, P.,
Haggerty, D.K., Jones, G.H., Johnson, R.E., Tucker, O.J., Simon, S., Tippens, T.,
Liuzzo, L., 2022. Callisto’s atmosphere and its space environment: Prospects for the
particle environment package on board JUICE. Earth Space Sci. 9, e2021EA002172.
http://dx.doi.org/10.1029/2021EA002172.

Geissler, P.E., McMillan, M.T., 2008. Galileo observations of volcanic plumes on io.
Icarus 197, 505–518. http://dx.doi.org/10.1016/J.ICARUS.2008.05.005.

Giono, G., Roth, L., Ivchenko, N., Saur, J., Retherford, K., Schlegel, S., Ackland, M.,
Strobel, D., 2020. An analysis of the statistics and systematics of limb anomaly
detections in HST/STIS transit images of Europa. Astron. J. 159 (4), 155. http://
dx.doi.org/10.3847/1538-3881/ab7454, Publisher: American Astronomical Society.

Grasset, O., Dougherty, M.K., Coustenis, A., Bunce, E.J., Erd, C., Titov, D., Blanc, M.,
Coates, A., Drossart, P., Fletcher, L.N., Hussmann, H., Jaumann, R., Krupp, N.,
Lebreton, J.-P., Prieto-Ballesteros, O., Tortora, P., Tosi, F., Van Hoolst, T., 2013.
Jupiter ICy moons explorer (JUICE): An ESA mission to orbit Ganymede and to
characterise the Jupiter system. Planet. Space Sci. 78, 1–21. http://dx.doi.org/10.
1016/j.pss.2012.12.002, URL: https://www.sciencedirect.com/science/article/pii/
S0032063312003777.

Hand, K.P., Chyba, C.F., Priscu, J.C., Carlson, R.W., Nealson, K.H., 2009. Astrobiology
and the potential for life on Europa. Europa 589–629.

Huybrighs, H.L., Futaana, Y., Barabash, S., Wieser, M., Wurz, P., Krupp, N., Glass-
meier, K.-H., Vermeersen, B., 2017. On the in-situ detectability of Europa’s water
vapour plumes from a flyby mission. Icarus 289, 270–280. http://dx.doi.org/
10.1016/j.icarus.2016.10.026, URL: http://www.sciencedirect.com/science/article/
pii/S0019103516301968.

http://dx.doi.org/10.1029/2018GL081544
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018GL081544
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018GL081544
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018GL081544
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2018GL081544
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2018GL081544
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2018GL081544
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb2
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb2
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb2
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb2
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb2
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb3
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb3
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb3
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb3
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb3
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb3
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb3
http://dx.doi.org/10.1016/j.icarus.2016.05.030
http://dx.doi.org/10.1016/j.icarus.2016.05.030
http://dx.doi.org/10.1016/j.icarus.2016.05.030
http://www.sciencedirect.com/science/article/pii/S0019103516302354
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb5
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb5
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb5
http://dx.doi.org/10.1109/AERO.2016.7500777
http://dx.doi.org/10.1109/AERO.2016.7500777
http://dx.doi.org/10.1109/AERO.2016.7500777
http://dx.doi.org/10.1023/A:1013958519734
http://dx.doi.org/10.1029/2011JA016693
https://onlinelibrary.wiley.com/doi/full/10.1029/2011JA016693
https://onlinelibrary.wiley.com/doi/full/10.1029/2011JA016693
https://onlinelibrary.wiley.com/doi/full/10.1029/2011JA016693
https://onlinelibrary.wiley.com/doi/abs/10.1029/2011JA016693
https://onlinelibrary.wiley.com/doi/abs/10.1029/2011JA016693
https://onlinelibrary.wiley.com/doi/abs/10.1029/2011JA016693
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2011JA016693
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2011JA016693
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2011JA016693
https://sci.esa.int/documents/33960/35865/1567258126055-JUICE_Yellow_Book_Issue1.pdf
https://sci.esa.int/documents/33960/35865/1567258126055-JUICE_Yellow_Book_Issue1.pdf
https://sci.esa.int/documents/33960/35865/1567258126055-JUICE_Yellow_Book_Issue1.pdf
http://dx.doi.org/10.1006/icar.1999.6254
http://www.sciencedirect.com/science/article/pii/S0019103599962541
http://www.sciencedirect.com/science/article/pii/S0019103599962541
http://www.sciencedirect.com/science/article/pii/S0019103599962541
http://dx.doi.org/10.1029/2021EA002172
http://dx.doi.org/10.1016/J.ICARUS.2008.05.005
http://dx.doi.org/10.3847/1538-3881/ab7454
http://dx.doi.org/10.3847/1538-3881/ab7454
http://dx.doi.org/10.3847/1538-3881/ab7454
http://dx.doi.org/10.1016/j.pss.2012.12.002
http://dx.doi.org/10.1016/j.pss.2012.12.002
http://dx.doi.org/10.1016/j.pss.2012.12.002
https://www.sciencedirect.com/science/article/pii/S0032063312003777
https://www.sciencedirect.com/science/article/pii/S0032063312003777
https://www.sciencedirect.com/science/article/pii/S0032063312003777
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb15
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb15
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb15
http://dx.doi.org/10.1016/j.icarus.2016.10.026
http://dx.doi.org/10.1016/j.icarus.2016.10.026
http://dx.doi.org/10.1016/j.icarus.2016.10.026
http://www.sciencedirect.com/science/article/pii/S0019103516301968
http://www.sciencedirect.com/science/article/pii/S0019103516301968
http://www.sciencedirect.com/science/article/pii/S0019103516301968


