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Materials and Methods:

Image processing

During all three observations STIS observed Europa in the first-order spectroscopy mode using
the low resolution grating G140L over 5 consecutive HST orbits. The ~1” wide disk of Europa is
centered within the 2” wide slit in the dispersion direction. Wavelengths between 119 nm and
170 nm are recorded along the horizontal dispersion axis at a resolution of 0.0584 nm per pixel
(Fig. S5). Technically similar observations have been frequently used to study all four Galilean
satellites (12,33-43). In the 2012 observations Europa was relocated in the cross-dispersion
direction away from a region on the FUV-MAMA detector that is strongly affected by dark
currents, which have worsened since the 1999 dataset (44). Two exposures with exposure times
between 13.8 and 19.3 minutes were taken during each orbit except for the second orbit in 1999
and the last orbit in December 2012, where one exposure each failed.

The contributions from geocoronal scattered light, the interplanetary medium, potential torus
emissions and detector noise are determined by averaging a background count rate measured in
45 to 80 pixels above and below the disk along the slit. This background value is subtracted for
each pixel column (or wavelength) along the dispersion axis individually.

Due to small uncertainties in the HST target acquisition, the exact location of Europa’s disk on
the detector must be determined from the data. For Europa’s location along the slit length the
continuum solar reflectance (detectable >140 nm in the spectrum) is integrated from 143 nm to
160 nm to yield a brightness profile as a function of the vertical (y) pixel. The disk is then
centered on the maximum of a Gaussian profile, which is fitted to the integrated continuum
brightness. Additionally, the Lyman-a signal is separately utilized to locate the x and y locations.
We generate a model spectrum by mapping a high-resolution solar UV spectrum (45), which is
normalized to the daily solar UV spectrum measured (46,47), on a uniform disk of Europa. The
generated spectral image is convolved with the STIS point spread function (PSF), which is
modeled with the Tiny Tim tool (43,48). The modeled PSF roughly resembles a two-dimensional
asymmetric Lorentzian profile with a full width half maximum of ~0.05” (i.e., ~2 raw pixels) and
broader wings. The center of Europa is set to the location where the convolution of the modeled
Lyman-o image with the Lyman-a observation image attains the maximum. The two methods
(using the continuum and Lyman-a reflectance) yield consistent results for the location along the
slit (the spectral trace slightly shifts in y direction as a function of its x position in the flat-fielded
files). Reasonably small offsets (0 and 1 pixels) from the slit center in the dispersion direction
are determined for the 1999 and November 2012 observations. The detected south polar emission
anomaly in the December 2012 observation significantly alters the Lyman-a morphology and
skews this approach. This hampers particularly the determination of the disk location along the
horizontal (x) direction, as the emission anomaly is located on the left edge of the raw image.
Therefore, in these data we draw a line by eye separating the upper hemisphere, which is not
affected by the emission anomaly (Fig. S6). The emission in the unaffected area of both
observation and model image is integrated along the slit (in y direction). The location of the
modeled disk along the x axis, for which the square weighted deviation of the integrated profiles
minimizes, determines the location of Europa’s disk in the observation. The obtained offset from
the slit center of -2 pixels is 1) consistent with the modeled continuum spectral profile at long
wavelengths (Fig. S5C), 2) consistent with the observed OI]135.6 nm morphology (Fig. 10)



assuming the atmospheric oxygen emissions are to first order symmetric with respect to the disk,
and 3) midway between the HST-pointing determined and full disk Gaussian fit locations.

The Lyman-a brightness and morphology indicate that the large majority of the HI emission
originates from surface-reflected solar emission. An apparent coincidence of bright Lyman-a
patches with region of darker material in the visible (Fig. 1A-F) indicates an anti-correlation of
the Lyman-a reflectivity with the visible reflectivity as previously identified in the 1999 images
(12). On the visible-bright leading hemisphere the Lyman-a reflectance is fainter by a factor of
~2, likely due to a low far-UV albedo. The spectral images also include surface-reflected solar
CII133.5 nm emission (Fig. S5), which appears to roughly resemble the observed Lyman-a
morphology. However, interpretation of the CII133.5 morphology is hampered by a low count
rate and low signal-to-noise ratio, and because the nearby oxygen emission at 135.6 nm overlaps
with the disk at 133.5 nm. Based on the principal similarity to Lyman-o emission we assume that
the UV reflectivity is similarly anti-correlated to the visible reflectivity in the 130-136 nm range.
To more accurately model the surface reflectance we therefore use the visible light maps of the
surface (Fig. S7TA-C). To invert the brightness profile B(x,y) the disk average brightness B is
subtracted from each pixel in the visible images. By subtracting the residual values from a
homogeneous disk B (x,y) the visible brightness profile (Fig. S7D-F) are inverted. The inverted
visible images given by

