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We report far-ultraviolet observations of Jupiter's moon Europa
taken by Space Telescope Imaging Spectrograph (STIS) of the Hub-
ble Space Telescope (HST) in January and February 2014 to test the
hypothesis that the discovery of a water vapor aurora in Decem-
ber 2012 by local hydrogen (H) and oxygen (O) emissions with the
STIS originated from plume activity possibly correlated with Euro-
pa’s distance from Jupiter through tidal stress variations. The 2014
observations were scheduled with Europa near the apocenter sim-
ilar to the orbital position of its previous detection. Tensile stresses
on south polar fractures are expected to be highest in this orbital
phase, potentially maximizing the probability for plume activity.
No local H and O emissions were detected in the new STIS images.
In the south polar region where the emission surpluses were ob-
served in 2012, the brightnesses are sufficiently low in the 2014 im-
ages to be consistent with any H,0 abundance from (0-5)x10"® a2,
Large high-latitude plumes should have been detectable by the STIS,
independent of the observing conditions and geometry. Because
electron excitation of water vapor remains the only viable explana-
tion for the 2012 detection, the new observations indicate that al-
though the same orbital position of Europa for plume activity may be
a necessary condition, it is not a sufficient condition. However, the
December 2012 detection of coincident HI Lyman-a and Ol 1304-A
emission surpluses in an ~200-km high region well separated above
Europa’s limb is a firm result and not invalidated by our 2014 STIS
observations.
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Several lines of evidence point to the existence of a global
subsurface water ocean underneath Europa’s icy surface
(e.g., refs. 1 and 2), which is speculated to be a habitable envi-
ronment. Shallow lenses of liquid water may also exist within
Europa’s solid crust, causing the formation of disrupted surface
features observed at Europa (3). Above Europa’s surface, a ten-
uous oxygen atmosphere is generated through sputtering by
magnetospheric particles (e.g., ref. 4), which has been detected
through UV spectra by the Hubble Space Telescope (HST) (5).
The ratio of the oxygen emission lines at 1356 A and 1304 A of
~2:1 measured by Hubble is diagnostic of electron impact disso-
ciative excitation of O, and the observed brightnesses constrain the
O, column density to ~10' — 10" cm™ (5-8). Results of kinetic
modeling of Europa’s hydrogen—-oxygen atmosphere (9-12) also
find that O, is the most abundant component near the surface
whereas lighter species like H;O dominate at higher altitudes. A
variable ionosphere has been detected during several measure-
ments by the Galileo spacecraft at different altitudes and geome-
tries (13).

Signs of current geological activity were recently observed at
Europa for the first time, when spectral images taken by the HST
Space Telescope Imaging Spectrograph (STIS) revealed co-
incident hydrogen 1216-A [or Lyman-a (Ly-a)] and oxygen 1304-A
emission surpluses (14). The detected brightnesses and the H to O
emission ratio of ~20:1 are consistent with emission from electron
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impact dissociative excitation of water vapor with line-of-sight
column abundances on the order of 10'® cm™. The spatial extent
can be explained by ~200-km high plumes of water vapor on the
anti-Jovian hemisphere near Europa’s south pole (14), presumably
originating from effusive or explosive cryovolcanism similar to the
plumes on the Saturnian moon Enceladus (e.g., ref. 15). Such
cryovolcanic plumes might be fed by subsurface liquid water
environments and might thus open a new window to probe these
potentially habitable environments (16).

The detected south polar H,O abundance is presumably
transient, as localized H and O emissions were observed only in
December 2012, but were not seen during two earlier HST/STIS
observation visits in October 1999 and, just one month before the
detection, in November 2012 (14). Because Europa was close to
its orbital apocenter during the December 2012 detection and
closer to its pericenter during the two previous observations, it
was proposed (14) that the temporal variability is connected
to tidal stresses. Less pronounced putative aurora anomalies
detected in previous HST observations have similarly been
speculated to originate from plume activity connected to tidal
stress effects (8). Polar surface fractures are principally expected
to experience tension during the apocenter phase (17), although
tension and compression periods depend on the details of the
source regions and vary with longitude, latitude, and fault ori-
entation (18). Tensile stresses on fractures possibly drive the
opening of faults and subsequent escape of water from the
subsurface (14). Cassini recently observed a similar variability of
the plumes at Enceladus’s south pole being more active at the
orbital apocenter (19, 20).

Significance

Images of Europa’s UV aurora taken by the Hubble Space
Telescope in December 2012 have revealed local hydrogen and
oxygen emissions in intensity ratios that identify the source as
electron impact excitation of water molecules. The existence of
water vapor plumes as a source for the detected localized water
vapor and the possible accessibility of subsurface liquid water
reservoirs at these locations have important implications for the
exploration of Europa’s potentially habitable environments.
The observations reported here tested whether orbital position
near the apocenter is an essential requirement for plume ac-
tivity. Only an upper limit on the amount of water vapor was
obtained. Orbital position is therefore not a sufficient condition
for detecting plumes and they may be episodic events.
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The existence of water vapor plumes and the possible acces-
sibility of a subsurface liquid reservoir at plume locations have
far-reaching implications for the future exploration of Europa’s
potentially habitable environment as similarly discussed for
Enceladus and its plumes (21, 22). The low spatial resolution and
signal-to-noise ratio (SNR) of the STIS images provide only
limited information about the detected H,O abundance, pro-
hibiting accurate constraints on, e.g., the source region or
spatial extent.

Two new sets of HST/STIS spectral UV images of Europa near
its orbital apocenter were obtained during two HST visits on
January 22 and February 2, 2014 to search for water vapor aurora
signals to confirm the initial detection and verify the proposed
variability pattern (Fig. 1 and Table 1). The January visit was
timed to observe Europa at an orbital true anomaly (TA) almost
identical to the December 2012 visit (TA centered near 205°),
when the water vapor signals were detected. During the February
visit Europa was observed at a slightly later orbital position with
TA centered around ~220°. Tidal stress models (14, 18, 23)
predict that the tension averaged over all mapped fractures (24)
of the south polar region (>55°S latitude) are maximized at this
orbital phase. The preplanned true anomaly conditions neces-
sarily also constrained the orbital longitude during the observa-
tions in early 2014, such that in both visits the leading anti-Jovian
hemisphere was observed (Table 1). Similar to the 2012 visits the
2014 observations were timed to coincide with the maximum
variation of Jupiter’s magnetic field orientation. This configura-
tion enables the identification of time-variable aurora inhomoge-
neities originating from the periodically changing magnetospheric
conditions, contrasting them with time-stationary inhomogeneities
that potentially are of atmospheric origin (14).