Icarus 395 (2023) 115488R. Dayton-Oxland et al.
Huybrighs, H.L.F., Roussos, E., Blöcker, A., Krupp, N., Futaana, Y., Barabash, S.,
Hadid, L.Z., Holmberg, M.K.G., Lomax, O., Witasse, O., 2020. An active plume
eruption on Europa during Galileo flyby E26 as indicated by energetic proton
depletions. Geophys. Res. Lett. 47 (10), e2020GL087806. http://dx.doi.org/10.
1029/2020GL087806, URL: https://agupubs.onlinelibrary.wiley.com/doi/abs/10.
1029/2020GL087806. _eprint: https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.
1029/2020GL087806.

Huybrighs, H., Roussos, E., Blöcker, A., Krupp, N., Futaana, Y., Barabash, S., Hadid, L.,
Holmberg, M., Witasse, O., 2021. Reply to comment on ‘‘an active plume eruption
on Europa during Galileo flyby E26 as indicated by energetic proton depletions’’.
Geophys. Res. Lett. e2021GL095240. http://dx.doi.org/10.1029/2021GL095240,
URL: https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2021GL095240.
arXiv:https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2021GL095240.
e2021GL095240 2021GL095240.

Jia, X., Kivelson, M.G., Khurana, K.K., Kurth, W.S., 2018. Evidence of a plume on
Europa from galileo magnetic and plasma wave signatures. Nat. Astron. 2, 459–464.
http://dx.doi.org/10.1038/s41550-018-0450-z.

Jia, X., Kivelson, M.G., Paranicas, C., 2021. Comment on ‘‘an active plume
eruption on Europa during galileo flyby E26 as indicated by energetic proton
depletions’’ by Huybrighs et al.. Geophys. Res. Lett. 48, e2020GL091550.
http://dx.doi.org/10.1029/2020GL091550, URL: https://onlinelibrary.wiley.
com/doi/full/10.1029/2020GL091550https://onlinelibrary.wiley.com/doi/abs/
10.1029/2020GL091550https://agupubs.onlinelibrary.wiley.com/doi/10.1029/
2020GL091550.

Lorenz, R.D., 2016. Europa ocean sampling by plume flythrough: Astrobiological
expectations. Icarus 267, 217–219. http://dx.doi.org/10.1016/j.icarus.2015.12.018,
URL: http://www.sciencedirect.com/science/article/pii/S0019103515005710.

Mahieux, A., Goldstein, D., Varghese, P., Trafton, L., 2019. Parametric study of water
vapor and water ice particle plumes based on DSMC calculations: Application to the
Enceladus geysers. Icarus 319, 729–744. http://dx.doi.org/10.1016/j.icarus.2018.
10.022, URL: https://linkinghub.elsevier.com/retrieve/pii/S0019103518302173.

McDoniel, W.J., Goldstein, D.B., Varghese, P.L., Trafton, L.M., 2015. Three-dimensional
simulation of gas and dust in Io’s pele plume. Icarus 257, 251–274. http://dx.doi.
org/10.1016/J.ICARUS.2015.03.019.