Binv(x’y)=2'B(x7y)_B(x’y) 5 (Sl)
are adjusted to the spatial resolution of the STIS images and normalized to an average pixel
value of one. Spectral model images are then generated using these inverted images instead of a
homogeneous disk. The surface reflectivity (geometric UV albedo) is determined by fitting the
modeled spectral images to (i) the observed brightness between 143 nm to 160 nm, and (ii) to the
Lyman-a emission pattern. Disk-averaged UV albedo values of 1.4% - 1.6% are derived for the
three observations at the continuum emission (143 nm-160 nm) (Fig. S5, red dotted lines). The
disk-averaged values of the Lyman-a albedo maps (Fig. S7G-I) varies between 0.9% (December
2012), 1.2% (October 1999) and 1.4% (November 2012) depending on the sub-observer
longitude (Fig. S5, green dotted lines). These variations are in agreement with the observed anti-
correlation of dark visible areas with bright Lyman-a regions within the 1999 and November
2012 images (Fig. 1, A,B & D,E) - the lowest Lyman-a albedo is found for the leading
hemisphere (December 2012), which is brightest in the visible (49). A similar spectral inversion
at Lyman-a has been previously detected on the moon (50) and likely originates from changes in
the refractive index of Europa’s surface material at our wavelengths of interest (57).

For the analysis of the atmospheric emissions the solar surface reflectance features are
eliminated by subtracting the modeled UV surface reflectance images. For the oxygen lines at
OI130.4 nm and 135.6 nm the albedo derived for 143-160 nm is assumed for scaling the solar
spectrum. The contributions from surface reflectance to the total signal are 30%-40% at 130.4
nm, 10%-20% at 135.6 nm and ~100% at Lyman-a (Fig. S5).

Quasi-monochromatic images of a size of 3 Rg x 3 Rg centered on Europa at 121.6 nm, 130.4 nm
and 135.6 nm are extracted from the processed spectral images and rotated to align the vertical
axis with the Jovian rotation axis (Jovian North; also Europa North). The displayed oxygen
images (Figures 1-3, S1, S2, S8 and S9) are centered on the brightest multiplet line (130.27 nm
for OI130.4 nm, and 135.56 nm for OI135.6 mn). The slightly dispersed locations of Europa’s
disk of the additional oxygen multiplet lines are indicated by dotted circles in some of the



images. The individual images taken during each of the five orbits are displayed in Figs. 2, S1
and S2 for the three observations, respectively, with two exposures per orbit combined
(exceptions noted above). The oxygen aurora morphologies reveal periodic variations as
described in the main text and best exemplified by the 135.6 nm images. In most images of the
1999 and the November 2012 observations, the northern hemisphere is brighter whenever
Europa is above the plasma sheet, and vice versa (Figs. S1 and S2). The Lyman-a signal, in
contrast, is found to be rather constant and thus not affected by the magnetospheric environment,
as expected for the dominating solar surface-reflectance.

A Lyman-a emission surplus is found persistently throughout the December 2012 observation
(Fig. 2). In the same region the 130.4 nm emission is higher (orbits 2-5) or equal to the average
limb brightness (orbit 1). In orbit 1, the 135.6 nm brightness in the anomaly region is also
exceptionally low at 10 R compared to the average of 56 R. The missing surplus at 130.4 might
therefore originate from the particularly low emission from the global O, atmosphere. All
exposures of each observation have been superposed for the plume analysis (Fig. 1), which
increases the signal to noise ratio of the images in Fig. 2, Fig. S1 and Fig. S2 by a factor of ~3.
The change in viewing angle or sub-observer longitude of 29° (Table 1) between the last and first
exposures defines our (reduced) geographic accuracy. Depending on the source location on the
surface this will lead to a shift of the observed plume feature of up to ~10 pixels. Plume
variability in the individual orbits, however, can not be interpreted in that sense due to the low
signal-to-noise ratio. Also, with our modeled plume locations at 180° W longitude the source
location would shift by not more than 3 pixels in the images, which could not be resolved at the
given SNR. Due to Jupiter’s short rotation period of ~10 hours the magnetospheric environment
at Europa varies significantly during the ~7 hour observations as shown in the 135.6 nm images
in Figs. 2, S1 and S2. By combining all exposures, the time-variable aurora morphology caused
by magnetospheric effects is averaged in Fig. 1 despite being apparent in these individual
images.

