appears to have two individual peaks in bins 12 and 13, which can, how-
ever, not be clearly separated within the measurement uncertainties. No
significant emission surplus is found in either of the bins at 135.6 nm
(Fig. 3E). In 1999 and November 2012 all of the Lyman-a bins are con-
sistent with zero signal within 26 (/7).

Detectable Lyman-a emission is not expected for the generally as-
sumed abundance of hydrogen bearing molecules (<10'” m™) in the
global sputtered atmosphere (7—9). Lyman-a emission from a global
atomic hydrogen corona that is not gravitationally bound as observed at
Ganymede (/&) would be isotropic. Lyman-a solar resonant scattering
on atomic H also would require optically-thick columns (>10'7 m™2) to
produce brightnesses >400 R and can be excluded. In contrast, H,O
freezes (/9) and any enhancement must be localized to its source. In
addition, electron impact on H,O yields HI121.6 nm and OI130.4 nm,
but has a lower cross section at 135.6 nm (20). Hence, the emission sur-
plus at HI121.6 nm and OI130.4 nm in an area, where no remarkable
enhancement of OI135.6 nm is found, suggests a local atmospheric H,O
enhancement.

We derive average H,O and O, column densities using measured
cross sections for electron-impact dissociative excitation and the stand-
ard plasma parameters for Europa (/5). Neglecting presumably small
contributions from e + O or e + H,0, the observed OI135.6 nm bright-
ness of bin 13 requires a line-of-sight O, column of ~5 x 10" m™. The
Lyman-o brightness in bin 13 implies an optically thin H,O column
density of 1.5 x 10%° m 2. In this case, excitation of O, and H,O would
contribute 27 R and 29 R, respectively, to the OI130.4 nm emission con-
sistent with the measured brightness of 59 + 18 R in bin 13. Thus, the
Lyman-0/OI130.4 nm/OI135.6 nm ratios are diagnostic of ¢ + H,O in an
approach similar to the average OI135.6 nm/OI130.4 nm ratio being
diagnostic of e + O, (10, 11).

We generated model images for two three-dimensional plume distri-
butions taking into account H,O continuum absorption and resonant
scattering. We started by generating a standard model for an average
background atmosphere by adjusting the density of an exponentially
decreasing O, atmosphere with low O and H,O mixing ratios (/5) to the
observed OI135.6 nm limb brightness for all observations (Fig. 3E,F,
dotted grey). The fitted vertical O, column density of Ng, = 3.5 x 10'®
m 2 agrees well with the observed OI130.4 limb brightness and is con-
sistent with previous results (771, 21). Deviations from the model in
several bins for both oxygen aurora lines are likely attributed to the vari-
able plasma environment.

We then generated model images with two local H,O plumes (75).
We adjusted the plume height of 200 km and the latitudinal expansion of
10° (or ~270 km on the surface) to the observed spatial profile of the
Lyman-o emissions. The implemented density profile resembles an in-
termediate case between lo’s shock-dominated Pele-type plumes (22)
and the low-gravity outgassing of the Enceladus plumes (23). Because
the surface source locations cannot be determined from the images, the
plumes were arbitrarily centered on the anti-Jovian meridian (180°W)
and in the center of the bins 12 and 13 at 55°S and 75°S, respectively.
The densities of the plumes were fit to the observed Lyman-a bin bright-
ness yielding total contents of 4.9 x10*' and 8.2 x 10*' H,O molecules
for the plumes at 55°S and 75°S, respectively. The combined plume
content is 1-2 orders of magnitude higher than the H,O abundance in
global atmosphere models without plumes (7-9). The derived H,O
plume densities independently match the observed OI130.4 nm emission
surplus if resonant scattering and electron impact on O with an estimated
mixing ratio of O/H,O ~ 0.2% is taken into account (15).

The model reasonably reproduces the Lyman-a plume morphology
and brightness decrease with altitude (Fig. 3). At low altitudes (< 100
km) the measured brightness decreases for both the Lyman-o and
OI130.4 nm emission. Because bright OI135.6 nm emission is also de-
tected up to altitudes of 200 km, the OI130.4 nm profile might be best

explained by a peak in oxygen abundance at higher altitudes. Also, the
derived plume height of 200 km is higher than expected from model
results (24) and would require large super-sonic eruption velocities of
~700 m/s. However, interpretation of the derived height and radial pro-
file requires caution because of the systematic uncertainties of the disk
location by 1-2 pixels or ~100 km. Moreover, a local density enhance-
ment within a smooth global atmosphere would substantially alter the
plasma environment, which in turn modifies the aurora morphology and
brightness (25).

The high plume velocities and relatively low number densities we in-
ferred are consistent with vapor emission from narrow fractures (/5), as
occurs at Enceladus (23, 26). The surface area of Europa’s fractures is
too small to produce a thermal anomaly detectable by the Galileo Photo-
polarimeter-Radiometer instrument (27). Plume fallback could produce
terrain softening in the near-polar regions, which might be detectable in
suitable high-resolution images (/5).

The modeled Lyman-a limb brightnesses for the 1999 and Novem-
ber 2012 geometries are not consistent with persistent plumes. Also, no
striking surplus of OI130.4 nm emission is detected. The model indicates
that the plumes were less dense by at least a factor of 2 and 3 during the
1999 and November 2012 observations, respectively, if present (fig. S3).
Thus, the plume activity appears to undergo considerable variability.

Recently, the plumes at Enceladus’ south pole have been shown to
be more active near apocenter than at the pericenter (28). Similar tidal
stress variability for Europa is expected to open and close its Linea fea-
tures (fig. S4, (15)). Europa was very close to its apocenter during the
December 2012 observations, and was shortly before and at the pericen-
ter during the 1999 and November 2012 observations (Table 1). This
causal relationship might explain the observed variability and the lack of
detections in 1999 and November 2012. The plume variability, if real,
verifies a key prediction of tidal-flexing models based on the existence
of a subsurface ocean.
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Fig. 2. Individual STIS images of the 5 HST orbits from December 2012. Lyman-a before disk-reflectance subtraction (A to
E), and reflectance-subtracted Lyman-a and oxygen emissions (F to T). The persistent plume emission is highlighted in
dashed-red. Sub-observer longitude @qs, Jovian System-lll-longitude Ay, magnetic latitude Wmag and projected magnetic field
line B are listed below. Leading meridian (90°W) is dashed-white, equator is solid-white. Other details are as in Fig. 1.
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HI 121.6 nm

Ol 130.4 nm

Fig. 3. Comparison of December 2012 observations and atmosphere plume model results. (A to D) Lyman-a and Ol
130.4 nm STIS images (as in Fig. 1) and model aurora images from a global atmosphere with two H>O plumes. The south polar
above-limb emission is found in bins 12 and 13 of the eighteen 20° bins illustrated by the dotted yellow lines. The patchiness of
the 130.4 nm on-disk emissions might originate from surface reflectance, atmospheric, or plasma inhomogeneities, but is also
consistent with statistically expected variations across a uniform disk (715). (E) Measured (solid black) and modeled (dotted)
brightnesses of each 20°-wide limb bin around Europa’s disk. The best-fit plume model atmosphere is shown in red, and plume
densities decreased by factor 2 and factor 3 are shown in blue and green, respectively. (F) Radial profiles of measured and
modeled brightness versus altitude in bins 12 + 13.
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