McDoniel, W.J., Goldstein, D.B., Varghese, P.L., Trafton, L.M., 2019. Simulation of
Io’s plumes and Jupiter’s plasma torus. Phys. Fluids 31 (7), 077103. http://
dx.doi.org/10.1063/1.5097961, URL: https://aip.scitation.org/doi/abs/10.1063/1.
5097961. Publisher: American Institute of Physics.

Morabito, L.A., Synnott, S.P., Kupferman, P.N., Collins, S.A., 1979. Discovery of
currently active extraterrestrial volcanism. Science 204, 972. http://dx.doi.org/10.
1126/SCIENCE.204.4396.972, URL: https://pubmed.ncbi.nlm.nih.gov/17800432/.

Nimmo, F., Pappalardo, R.T., 2016. Ocean worlds in the outer solar system. J. Geophys.
Res.: Planets 121, 1378–1399. http://dx.doi.org/10.1002/2016JE005081.

Paganini, L., Villanueva, G.L., Roth, L., Mandell, A.M., Hurford, T.A., Retherford, K.D.,
Mumma, M.J., 2020. A measurement of water vapour amid a largely quiescent
environment on Europa. Nat. Astron. 4 (3), 266–272. http://dx.doi.org/10.1038/
s41550-019-0933-6, URL: https://www.nature.com/articles/s41550-019-0933-6.

Plainaki, C., Milillo, A., Mura, A., Orsini, S., Cassidy, T., 2010. Neutral particle
release from Europa’s surface. Icarus 210 (1), 385–395. http://dx.doi.org/10.
1016/j.icarus.2010.06.041, URL: https://www.sciencedirect.com/science/article/
pii/S0019103510002691.

Roth, L., 2021. A stable H2O atmosphere on Europa’s trailing hemisphere
from HST images. Geophys. Res. Lett. 48, e2021GL094289. http://dx.doi.org/
10.1029/2021GL094289, URL: https://onlinelibrary.wiley.com/doi/full/10.1029/
2021GL094289.

Roth, L., Saur, J., Retherford, K.D., Strobel, D.F., Feldman, P.D., McGrath, M.A.,
Nimmo, F., 2014. Transient water vapor at Europa’s south pole.
Science 343 (6167), 171–174. http://dx.doi.org/10.1126/science.1247051,
arXiv:https://science.sciencemag.org/content/343/6167/171.full.pdf. URL:
https://science.sciencemag.org/content/343/6167/171.

Schubert, G., Anderson, J.D., Spohn, T., Mckinnon, W.B., 2004. Interior Composition,
Structure and Dynamics of the Galilean Satellites, Vol. 1. Cambridge University
Press, pp. 281–306.
12
Shematovich, V., Johnson, R., Cooper, J., Wong, M., 2005a. Surface-bounded
atmosphere of Europa. Icarus 173 (2), 480–498. http://dx.doi.org/10.1016/
j.icarus.2004.08.013, URL: https://www.sciencedirect.com/science/article/pii/
S001910350400288X.

Shematovich, V.I., Johnson, R.E., Cooper, J.F., Wong, M.C., 2005b. Surface-bounded
atmosphere of Europa. Icarus 173, 480–498. http://dx.doi.org/10.1016/J.ICARUS.
2004.08.013.

Smith, H.T., Johnson, R.E., Perry, M.E., Mitchell, D.G., McNutt, R.L.,
Young, D.T., 2010. Enceladus plume variability and the neutral gas densities
in Saturn’s magnetosphere. J. Geophys. Res. Space Phys. 115, 10252.
http://dx.doi.org/10.1029/2009JA015184, URL: https://onlinelibrary.wiley.
com/doi/full/10.1029/2009JA015184https://onlinelibrary.wiley.com/doi/abs/
10.1029/2009JA015184https://agupubs.onlinelibrary.wiley.com/doi/10.1029/
2009JA015184.

Southworth, B.S., Kempf, S., Schmidt, J., 2015. Modeling Europa’s dust plumes.
Geophys. Res. Lett. 42, 10,541–10,548. http://dx.doi.org/10.1002/2015GL066502,
URL: https://onlinelibrary.wiley.com/doi/full/10.1002/2015GL066502https:
//onlinelibrary.wiley.com/doi/abs/10.1002/2015GL066502https://agupubs.
onlinelibrary.wiley.com/doi/10.1002/2015GL066502.