In the following section we explain the data processing and
extraction of the H and O emission images from the raw spatial—
spectral STIS images. Data noise sources and signal-to-noise
difficulties that similarly apply to the previous STIS observations
(14) are further discussed. We then describe the atmospheric H
and O emission and in particular the brightness above the limb of
the disk in the new 2014 observations. After this the results of the
new 2014 images are discussed in the context of the inferred
water vapor signals from December 2012 (14).

Data Processing

Like in the previous three HST/STIS visits to Europa in 1999 and
2012 (14, 25), the moon was observed during five consecutive
HST orbits. The STIS was used in first-order spectroscopy mode
with the G140L grating and the 52 arcseconds X 2 arcseconds
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Fig. 1. Sketch of Europa’s positions in its elliptical orbit during the five
observation visits of ~7-h duration. The new observations cover almost the
identical true anomaly range of the initial detection HST visit from Decem-
ber 2012 (not to scale and exaggerated orbit eccentricity).
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slit, to map the ~1-arcsecond-wide disk of Europa at wavelengths
between 1190 A and 1720 A. This mode has been previously used
many times to observe the Galilean satellites (e.g., refs. 26-29)
and more technical details are explained elsewhere (30). During
each of the five orbits per visit two exposures with exposure times
of 860 s (orbit 1) and 1,160 s (orbits 2-5) were obtained.

To measure emissions originating from Europa’s neutral envi-
ronment the spectral images need to be corrected for various
other contributions, primarily sunlight both scattered in the
foreground geocorona and reflected off the moon’s surface. These
two sources are particularly strong at the Ly-o line with bright-
nesses on the order of tens of kiloRayleighs (kR) (geocorona) and
~1 kR (surface-reflected light) compared with the measured wa-
ter vapor signal of ~600 Rayleighs (R) from December 2012 (14).

The visits took place about 2 mo after Jupiter opposition
(January 5) and HST moves from Earth’s dayside to nightside
after about one-third of the observing orbit. The geocoronal light
that fills the entire slit is therefore particularly strong during the
beginning of each orbit (Fig. 2), affecting both the Ly-o and OI
1304-A lines, except in the first orbit of each visit where the
science exposures start later due to initial pointing acquisition.

To optimize the measurement quality we exclude the high-
background exposures of orbits 2-5 from the February visit,
where the Ly-a background was constantly higher than 10 kR
(Fig. 2). The dayside exposures of orbits 2-5 from the January
observations are split up in two parts of ~600 s. Only the second
half of the exposures, where the Ly-a background is ~10 kR or
lower, is included in the analysis. Despite this reduction of
geocoronal noise, the statistical uncertainties are slightly higher
for the 2014 observations due to the reduced total exposure
times compared with the December 2012 observations (Table 1).

A background correction is performed along the trace of
Europa by subtracting the average count rate in pixels 40-80 rows
above and below the disk along the slit. The average subtracted
background Ly-o brightnesses of the analyzed low-background
subset of exposures are summarized in Table 2. Contributions of
solar Ly-a emission back-scattered by neutral hydrogen atoms of
the interplanetary medium (IPM) are also subtracted through this
step. On the disk of Europa IPM emissions behind the moon are
blocked along the line of sight viewed from Earth. A modeled Ly-a
contribution from the IPM between Europa and infinity is used
to correct this oversubtraction on the disk of Europa, similar to
the method previously applied for Io (31). The IPM brightness
along the line of sight behind Europa is calculated for the re-
spective observing geometries and based on the daily solar Ly-a
flux by a single scattering model (32) (Table 2).

Fig. 3 shows the spectral image of all exposures from the
January 22 visit after the subtraction of background emissions.
The large majority of the H Ly-« signal originates from surface-
reflected sunlight. To eliminate the reflected sunlight, model
spectral images are generated by mapping the solar UV spec-
trum from the day of the observation (33) onto a homogeneously
bright disk of Europa. The disk images are convolved with
a wavelength-dependent point spread function (PSF) (34) to
account for the instrument scattering. By fitting the modeled
spectral images to the observed brightness between 1430 A and
1530 A a geometric far-ultraviolet (FUV) albedo of 1.7% is
measured for both the January (Fig. 3, dotted red line) and
February observations. The agreement with the disk-average
albedo values derived in the previous STIS (1.4-1.6% with
uncertainties of 0.2%) (14), HST Goddard High Resolution
Spectrograph (1.3-1.6% with uncertainties of ~0.5%) (6), and
HST Advanced Camera for Surveys observations (1.5%) (8)
suggests that no pronounced albedo differences are present be-
tween the leading and trailing hemispheres, unlike at longer
wavelengths (35, 36). A comparison of the modeled reflected
sunlight to the observed brightness around 1216 A indicates that
the albedo also is flat between 1200 A and 1500 A. Note that in
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Table 1. Parameters of the 2014 HST/STIS observations
Total Analyzed Spatial
Start time, End time, exposure exposure resolution, Subobserver System 1lI True
Date uTC UTC time, min time*, min km/pixel W longitude, ° longitude, ° anomaly, °
January 22, 2014 14:02 20:53 183 143 76.0 117-146 201-61 191-221
February 2, 2014 08:20 15:07 183 106 77.3 129-157 198-57 208-236
December 30-31, 2012 18:49 01:39 164 164 74.9 79-108 0-218 1897-218

UTC, coordinated universal time.

*Time of the analyzed portions of the exposures with highest geocoronal background excluded.

"Value is updated and differs by 4° from the values reported in ref. 14.

our previous analysis (14) no correction of the oversubtracted
IPM Ly-a emission was applied. This led to an underestimation
of the on-disk Ly-a brightness and led to a lower Ly-a albedo.
This step has no significant influence on the above-limb plume
brightness measurement as the derived lower albedo and thus
lower surface reflected contribution cancel out the effect of the
oversubtracted IPM. Both contributions (IPM oversubtraction
on disk and surface-reflected sunlight) are corrected for by
modeling a PSF-convolved signal of Europa’s disk.