Statistical considerations

In order to check the statistical significance of the observed south polar emission anomaly and its
dependence on our image processing we have analyzed the raw counts of the combined images
at 121.6 nm, 130.4 nm and 135.6 nm of each observation (Fig. S8). Results from three different
approaches are reported.

We first discuss the average counts per pixel in three different areas of the raw (not rotated, not
rebinned, nor smoothed) images (i) on the disk (r < 1 Rg), (ii) above the limb (1 Rg <r < 1.25
Rg), and (iii) beyond the above-limb region (r > 1.25 Ry, i.e., background), see Table S2. A
systematic search for pixels exceeding the statistical variations for these integrated counts is
performed. No significant enhancements are found on the disk or in the above-limb region on the
pixel scale in any of the three observations, with one exception. In the 1999 oxygen 130.4 nm
image three adjacent pixels with integrated counts per pixel between 14 and 20 (Fig. S8, yellow
circle) are found to significantly exceed the average of 2.9 counts per pixel on the disk. This on-
disk feature corresponds with auroral emissions in the 30°- 60° latitude 200°- 260° longitude
range (Fig. 1J, Fig. S1F-J). There is no corresponding anomaly at 121.6 nm or 135.6 nm seen in
this region in 1999, so this small-scale feature at 130.4 nm can not be interpreted unambiguously.
In the case of a small local H;O enhancement, electron excited Lyman-a emission could be
balanced by strong absorption of the surface reflected emission, leaving only a detection of an
OI130.4 nm surplus, where the continuum absorption is lower. A strong albedo anomaly at 130.4



nm or a rare coincidence of noise events could, however, explain the data equally well. Other
than this feature no anomaly has been found on the disk or in the above-limb region on the
individual raw pixel scale in any of the three observations.

Secondly, the counting statistics in the above-limb region bins (i.e., combinations of pixels)
described in the main text is investigated next to verify the above-limb region emission surplus
detected in December 2012. We divide the above-limb area in 18 bins of 20° width containing
~42 pixels, each, in the raw integrated count images (Fig. S8) according to our analysis of the
processed images (main text). This approach increases the SNR by a factor of ~6 (comparing 1
pixel and 42 pixel resolution elements). The angles are chosen in a way that the putative anomaly
region is roughly covered by two bins identical to bins #12 and #13 in the processed images (Fig.
3). The total counts per limb bin are on average 2968, 97 and 45 counts at 121.6 nm, 130.4 nm
and 135.6 nm, respectively. The highest bin values of 3264 counts and 126 counts at 121.6 nm
and 130.4 nm are found in the same bin (Fig. S8) at the anomalous region. With the assumption
of a homogenously bright limb at 2968 counts per bin and that the detected counts are Poisson-
distributed, the probability to detect this Lyman-a value of 3264 counts in one or more of the 18
limb bins is 0.00005%. In the case of the OI130.4 nm integrated counts in bin #13, this
probability is 2.7%. If we take into account the coincidence of the 130.4 nm and 121.6 nm
surplus, the probability to detect the OI130.4 nm value of 128 counts in exactly the same bin of
the highest 121.6 nm counts is further reduced by a factor of 1/18 to 0.15%. The 59 counts
measured in the same bin at 135.6 nm do not significantly exceed the average value of 45 counts
per bin. By shifting the center of Europa’s disk by one pixel in all directions and repeating these
measurements we verified that he emission surplus is found independently of the exact locations
of the disk center. The probability for a statistical Lyman-a surplus increases to maximal 0.007%
(compared to the 0.00005% for the best-fit location) and the probability for a purely statistical
coinciding 130.4 nm surplus becomes 1.2% at maximum (compared to the 0.15%). Taken
together, the coinciding enhancement of counts at 121.6 nm and 130.4 nm in the anomaly region
have a probability of more that 98.5% of being causally related. In no other above-limb regions
(bins) a similar casual coincidence of counts was evident in the raw images.

In a third approach, we binned several (2x2, 3x3, and up to 7x7) pixels together to check if a
pronounced morphology on larger scales is detected on the disk in the raw 121.6 nm, 130.4 nm
and 135.6 nm images, and whether such features differ significantly from statistical fluctuations.
The tests reveal that with increasing binning factor the highest and lowest detected counts in the
binned pixels differ significantly from the average integrated counts per binned pixel on-disk for
the Lyman-o and 135.6 nm image, i.e. systematic variations are detected on-disk. In the case of
the Lyman-o image, where surface-reflected sunlight dominates, this confirms that considerable
spatial albedo variations are present. The test also confirms statistically significant
inhomogeneities across the disk of the oxygen 135.6 nm image, consistent with auroral features.
In the case of the 130.4 nm images, in contrast, we find a less pronounced morphology, where
the maximum and minimum counts per binned pixel do not significantly differ from the disk-
average (with the exception of the three pixels in 1999 discussed previously). This is likely due
to the high background count rate and the lower atmospheric emission brightnesses resulting in
lower SNR for these data. The apparent on-disk patchiness in the 130.4 nm images therefore
possibly reflects statistical noise only.