Sparks, W.B., Hand, K.P., McGrath, M.A., Bergeron, E., Cracraft, M., Deustua, S.E.,
2016. Probing for evidence of plumes on Europa with HST/STIS. Astrophys. J. 829
(2), 121. http://dx.doi.org/10.3847/0004-637X/829/2/121, Publisher: American
Astronomical Society.

Sparks, W.B., Richter, M., deWitt, C., Montiel, E., Russo, N.D., Grunsfeld, J.M.,
McGrath, M.A., Weaver, H., Hand, K.P., Bergeron, E., Reach, W., 2019. A search
for water vapor plumes on Europa using SOFIA. Astrophys. J. 871 (1), L5. http://
dx.doi.org/10.3847/2041-8213/aafb0a, Publisher: American Astronomical Society.

Sparks, W.B., Schmidt, B.E., McGrath, M.A., Hand, K.P., Spencer, J.R., Cracraft, M.,
Deustua, S.E., 2017. Active cryovolcanism on Europa? Astrophys. J. 839 (2), L18.
http://dx.doi.org/10.3847/2041-8213/aa67f8, Publisher: American Astronomical
Society.

Tenishev, V., Combi, M.R., Teolis, B.D., Waite, J.H., 2010. An approach to
numerical simulation of the gas distribution in the atmosphere of Enceladus. J.
Geophys. Res. Space Phys. 115, 9302. http://dx.doi.org/10.1029/2009JA015223,
URL: https://onlinelibrary.wiley.com/doi/full/10.1029/2009JA015223https:
//onlinelibrary.wiley.com/doi/abs/10.1029/2009JA015223https://agupubs.
onlinelibrary.wiley.com/doi/10.1029/2009JA015223.

Teolis, B., Wyrick, D., Bouquet, A., Magee, B., Waite, J., 2017. Plume and sur-
face feature structure and compositional effects on Europa’s global exosphere:
Preliminary Europa mission predictions. Icarus 284, 18–29. http://dx.doi.org/10.
1016/j.icarus.2016.10.027, URL: https://www.sciencedirect.com/science/article/
pii/S0019103516307096.

Tseng, W.-L., Lai, I.-L., Ip, W.-H., Hsu, H.-W., Wu, J.-S., 2022. The 3D direct simulation
Monte Carlo study of Europa’s gas plume. Universe 8 (5), http://dx.doi.org/10.
3390/universe8050261, URL: https://www.mdpi.com/2218-1997/8/5/261.

Vorburger, A., Wurz, P., 2021. Modeling of possible plume mechanisms
on Europa. J. Geophys. Res. Space Phys. 126, e2021JA029690. http:
//dx.doi.org/10.1029/2021JA029690, https://onlinelibrary.wiley.com/doi/
full/10.1029/2021JA029690https://onlinelibrary.wiley.com/doi/abs/10.
1029/2021JA029690https://agupubs.onlinelibrary.wiley.com/doi/10.1029/
2021JA029690.

Winterhalder, T.O., Huybrighs, H.L., 2022. Assessing juice’s ability of in situ plume
detection in Europa’s atmosphere. Planet. Space Sci. 210, 105375. http://dx.
doi.org/10.1016/j.pss.2021.105375, URL: https://www.sciencedirect.com/science/
article/pii/S0032063321002142.

Yeoh, S.K., Li, Z., Goldstein, D.B., Varghese, P.L., Levin, D.A., Trafton, L.M.,
2017. Constraining the Enceladus plume using numerical simulation and
Cassini data. Icarus 281, 357–378. http://dx.doi.org/10.1016/j.icarus.2016.08.
028, URL: https://experts.illinois.edu/en/publications/constraining-the-enceladus-
plume-using-numerical-simulation-and-c. Publisher: Academic Press Inc..

Zhang, J., Goldstein, D.B., Varghese, P.L., Gimelshein, N.E., Gimelshein, S.F.,
Levin, D.A., 2003. Simulation of gas dynamics and radiation in volcanic plumes on
Io. Icarus 163, 182–197. http://dx.doi.org/10.1016/S0019-1035(03)00050-2.