Previous STIS observations revealed an anticorrelation of the
Ly-a morphology to the brightness in visible images (14, 25). On
the more contaminated trailing hemisphere, which has a more
pronounced brightness dichotomy in the visible imges, Ly-o
bright areas were found to coincide with darker visible terrain
and vice versa (14). At FUV wavelengths <1500 A water ice has
been shown to have a lower reflectivity than nonice species (37).
As a result the brighter Ly-o albedos of the contaminated (visi-
ble-darkened) regions could be explained by the surrounding
region of purer water ice being relatively darker in the UV. The
correlation of Europa’s darker visible areas with UV bright
regions is also consistent with the finding that Ganymede’s
darker visible surface has a slightly higher FUV albedo (22%)
than Europa (27).

The brightness variance across the disk of 3 x 3-pixel bins (as
displayed in Fig. 4 but before smoothing) is about 50% lower on
the leading hemisphere (December 2012 and 2014) than on the
trailing hemisphere (1999 and November 2012) and an apparent
anticorrelation of the observed Ly-o morphologies to the visible
images was not discernable in the new 2014 STIS images (Fig. 4
A-D). Therefore, we have assumed a simple homogeneously
bright disk for the surface-reflectance model in the present
analysis. However, we note that using inverted visible maps for
the UV albedo instead like in a previous analysis (14) yields
statistically nearly identical results for the atmospheric emis-
sions. Potential spatial albedo variations imply an uncertainty of
the derived atmospheric on-disk emission and we therefore focus
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Fig. 2. The Ly-a background emission is considerably higher in the first
exposures per HST orbit (solid lines) of both the January 22 (blue) and
February 2 (red) visits and decreases with time as HST moves into Earth’s
shadow. During the second exposures of each HST orbit (dashed lines) the
background is more constant and lower.
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on the emissions above the limb, which are affected by surface-
reflected light only marginally due to the instrument PSF.

Aurora Model

To convert the observed aurora brightnesses to neutral gas
abundances and to study the significance of the aurora mor-
phology we compare the observations to a simple aurora model.
Model aurora images are generated by calculating the expected
morphology from an electron-excited atmosphere consisting of
0,, O, and H,O based on the available cross sections for electron
impact (dissociative) excitation of the neutrals (38-41). To be
consistent with previous estimations we further apply the con-
stant electron parameters used in previous aurora studies (5-7,
14): a total electron density of 40 cm —3 a thermal electron
population with a temperature of 7, =20 eV, and a suprathermal
population with 7,=250 eV and a 2% mixing ratio. Con-
tributions from resonantly scattered solar 1304-A and Ly-a
emissions are low (14) and therefore neglected in the present
analysis. Continuum absorption will have small effects at the
highest H,O columns in the densest parts of plumes, but is also
neglected here.

The standard electron parameters used are based on Voyager
measurements (42). Galileo observations revealed time-variable
differing plasma sheet conditions (e.g., ref. 43), which are dis-
cussed later in Interpretation and Discussion. Note that for higher
electron densities than the 40 cm™> assumed here, lower neutral
gas column densities would be needed to explain the previously
observed signals (e.g., refs. 5, 6, and 14). Similarly, higher neutral
gas abundances would be needed in lower electron density
regimes, e.g., of ~30 cm™.

For each spectral line of the oxygen multiplets (1355.6 A and
1358.5 A for the OI] 1356- A doublet and 1302.7 A, 1304.9 A,
and 1306.0 A for the OI 1304-A multiplet) separate images are
generated and adjusted to the relative intensities (44). The
model disks of each spectral line are superposed with a spatial
offset along the rotated dispersion axis. The modeled dispersion
of the individual multiplet lines is indicated by blue dotted circles
in Fig. 4 G-J.

Observations

H and O Aurora Brightness. The exposures taken during one visit
are combined to increase the signal-to-noise ratio (excluding the
exposure time where the geocoronal background is highest; Data
Processing). Thereby time-variable aurora morphology features
presumably caused by the magnetospheric environment (14) are
smoothed over the ~7-h time span of a visit and potentially
eliminated. In contrast, local plume-generated aurora features
would be almost spatially fixed as Europa rotates by only ~30°
within the ~7-h period and should stand out in the combined
exposures. The H and O images of the two visits are displayed
in Fig. 4.

The aurora morphology of the OI 1304-A and OI] 1356-A
oxygen emissions is remarkably similar for both visits, with the
brightest emissions located around the limb near the leading

PNAS | Published online November 17, 2014 | E5125

wv
=2
=
a
w
<
=
[

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES




L T

/

1\

=y

Table 2. Measured data background, derived FUV albedos, and values of the IPM correction for the 2014 and the December 2012

(detection visit) HST/STIS observations
Average Ly-a

Date background*, kR FUV Albedo, %"  Integrated solar Ly-a flux*  Ecliptic longitude®  IPM Ly-a background", R
January 22, 2014 4.6 1.7+0.3 4.42x10" cm=2s7" 103.1 325
February 2, 2014 45 1.7+ 0.3 4.41x10"" cm=2s7" 101.9 306
December 30, 2012 5.1 1.5+ 0.2 4.12x10" cm=2s7" 67.7 252

*Average background away from Europa in the analyzed exposures only (includes geocoronal and IPM Ly-a emissions and detector dark rates).
TAlbedo derived between 1430 A and 1530 A. Similar albedo is found at Ly-a (Fig. 3).
*Solar flux at 1 AU between 1211 A and 1221 A in TIMED/SEE spectra of the observation days (33).

SEcliptic longitude of Europa seen from Earth.

MPM Ly-a emissions integrated from Europa to infinity (32). The values have an estimated uncertainty of 20%.

meridian (Fig. 4 D-J). The similarity of the two oxygen multiplet
morphologies indicates common source process and species. The
measured ratios of the OI] 1356- A to the OI 1304-A aurora
brightnesses (Table 3) are somewhat higher than in previous
observations and even exceed the ratio of 2 expected for the
presumably strongest emission contribution from electron im-
pact excitation of O, (6, 14).