Lastly in a fourth approach, we have searched for systematic and statistical variations in a large
area along the aperture slit and compared the background counts to the counts in the anomaly



region after subtraction of the surface reflectance (Fig. S8 minus reflected solar light). Fig. S9
reports an example for 6x6 binning and an additional subtraction of reflected sunlight, which
validates the statistical significance above the background of the Lyman-a and oxygen 130.4 nm
detections in the above-limb region near the south pole. Collectively, these four approaches give
us a high confidence in our assessment of the detection of above-limb surplus emissions.

Supplementary Text:

Atmospheric model and model image generation

Model images are generated by calculating the expected morphology from an electron-excited
atmosphere consisting of O,, O and H,O. Continuum absorption in such high H,O columns and a
possibly enhanced O abundance will additionally affect the observed brightness, and are
considered. Excitation rates for electron impact on O, O, and H,O are derived from laboratory
measurements (20,52-56). Following the approach of Hall et al. (10, 11) the following constant
electron parameters are assumed throughout our analysis: A torus electron density of 40 cm™, a
dominant thermal electron population with a temperature of 7, = 20 eV, and a supra-thermal
population with 7, =250 eV and a 2% mixing ratio (1/0,11). For the maximum globally averaged
O and H line-of-sight columns of ~10'*m™ and ~10"> m™ contributions from resonantly scattered
solar 130.4 nm and Lyman-a are well below 10 R and are thus negligible for the sputtered global
atmosphere (71,18). A scale height of 150 km for O, yields a reasonable agreement with the
observed OI]135.6 nm slope. The vertical column densities of O and H,O are set to 0.003 and
0.05 of the vertical O, column density (8,9) and the scale heights of these lighter species are
assumed to be 300 km.

The density profile of the implemented water vapor plumes is for simplicity assumed to be a
function of the altitude /# and the angular distance from the plume center 6 of the form

i) i)

where ny is the surface H,O density in the center, H, the scale height and Hy the angular scale for
the latitudinal extension. The implemented scale height of H, = 200 km is adjusted to the
observed radial Lyman-o profile. The length scale of Hy = 10° is also phenomenologically
derived such that each plume roughly fills one limb bin (i.e., the total width equals 20°). Model
images with a spatial resolution of 25 km are generated by integrating the three-dimensional
atmospheric distribution along the line of sight for the average viewing perspective of each
observation. The intensity in Rayleighs at wavelength 4 is given by

ny.o(h.0) = nyexp ) (S2)

LIRI=10"sr™" n, [ dz(E n(2) f, (T)e™ <~'>) : (S3)

los K

where n, (in m™) is the local density of atmospheric neutral species s, n. (in m™) the local
electron density, and £, (in m’s™") the excitation rate for electron impact on the neutral species s,
which depends on the electron temperature 7.. For the optical depth 7;(z) at wavelength 4 we
consider continuum absorption by the H,O column (57) between the observer and the emission

location z. Continuum absorption by O3 (58,59) is negligible in the 121.6 to 135.6 nm range. The



factor 10" accounts for the conversion from photon flux to Rayleighs with 1 R = 10'%/4x
photons m™ sr™' 5™,

Electron impact dissociation of H,O leads to an enhancement of atomic oxygen in the plume.
Using the standard plasma properties (see above and main text) we assume that dissociation of
H,O to generate O occurs at a rate of ~1.6 x10° s™' (8,60). Based on the ballistic plume residence
time in a 200 km high plume of ~10° s, we estimate an O/H,O mixing ratio of ~0.2%. A slightly
higher OH/H,O mixing ratio of ~1% would be expected (8,60). Within the plume region the
tangential O column density is considerably increased over the global abundance and resonance
scattering of solar 130.4 nm radiation (6/) is taken into account in addition to electron-excited
emission. Enhanced atomic hydrogen abundance in the plume is not assumed due to the high
kinetic energy and fast diffusion of the H atoms (8,20), whereas the observed Lyman-o emission
arises promptly from H»O dissociation. The photodissociation rate of H,O to yield HI 121.6 nm
in Europa’s atmosphere is 1.4 x10"'° s per H,O molecule, which is negligible in comparison to
the required 600 R observed in the plume region. Similarly, the emission from secondary
production of O and H excitations by OH electron impact dissociation is negligible.