http://dx.doi.org/10.1029/2020GL087806
http://dx.doi.org/10.1029/2020GL087806
http://dx.doi.org/10.1029/2020GL087806
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020GL087806
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020GL087806
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020GL087806
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2020GL087806
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2020GL087806
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2020GL087806
http://dx.doi.org/10.1029/2021GL095240
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2021GL095240
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2021GL095240
http://dx.doi.org/10.1038/s41550-018-0450-z
http://dx.doi.org/10.1029/2020GL091550
https://onlinelibrary.wiley.com/doi/full/10.1029/2020GL091550
https://onlinelibrary.wiley.com/doi/full/10.1029/2020GL091550
https://onlinelibrary.wiley.com/doi/full/10.1029/2020GL091550
https://onlinelibrary.wiley.com/doi/abs/10.1029/2020GL091550
https://onlinelibrary.wiley.com/doi/abs/10.1029/2020GL091550
https://onlinelibrary.wiley.com/doi/abs/10.1029/2020GL091550
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2020GL091550
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2020GL091550
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2020GL091550
http://dx.doi.org/10.1016/j.icarus.2015.12.018
http://www.sciencedirect.com/science/article/pii/S0019103515005710
http://dx.doi.org/10.1016/j.icarus.2018.10.022
http://dx.doi.org/10.1016/j.icarus.2018.10.022
http://dx.doi.org/10.1016/j.icarus.2018.10.022
https://linkinghub.elsevier.com/retrieve/pii/S0019103518302173
http://dx.doi.org/10.1016/J.ICARUS.2015.03.019
http://dx.doi.org/10.1016/J.ICARUS.2015.03.019
http://dx.doi.org/10.1016/J.ICARUS.2015.03.019
http://dx.doi.org/10.1063/1.5097961
http://dx.doi.org/10.1063/1.5097961
http://dx.doi.org/10.1063/1.5097961
https://aip.scitation.org/doi/abs/10.1063/1.5097961
https://aip.scitation.org/doi/abs/10.1063/1.5097961
https://aip.scitation.org/doi/abs/10.1063/1.5097961
http://dx.doi.org/10.1126/SCIENCE.204.4396.972
http://dx.doi.org/10.1126/SCIENCE.204.4396.972
http://dx.doi.org/10.1126/SCIENCE.204.4396.972
https://pubmed.ncbi.nlm.nih.gov/17800432/
http://dx.doi.org/10.1002/2016JE005081
http://dx.doi.org/10.1038/s41550-019-0933-6
http://dx.doi.org/10.1038/s41550-019-0933-6
http://dx.doi.org/10.1038/s41550-019-0933-6
https://www.nature.com/articles/s41550-019-0933-6
http://dx.doi.org/10.1016/j.icarus.2010.06.041
http://dx.doi.org/10.1016/j.icarus.2010.06.041
http://dx.doi.org/10.1016/j.icarus.2010.06.041
https://www.sciencedirect.com/science/article/pii/S0019103510002691
https://www.sciencedirect.com/science/article/pii/S0019103510002691
https://www.sciencedirect.com/science/article/pii/S0019103510002691
http://dx.doi.org/10.1029/2021GL094289
http://dx.doi.org/10.1029/2021GL094289
http://dx.doi.org/10.1029/2021GL094289
https://onlinelibrary.wiley.com/doi/full/10.1029/2021GL094289
https://onlinelibrary.wiley.com/doi/full/10.1029/2021GL094289
https://onlinelibrary.wiley.com/doi/full/10.1029/2021GL094289
http://dx.doi.org/10.1126/science.1247051
https://science.sciencemag.org/content/343/6167/171.full.pdf
https://science.sciencemag.org/content/343/6167/171
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb31
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb31
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb31
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb31
http://refhub.elsevier.com/S0019-1035(23)00065-9/sb31
http://dx.doi.org/10.1016/j.icarus.2004.08.013
http://dx.doi.org/10.1016/j.icarus.2004.08.013
http://dx.doi.org/10.1016/j.icarus.2004.08.013
https://www.sciencedirect.com/science/article/pii/S001910350400288X
https://www.sciencedirect.com/science/article/pii/S001910350400288X
https://www.sciencedirect.com/science/article/pii/S001910350400288X
http://dx.doi.org/10.1016/J.ICARUS.2004.08.013
http://dx.doi.org/10.1016/J.ICARUS.2004.08.013
http://dx.doi.org/10.1016/J.ICARUS.2004.08.013
http://dx.doi.org/10.1029/2009JA015184
https://onlinelibrary.wiley.com/doi/full/10.1029/2009JA015184
https://onlinelibrary.wiley.com/doi/full/10.1029/2009JA015184
https://onlinelibrary.wiley.com/doi/full/10.1029/2009JA015184