The relatively unchanged oxygen aurora morphology between
the two visits and the similar measured oxygen brightnesses
suggest similar magnetospheric and atmospheric conditions. The
latter is not surprising as the visits are only 11 d apart and the
geometrical and magnetospheric conditions—given by the sub-
observer longitudes and the Jovian System III longitudes, re-
spectively (Table 1)—are very similar.

The measured Ly-a brightnesses after subtraction of the
reflected sunlight (Table 3) suggest global contributions from
an atmospheric source. Global Ly-a emissions can potentially
originate from sunlight scattered off atomic hydrogen in the at-
mosphere, which is likely also the source of the extended Ly-a
emissions detected at Ganymede (27, 45). Ganymede’s global
Ly-a emissions have peak brightnesses above 500 R and are thus
considerably brighter than the global Ly-a brightnesses we find
for Europa. Results from similar kinetic models for Europa’s and
Ganymede’s atmosphere indicate a similarly higher H abun-
dance at Ganymede with at least four times higher H column
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Fig. 3. (Top) Spatial STIS image of the combined exposures from January
22, 2014 after background correction. The arrows point toward Jupiter
North (JN) and Jupiter (J). (Bottom) Corresponding integrated spectrum
(solid black line with error bars) and modeled spectrum of surface-reflected
sunlight (red dotted line).
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densities (figure 3 of ref. 46 and table 2 of ref. 10), which would
explain the different global Ly-a brightnesses. Ganymede’s higher
surface temperatures compared with those on Europa potentially
allow more H to escape before recombining to form H, on the
surface, leading to the higher H abundance (46). Another po-
tential contribution at Ly-a could be electron impact dissociative
excitation of Hy (47). However, the total Ly-o brightness is highly
sensitive to the assumed surface albedo at 1216 A and for an
albedo 10% higher than the derived value (which is within the
estimated uncertainty) the remaining brightness is systematically
lower by ~100 R and thus consistent with a zero signal.

In the next section we focus on the Ly-o brightness above the
limb and analyze it in context with the observed above-limb oxygen
emissions to investigate potential local emission surpluses due to
localized water vapor plumes.

Limb Analysis and Aurora Model. As in our analysis of the previous
STIS observations (14), we subdivide the region between 1 Rg
(Europa radius) and 1.25 Rg into 18 bins spanning angles of 20°
around the disk. Fig. 54 illustrates the analyzed limb bins in the
January 2014 Ly-a observation and the corresponding model au-
rora image. In Fig. 5 B-D the measured limb bin brightnesses
(black solid lines) are compared with model results for an atmo-
sphere with and without plumes (dotted lines).

In both 2014 observations, the Ly-a limb brightnesses do not
reveal any significant local surpluses above the global average
Ly-a brightness discussed in the previous section. The brightest
detected Ly-a bins with 217 + 143 R in January and 282+ 167 R
in February exceed the average measured limb brightness (Table
3) by only 1.1¢ and 1.30, respectively, where o is the propagated
uncertainty of the respective bin (Fig. 5 B and C). A slight en-
hancement of the OI 1304-A emission is seen in February in the
Ly-a peak bin 15, where the OI] 1356 A is relatively low as would
be expected from electron impact on H,O, but is also not signif-
icant. No other coincident surpluses of the Ly-a and OI 1304-A
emissions are observed. As described in the previous section, the
OI 1304-A morphology is instead very similar to the OI] 1356-A
aurora, suggesting that the O emissions originate from excited O».

The observed variation of the oxygen brightnesses around the
limb reflects the global oxygen aurora morphology, with the
brighter bins located on the leading/sub-Jovian limb. In part, this
morphology could originate from the superposed and offset
multiplet lines of the OI] 1356-A and OI 1304-A emissions. The
shifted disks of the fainter lines (dotted blue lines in Fig. 4 G-J)
enhance the model brightness on the northern right limb, where
the maximum emissions are also found in the data. The model
results reveal similar profiles for the bin brightnesses around the
limb due to the offset of the multiplet lines, even though the
model assumes a symmetric atmosphere and electron environ-
ment. The observed variation around the limb might in addition
reflect plasma or atmosphere asymmetries that are not in the
model. Some brightness variations around the limb exceed the

Roth et al.
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Fig. 4. (A and B) Visible images of the observed hemispheres with sub-
observer west longitudes listed and combined STIS images of the 2014 STIS
visits. (C and D) Ly-a emission before subtraction of the reflected sunlight.
(E-J) Ly-a, Ol 1304-A, and OI] 1356-A images with reflected sunlight sub-
tracted. STIS pixels are binned 3 x 3, and the images are smoothed to en-
hance the visibility of the statistically significant features. The dotted light
blue circles indicate the multiplet lines. The color scale is normalized to the
respective brightness, and the scale maximum (corresponding to 1.0 on the
scale) is listed in each image. Oversaturated pixels with intensities above
maximum are white. The contours show SNR ratios of the binned pixels and
contours for SNR = 1 are omitted in C, D, /, and J.

variation of the symmetric model and in particular the bright O
emissions in limb bins 2 and 3 in February (Fig. 5C) likely
originate from asymmetries in either the electron energy and
temperature or the O, dlstrlbutlon

The average OI] 1356~ A limb brightness is consistent with the
modeled OI] 1356-A aurora brightness (Fig. 5 B and C) for the
global O, atmosphere derived for the previous STIS observations
(14) with a radial O, column density of No, =3.5x 10 cm ™2 and
a scale height of 150 km. Emissions from electron impact on O
and H,O are insignificant for the expected global abundances
(10) and cannot be constrained with the observations. The
measured OI 1304- A brightness is lower than the modeled OI
1304-A emissions (Fig. 5 B and C, Middle). The reason for this is

Roth et al.

that for a purely O, atmosphere an OI] 1356-A/O1 1304-A ratio
of ~2:1 is expected for a Maxwellian temperature distribution
around 20 eV as used in our model. The observations revealed
a higher ratio. Contributions from excitation of O or H,O also
favor the OI 1304 A over OI] 1356 A and thus cannot explain
the observed high OI] 1356-A/OI 1304-A ratio. Laboratory
measurements (40) show that the cross section for electron-
impact dissociative excitation of O, to the 3$° state of O (OI]
1356 A) is ~3. 3 times higher than the cross section for the 35°
state (OI 1304 A) for an electron temperature of 16 eV close to
the threshold for dissociative excitation of O,. In the discussed
observations (both December 2012 and 2014) Europa’s trailing
or wake side was observed, where the electron temperature is
decreased through the interaction with Europa’s atmosphere,
possibly causing the high OI] 1356-A/0OI 1304-A ratio.

The colored dotted lines in Fig. 5 B-D indicate the modeled
brightnesses for a plume atmosphere based on the December
2012 observations. The plume distribution used is adapted from
ref. 14 with two Gaussian-shaped plumes centered at 180°W and
at 55°S and 75°S, respectively. For both the January and Feb-
ruary observations the brightest Ly-a and OI 1304-A signal
would be expected in limb bin 14 near the south pole, where the
detected brightnesses are close to zero.

Interpretation and Discussion

Constraints on Water Vapor Abundance. No pronounced or co-
incident Ly-a and OI 1304-A emission surpluses were detected
during two STIS visits in January and February 2014. Assuming
a homogeneous electron environment (Aurora Model) and op-
tically thin Ly-a emission from electron impact on H,O only, the
peak measured limb brightnesses of 217 + 143 R (January) and
282+167 R (February) convert to H,O line-of-sight column
densities of 5.0+3.3x 10" cm™ and 6.4+3.8x10" cm™, re-
spectively. The locations of these brightest bins do not coincide
with the south polar region, where the water vapor aurora with
Ly-a brightnesses of more than 600 R was detected in 2012. The
measured 2014 peak bin brightnesses at Ly-a also do not sig-
nificantly exceed the average Ly-o limb emissions (Table 3) that
might originate from an extended hydrogen cloud around Eu-
ropa. As explained earlier, the total atmospheric Ly-a brightness,
however, strongly depends on the derived surface albedo and is
therefore not significant. Other than in the (two) brightest limb
bln(s) in January (February) the measured Ly-o limb brlghtness
is below 200 R, implying an upper limit of ~5 x 10'5 cm~2 for the
H,O column abundance.

The detected water vapor aurora signals from December 2012
were located on the anti-Jovian hemisphere near the south pole.
Aurora signals from the same source would be found in almost
the same region as the viewing geometry of the new visits differs
by only ~37° (January) and ~49° (February) with respect to the
2012 detection visit. In particular, the location of the brightest
signal detected in December 2012 would barely be affected by
the viewing geometry due to its location at high latitude (~75°S).
The Ly-o emissions in the bins, where the brightest plume signal
is expected after the model for the December 2012 detection
(bins 13 and 14, Fig. 5 A-C), are, however, particularly low and
consistent with a zero brightness during both 2014 visits. The
brightness in model aurora images generated for the plume at-
mosphere as derived from the initial detection (Fig. 5D) suggests
that Ly-a aurora brightnesses of ~500 R were to be expected for
both visits, assuming that the plume density and electron exci-
tation did not change. The model results indicate upper limits in
the 2012 plume region of 3 x 105 cm™, i.e., that the plume signal
needs to be reduced by at least a factor of ~4 compared with the
2012 detection, to be consistent with the measured brightnesses
in limb bins 13 and 14.

Note that for our simple model plumes an above-limb Ly-a
aurora signal of at least 400 R is expected to be always observed
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Table 3. Measured atmospheric brightnesses of the 2014 and the December 2012 HST/STIS observations

Total fluxes*

Limb fluxes'

Date HI 1216 A 011304 A 0OI] 1356 A O ratio: 135.6/130.4 HI 1216 A 011304 A 0OI] 1356 A
January 22, 2014 58 + 33 25+ 3 71+3 28 +0.3 59 + 33 12+2 39+3
February 2, 2014 66 + 38 33+3 79 + 4 24 +03 82 + 39 18+ 3 42 + 4
December 30, 2012* 47 + 31 39 +3 96 + 3 25+0.2 102 + 32 21+ 4 49 + 3

*Flux within 1.25 Re around Europa’s center normalized to zRZ after subtraction of the reflected sunlight.
TAverage flux between 1 Rg and 1.25 Re around Europa’s center after subtraction of the reflected sunlight.
*Values differ slightly from the values of ref. 14 due to updates in the data processing including the new correction of IPM Ly-a.

from Earth independent of the subobserver longitude due to the
high altitude and high-latitude location of the plumes rising
above the limb (again assuming the same electron parameters).
In other words, the plume aurora should principally be observ-
able, at least in part, from any viewing perspective. In reality the
plume gas is more likely ejected from multiple vents along in-
dividual linea features and/or enhancements near the inter-
sections of linea (14, 48) and might resemble the gas outflows
observed at Enceladus. The observed line-of-sight column den-
sity thus potentially varies with viewing perspective as it depends
on the alignment of the active vent locations. Lower line-of-sight
columns in 2014 could have potentially affected a detection or at
least cannot be excluded without further information. The lim-
ited spatial resolution of the plume imaging from December
2012 and the uncertainty of the plume source locations, however,
prevent further constraints on the plume gas distribution.
Other effects on the detected Ly-o brightness from a plume
such as absorption of the IPM Ly-a background by the H,O
plume gas or absorption of plume Ly-a emission by the IPM
atomic hydrogen are negligible. The cross section for photo-
absorption of Ly-a by H,O is 6~ 1.5x107"7 cm? (49) and the
optical depth for the derived average plume column density of
1.5 % 10'® cm™ (14) is thus 7~ 0.2. A potential attenuation of the
~300-R IPM Ly-a background (Table 2) is therefore negligible

Hl 1216 A

January 2014

compared with the 2012 emission brightness of 600 R. The op-
tical depth due to scattering of Ly-a by the interplanetary hy-
drogen between Jupiter and Earth can approach values of
7~0.1, when Jupiter is at ecliptic longitudes near the IPM up-
stream direction of 1~252° (50, 51). However, during all five
previous STIS visits Europa was less than 40° from the IPM
downstream direction (see ecliptic longitudes in Table 2), im-
plying very low IPM optical depths. Also, the absorption line
center is shifted due to the relative Velocny of the IPM H of
~20 km s~L. If the viewing direction is roughly aligned with the
IPM flow, the line shift of ~0.09 A is higher than the line width
of the electron-excited emission from H,O of 0.069 A for an
electron temperature of 25 eV (41) and H Ly-a absorption will
be even lower.