https://onlinelibrary.wiley.com/doi/abs/10.1029/2009JA015184
https://onlinelibrary.wiley.com/doi/abs/10.1029/2009JA015184
https://onlinelibrary.wiley.com/doi/abs/10.1029/2009JA015184
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2009JA015184
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2009JA015184
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2009JA015184
http://dx.doi.org/10.1002/2015GL066502
https://onlinelibrary.wiley.com/doi/full/10.1002/2015GL066502
https://onlinelibrary.wiley.com/doi/abs/10.1002/2015GL066502
https://onlinelibrary.wiley.com/doi/abs/10.1002/2015GL066502
https://onlinelibrary.wiley.com/doi/abs/10.1002/2015GL066502
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2015GL066502
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2015GL066502
https://agupubs.onlinelibrary.wiley.com/doi/10.1002/2015GL066502
http://dx.doi.org/10.3847/0004-637X/829/2/121
http://dx.doi.org/10.3847/2041-8213/aafb0a
http://dx.doi.org/10.3847/2041-8213/aafb0a
http://dx.doi.org/10.3847/2041-8213/aafb0a
http://dx.doi.org/10.3847/2041-8213/aa67f8
http://dx.doi.org/10.1029/2009JA015223
https://onlinelibrary.wiley.com/doi/full/10.1029/2009JA015223
https://onlinelibrary.wiley.com/doi/abs/10.1029/2009JA015223
https://onlinelibrary.wiley.com/doi/abs/10.1029/2009JA015223
https://onlinelibrary.wiley.com/doi/abs/10.1029/2009JA015223
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2009JA015223
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2009JA015223
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2009JA015223
http://dx.doi.org/10.1016/j.icarus.2016.10.027
http://dx.doi.org/10.1016/j.icarus.2016.10.027
http://dx.doi.org/10.1016/j.icarus.2016.10.027
https://www.sciencedirect.com/science/article/pii/S0019103516307096
https://www.sciencedirect.com/science/article/pii/S0019103516307096
https://www.sciencedirect.com/science/article/pii/S0019103516307096
http://dx.doi.org/10.3390/universe8050261
http://dx.doi.org/10.3390/universe8050261
http://dx.doi.org/10.3390/universe8050261
https://www.mdpi.com/2218-1997/8/5/261
http://dx.doi.org/10.1029/2021JA029690
http://dx.doi.org/10.1029/2021JA029690
http://dx.doi.org/10.1029/2021JA029690
https://onlinelibrary.wiley.com/doi/full/10.1029/2021JA029690
https://onlinelibrary.wiley.com/doi/full/10.1029/2021JA029690
https://onlinelibrary.wiley.com/doi/full/10.1029/2021JA029690
https://onlinelibrary.wiley.com/doi/abs/10.1029/2021JA029690
https://onlinelibrary.wiley.com/doi/abs/10.1029/2021JA029690
https://onlinelibrary.wiley.com/doi/abs/10.1029/2021JA029690
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2021JA029690
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2021JA029690
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2021JA029690
http://dx.doi.org/10.1016/j.pss.2021.105375
http://dx.doi.org/10.1016/j.pss.2021.105375
http://dx.doi.org/10.1016/j.pss.2021.105375
https://www.sciencedirect.com/science/article/pii/S0032063321002142
https://www.sciencedirect.com/science/article/pii/S0032063321002142
https://www.sciencedirect.com/science/article/pii/S0032063321002142
http://dx.doi.org/10.1016/j.icarus.2016.08.028
http://dx.doi.org/10.1016/j.icarus.2016.08.028
http://dx.doi.org/10.1016/j.icarus.2016.08.028
https://experts.illinois.edu/en/publications/constraining-the-enceladus-plume-using-numerical-simulation-and-c
https://experts.illinois.edu/en/publications/constraining-the-enceladus-plume-using-numerical-simulation-and-c
https://experts.illinois.edu/en/publications/constraining-the-enceladus-plume-using-numerical-simulation-and-c
http://dx.doi.org/10.1016/S0019-1035(03)00050-2

	In-situ detection of Europa's water plumes is harder than previously thought
	Introduction
	Method
	Plume Model
	Simulation cases
	Instrument Simulation

	Results and Discussion
	Detected density reduced and concentrated around closest approach
	Limitation for plume observation time
	Collisional model gives reduced region of separability
	Implications for detecting putative plumes
	Lowering altitude of flyby increases region of separability
	Effect of low temperature plume compared to previous studies
	Discerning plume structure

	Recommendations for future missions
	Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix
	References