The nondetection of water vapor aurora in general and in
particular of aurora signals from the locations of the initial de-
tection in December 2012 can best be explained by a decreased
H,O abundance, or a decreased electron energy input flux to
excite the emissions, or a combination of both. We first discuss
the influence of the electron environment, before we elaborate
on the potential variability of water vapor sources.

Influence of the Plasma Environment. Nondetections of water

vapor-related aurora signals can in principle originate from a re-
duced flux of energetic electrons compared with the December
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(A) H Ly-a observation image from January 2, 2014 and the corresponding model aurora image including two H,O plumes derived from the initial

detection (14). The 18 analyzed 20° bins around Europa’s disk are shown as yellow dotted lines. The white lines show longitudes and latitudes with the
leading meridian (90°W) dashed and the anti-Jovian meridian solid. (B and C) Measured (solid black line) and modeled (dotted lines) brightnesses of the bins
for all Hand O images from the two 2014 visits. The 2012 plume model atmosphere is shown as dotted red lines. Blue and green dotted lines show a reduced
plume density by factors of 2 and 4, respectively. Dashed horizontal lines show average limb brightness. Negative Ly-a limb brightnesses as in the February
2014 bin 14 potentially originate from an oversubtraction of disk-reflected sunlight scattered off the disk through the PSF. (D) December 2012 limb
brightnesses for comparison with slightly updated image processing explained in Data Processing and for limb bins defined and shown in figure 3 of ref. 14.
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2012 observation leading to emissions below the observational
thresholds of the HST/STIS observations. In our aurora calcu-
lations we assume a constant homogeneous plasma environment
and the aurora brightness is proportional to the ambient torus
electron density and also electron temperature through the
temperature-dependent excitation rates. We discuss the influence
of the varying plasma conditions and focus on the electron den-
sity, which scales linearly with brightness in our model. Variations
of the thermal electron temperature will also affect the bright-
ness, but are less well constrained by Galileo measurements and
therefore not separately discussed here. We further neglect the
influence of the interaction of the magnetospheric plasma with
the moon atmosphere, which leads to a nonlinear response of the
aurora brightness to plasma density variations due to the cooling
and deflection of the incoming plasma as shown for Io on the
global scale (52) or locally in a plume (53).

Due to the tilt of Jupiter’s magnetic moment with respect to its
rotation axis, the magnetic field equator and the centrifugal
equator are tilted by ~9° and ~6° with respect to the satellite
orbital plane (54). The latitudinal density distribution in the
plasma sheet is often approximated by an exponential profile
that is independent of the local time and symmetric with respect
to the centrifugal equator:

n(ze) =nge™ /M) 1]

(equation 2 in ref. 55). Here, ny is the density in the plasma sheet
center, z. is Europa’s distance above/below the center, and H,
is a scale height of the latitudinal extension around the center.
The fast rotation of the inclined Jovian magnetosphere therefore
causes periodic variations of the ambient electron density at
Europa within the 11.2-h synodic rotation of Jupiter. Based on
various Voyager and Galileo measurements, a plasma sheet den-
sity distribution from 6 Ry (Ju 3p1ter radius) outward was derived
(56), which yields np =53 cm™ and H. =1.7 R; in Europa’s orbit
(9.4 Ry). Taking these values, the plasma density at Europa after
Eq. 1 varies only weakly over a full Jovian System III cycle
(dashed line in Flg 6) and is similar to the electron density of
40 cm™ assumed in our aurora model.

Some of the Galileo plasma density measurements showed
higher values near Europa’s orbit (figure 1 of ref. 56). Similarly,
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Fig. 6. (Top) Ambient torus plasma and electron densities as a function of

the Jovian System Il longitude in Europa’s orbit after the model of Bagenal
and Delamere (56) (dashed line) and as derived from Galileo PWS mea-
surements (57) (orange triangles). Most of the variation between the Galileo
flybys is in accordance with periodic variations from Europa’s changing po-
sition with respect to the plasma sheet center (solid line). (Bottom) The
System IIl longitude ranges of the analyzed exposures of the HST visits (2014
and December 2012) are shown in color. For more information see text.
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measurements by the Galileo Plasma Wave Spectrometer (PWS)
during Europa flybys yielded considerably higher electron den-
sities (57). The values shown in Fig. 6 are taken from figure 5 of
ref. 57 for times at or before closest approach when the plasma
density appears to be undisturbed by the interaction with Eu-
ropa. The exceptionally high density measured for flyby E12 of
more than 600 cm™ is off the vertical range and this case is
discussed at the end of this section. The density of the displayed
flybys varies roughly by a factor of 4 and most of the values are
well in agreement with the periodic variation originating from
Europa’s changing position after Eq. 1 in the plasma sheet for
a peak density of 7g =200 cm™ and a scale height of H, =0.9 R,
(sold line in Fig. 6). This profile is similar to the density profile
derived by Schilling et al. (section 3.16 in ref. 58) based on the
density range given in table 21.1 of ref. 43. Besides the high
density measured during flyby E12, the PWS value from flyby
E11 notably differs from the estimated periodic variation by
a factor of ~2.

Like the 2012 observations the new 2014 observations in-
tentionally covered the maximum variation of Jovian magnetic
field orientation and the correlated ambient plasma density with
the limited set of 5 HST orbits per visit. With the symmetric
plasma density distribution described above these magneto-
spheric conditions imply similar transitions through varying
plasma density environments for the 2012 and 2014 visits, with
low plasma density at the beginning of each visit and increasing
until Europa crosses the plasma sheet center and then decreasing
during the second half of the visit (Fig. 6, Bottom). The expo-
sures of the visits in 2012 and 2014 similarly cover the periodic
density variations, which therefore very likely cannot cause the
brightness difference of ~600 R (December 2012) compared
with 9 + 137 R (January 2014) and 30 + 164 R (February 2014)
in the plume limb bin (bin 14).

We can also make an estimation about the electron excitation
potential, using the oxygen aurora. With the assumption that the
global atmospheric O, density is identical or very similar during the
2012 and 2014 observations we can use the OI] 1356-A brightness
measured in the south polar region as diagnostic for the relative
strength of the electron excitation. The OI] 1356-A emission
originates in large part from electron impact on O, and is less
affected by local H,O plumes, mostly indirectly through the in-
teraction of the incoming plasma with the neutral gas obstacle.
We further assume that the excitation of the atmospheric O, and
the plume H,O occur in roughly the same region along the line
of sight and that the brightnesses of the observed O, and H,O
emissions are linearly correlated (neglecting, for example, the
differing profiles of the temperature- -dependent excitation cross
sections). Then, a change in brightness of the OI] 1356- A aurora
due to changes in the electron energy flux would lead to the same
change of the H,O aurora brightness for unchanged neutral gas
abundances. Note that this approach accounts for changes of
both electron density and temperature by estimating the electron
energy flux.

The average OI] 1356-A brightnesses of the south polar limb
bins (bins 13-15) during the 2014 visits are 29 + 5 R and 29 + 8 R.
During the December 2012 visit a roughly two times higher av-
erage brightness of 66 + 7 R was observed in the same bins. This
brightness difference could, for example, be connected to a de-
viation from the average density of factor 2 as seen during flyby
E11 (Fig. 6). Thus, for an unchanged H,O column abundance we
would expect that the plume aurora brightness is approximately
two times lower in the 2014 observations compared with the
detection due to an decreased electron energy flux in the south
polar plume region. Because the Ly-o brightnesses detected in
2014 are lower by more than a factor of 4, this estimate with its
underlying assumptions suggests that the lower electron energy
input cannot entirely account for the nondetection of the anti-
Jovian south polar water vapor plumes in the new observations
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alone. Taking a two times lower electron input flux derived here,
the south polar H,O plume column density detected in December
2012 must still be reduced by at least a factor of 2 during the 2014
visits (compared with a decrease by a factor of 4 for an unchanged
electron environment).

On the other hand, a significant plasma and electron density
variation independent from the periodic variability like the high
density during Galileo flyby E12 will affect the global O, atmo-
sphere and potentially also the plume detectability. Whereas the
source of Europa’s atmosphere is sputtering of the surface ice by
mostly suprathermal ions and therefore relatively independent of
the thermal plasma density (4), the dominating atmospheric loss
processes—thermal ion sputtering of the atmosphere and elec-
tron impact ionization—are proportional to thermal torus elec-
tron and ion densities (7). Contributions to atmospheric loss
from photoionization are considered to be less important (29).
The lifetime of O, in Europa’s atmosphere is about 1.5 d (10)
and longer than the periodic plasma density variations discussed
above. When the thermal plasma density is exceptionally high
(low) over a long time period (several hours), the atmospheric
O, abundance will be lower (higher) and cannot be assumed
constant anymore. In this case the OI] 1356-A brightness cannot
be used as a diagnostic for the electron impact. The higher at-
mospheric loss rate and therefore less dense global atmosphere
caused by a high plasma density would lead to a weaker in-
teraction of plasma with Europa’s atmosphere and a lower de-
flection of the incoming plasma flow (7, 52). This in turn would
allow the incoming electrons to reach near-surface regions and
favor the excitation of atmosphere and plume gas and thus the
detection of a plume. In contrast, a low plasma density could
lead to a denser O, atmosphere deflecting and cooling the in-
coming plasma and preventing the excitation of near-surface
water vapor.

The comparison of the Ly-a plume brightness variation during
the December 2012 detection visit (figure S3 in ref. 14) and the
derived periodic density variations (6) also indicate a nonlinear
brightness—density correlation. The brightest plume emissions
have been detected during the fourth HST orbit between System
III longitudes 140° and 170°, whereas the electron density sup-
posedly peaks around a System III longitude of 110° in the third
HST orbit. A clear brightness trend outside the uncertainties
can, however, not be derived.

Finally, we note that the OI] 1356-A aurora, which originates
mostly from the global O, atmosphere, is overall brighter near
the poles and fainter in the equatorial region in most images. If
this is due to lower electron excitation and not lower O, abun-
dance, aurora from H,O plumes near the equator would likely
also be weaker and undetectable in the observed H and O
emissions.

Variability of Water Vapor Abundance. Based on the three HST/
STIS observations from 1999 and 2012, Roth et al. (14) proposed
a tidally controlled H,O plume activity that peaks after Europa’s
apocenter position where the tensile stresses near the south pole
are highest. During the new observations Europa was at orbital
true anomalies, (i) which were almost identical to the initial
detection (January 2014) and (i) where tensile stresses in
the south polar region maximize (February 2014) (Fig. 1). If the
electron environment were not substantially different during the
2012 and 2014 visits, the 2014 nondetections indicate that
potential plume activity changes are not governed by a purely
periodic variation connected to Europa’s orbital positions or are
not periodic at all. The activity might be more episodic like
geysers and volcanos on Earth or Io (59) with individual erup-
tions of unknown frequencies and long periods of dormancy. For
Enceladus’s plumes, activity variations by about a factor of 2-3
have been found in addition to the periodic variability (19).
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Besides the diurnal radial and librational tides on Europa,
which originate from the varying distance and direction of Ju-
piter as seen from a point on Europa’s surface, additional effects
will likely cause tidal stress variations with periodicities differing
from the 3.55-d orbital period. Also, Europa is expected to ex-
perience long-period obliquity variations (60) and long-period
librations (61) due to interactions with neighboring satellites.
Both of these effects will give rise to slowly varying stress changes
superimposed on the diurnal stress variations.

Impact-Generated Plume. The total H,O mass contained within
the vapor plume detected in 2012 (14) is about 3 x 10° kg. The
lifetime of ballistic Ej)articles launched to a height of 200 km on
Europa is only ~10” s, much shorter than the duration of the
Hubble observations of roughly 7 h. We therefore consider it
unlikely that a single impact could have produced the observed
long-lived vapor cloud, but for completeness we investigate this
possibility below.

Impactor scaling studies (62) provide a method for calculating
the mass of vapor produced by an 1mpact0r traveling at a speci-
fied velocity u. Taking u =26 km s~ (the average impact velocity
at Europa according to table 1 of ref. 63), figure 8 of ref. 62
shows that the mass ratio of the vapor to the impactor is about
20, so that the impactor mass in our case needs to be about
1.5x 10° kg. Taking a density of 800 kg-m™ for cons1stency with
ref. 63, the corresponding impactor diameter d is 7 m. An im-
pactor with diameter d>1 km has a probability of strlklng
Europa of 7.0x 1077 y~! (table 1 of ref. 63). Although the size-
frequency distribution of impactors as small as 7 m is essentially
unknown (63), assume that for larger objects the number dis-
tribution function follows a power law with d'7. For a 7-m di-
ameter object the corresponding impact probablhty is then
1.2x 1072 y*. In other words, one single 7-m impactor is likely
to strike Europa over a time period of 80 y. This result renders
the possibility that Hubble fortuitously observed such an event
unlikely, but not altogether impossible.

For an impact event on Europa to explain the water vapor
plume observed for a duration of ~7 h an ongoing source of
water vapor production by sublimation from a heated surface
provides an additional possibility to consider. The LCROSS
spacecraft impact event provides a recent example of what is
considered to be an ~10 times larger-than-average lunar impact
in the modern era (64). Lunar Reconnaissance Orbiter (LRO)’ s
Diviner thermal radiometer instrument measured a 30- to 200-m?
surface region heated to ~1,000 K at 90 s postimpact for the
~20-m diameter crater formed within the Cabeus region by the
LCROSS experiment (65). The LCROSS Shepherding Space-
craft NIR2 (Near-IR camera) and Diviner solar channel mea-
surements of blackbody emissions at 250 s postimpact limit the
surface temperature to ~410 K, indicative of a rapid cooling for
even lunar regolith and rock material by radiative loss to space.
In the two subsequent passes by LRO in its 116-min polar orbit
an ~100-K thermal anomaly was barely present at +2 h and no
longer detectable at +4 h.

To compare the lunar case with an impact on the icy surface of
Europa we note that the emissivity of lunar regolith (~0.95) is
similar to that of water ice (~0.98), leaving vertical conduction
and porosity the main parameters to consider for relative dif-
ferences in the timescale for radiative cooling. For the case of
Europa’s icy surface, additional cooling by the latent heat of
sublimation will decrease the relative timescale. To sustain the
~3,000 kg-s~! source process maintaining the 10'® cm™2 column
densities observed over the ~7-h duration (i.e., an ~3-h half-life
timescale) requires an energy source for sublimation of 2x 10'3 J
(~5 kT of TNT), which in this case again requires an equally rare
impactor of size 7 m in diameter as described above. Accounting
for the energy lost to both the initial ejection of plume material
and subsequent radiative cooling and sublimation in this timescale
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necessitates an even larger initial impactor energy. Hence for this
process to be plausible the coincidental observation by HST of an
even more unlikely event than the one in 80 y event rate must
be invoked.

Summary and Conclusions

We report HST/STIS observations of Europa’s auroral HI 1216- A
(Ly-a), OI 1304-A, and OI] 1356-A emissions, which were taken in
January and February 2014 with the purpose of confirming
the presence of water vapor aurora near the moon’s south pole
inferred from previous STIS observations (14). Similar to the 2012
detection visit Europa was near orbital apocenter during the two
2014 HST visits, where tensile stresses in the south polar region are
high, potentially increasing the probability of plume activity. With
an additional image-processing step compared with that in ref. 14
that takes into account background Ly-a emission from the IPM
we show that Europa’s surface albedo does not change significantly
between the FUV wavelengths ~1200 A and ~1500 A.

The new observations did not reveal any pronounced or co-
incident Ly-a and OI 1304-A emission surpluses that could be
diagnostic for local water vapor abundance through plume ac-
tivity. The measured brightnesses near the south pole where the
plumes were detected in 2012 suggest that no detectable water
vapor is present in this region during the 2014 visits. Compared
with the December 2012 detection of an ~600-R Ly-a signal the
upper limits of the anti-Jovian south polar 2014 Ly-a bright-
nesses imply a reduced signal of at least a factor of 4 (Fig. 5 B-D).
We also derive a conservative upper limit for the H,O column
density for all locations above the limb of Europa of 5 x 10" cm™.
The Ly-a brightness in the region of the previous water vapor
detection is particularly low (<50 R) and consistent with zero
signal during both visits.

Our simple plume aurora model in contrast suggests that a Ly-o
brightness of at least 400 R should be observable above the
limb, if a high-altitude high-density plume like that inferred from
the December 2012 observation is present in 2014 and the
plasma environment did not change considerably. As a check, a
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Ly-a signal from Europa is not con51derably attenuated by the
foreground IPM hydrogen column. By using the OI] 1356- A
aurora brightness at the south polar limb, which is barely af-
fected by emissions from dissociated H,O, as diagnostic for the
local electron energy input, we estimate that the electron energy
(density and temperature) is lower by a factor of ~2 during the
2014 visits compared with the 2012 detection. This estimate
suggests that the variability of the plasma environment alone
cannot explain the nondetection in 2014, and the previously
detected water vapor column must also be lower by at least
a factor of 2 as well. However, significant aperiodic changes in
the electron environment like those observed during Galileo
flyby E12 could potentially affect both the O, atmosphere and
the plume detectability. In this case the OI] 1356-A brightness
cannot be used as proxy for the electron input and such excep-
tional electron conditions could enable or prevent water vapor
detections.

The only viable explanation for the statistically 51gn1flcant and
coincident H Ly-« and OI 1304-A emission surpluses in an ~200-km
high region well separated above Europa’s limb detected in De-
cember 2012 (14) remains electron excitation of localized water
vapor. If the electron environment was not significantly altered, the
nondetections during the 2014 HST visits indicate that the south
polar water vapor observed in December 2012 is not equally present
at the same orbital true anomaly phases. Activity variations of
plumes might be affected by a secondary tidal effect such as long-
period librations or obliquity variations or just be nonperiodic and
more episodic like geysers and volcanos on Earth or Io. The derived
upper limit on the H,O abundance, however, does not exclude
smaller and less dense plumes at any location.
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