For each spectral line of the oxygen multiplets (at 135.56 nm and 135.85 nm for OI]135.6 nm
doublet, and at 130.27 nm, 130.49 nm and 130.60 nm for the OI130.4 nm multiplet) a separate
image is generated and adjusted to the relative intensities (3.4:1 and 5:3:1 (20,62) ). The images
of each spectral line are superposed with a spatial offset along the rotated dispersion axis. The
modeled dispersion of the individual 130.4 nm multiplet lines (blue dotted circles in Fig. 1L)
overall shifts the plume emission onto the disk (Fig. 3) rather than off the disk. The offset of the
multiplet lines results in a slight variation of the oxygen emission brightness near the limb (Fig. 3
and Fig. S3), whereas the modeled Lyman-a (only 121.6 nm line) is radially symmetric.

The modeled two-dimensional emission is spatially binned to the resolution of the observations
and convolved with the STIS PSF (43,48). The limb intensities are analyzed according to the
analysis of the observed images. By finding the least square deviations of the modeled intensities
compared to observations for all OI]135.6 nm limb bins, the global O, surface density is
determined. The derived vertical column density of Ny = 3.5 x10'® m™, implies columns for O
and H,O of No = 1.0 x10'"® m™ and N = 1.7 x10"” m™ for the global atmosphere. The
excitation of the global H,O abundance leads to an insignificant HI121.6 nm limb intensity
below 1 R. For comparison the measured HI121.6 nm brightness in the plume bin #13 is 600 R.

The surface density ny (Eq. S2) at the center of the two implemented plumes is fit by minimizing
the squared deviations of only the anomaly bins (#12, #13) for the December 2012 Lyman-a
image. The best-fit results are 7y = 2.2 x10"° m™ and ny = 1.3 x10"° m™ for the plumes at 75°S
and 55°S, respectively. Additional plume model images are generated with 1/2n, and 1/3ny and
the resulting limb intensities are tested for consistency with the 1999 and November 2012
observations (Fig. S8).

Another model is tested with only one large plume (instead of two separate plumes) located at
75° S and 180° W with identical scale height of H, =200 km and a larger latitudinal extension of
Hy = 20° (550 km) is fitted. A wider plume is expected for the observed height, if the plume
particles have thermal velocities ~560 m s (estimated below). For a plume density of ny = 1.2
x10" m™ the modeled plume bin brightnesses are in statistically equal agreement with the
measured Lyman-o brightnesses in bins #12 and #13 as the two plume model. However, the two-
plume model provides a slightly better fit to the data and is therefore preferred. The modeled



one-plume emission extends more onto the disk and the observed two-peak structure is not
resembled. The total gas content of 2 x10°> H,O molecules is slightly higher than for the two
plume case, as parts of the wider plume are located behind the limb and do thus not contribute to
the observed emission.

Consequences of inferred plume

The inferred source density of ny ~ 10" m™ would require a regional ice temperature of ~150 K
for production by sublimation (63). Yet, the inferred molecular velocities based on the plume
altitude require much warmer ice: for instance, a temperature of 230 K is instead required for the
thermal RMS velocity to be 560 m s™.

One way of reconciling these apparently paradoxical conclusions is to make the same argument
as made by Tian et al. (23) for Enceladus that the actual source density is much higher but is
restricted to a small fraction of the modeled area, e.g., because vapor emission is localized along
fractures. In the case of Europa, an ice temperature of 230 K implies a local source density of
3x10*' m™ (63). Thus, the inferred source density implies that only 3x107 of the modeled area of
500,000 km® is emitting vapor. If the total length L of fractures in the area were 10°-10* km, the
width of the active fractures w would be of order a few cm and would correspond to the high-
temperature narrow fissure case of Goguen et al. (64). The upwards mass flux would then be
LXVpu where u is the thermal velocity and p is the density (8.4x10° kg m™ at 230 K), or 7000 kg
s

Since Europa’s escape velocity is 2 km s™, almost none of the detected water vapor will escape.
Instead, it will fall back after a ballistic residence time in the plume of ~10° s. Given the total
water mass of 3x10° kg (of the ~10** H,O molecules), the implied re-deposition rate is 3000 kg
s. This is roughly consistent with the upwards flux of 7000 kg s estimated above and justifies a
posteriori our assumption of a 230 K temperature.

Such narrow vents, even though possessing a high temperature, would have been undetectable
with the available Galileo data. At 230 K, the vents would emit 160 W m™ of black-body
radiation, for a total of 0.02 GW. This total is far below the minimum detectable value of a few
GW sr’' in previous estimates (27). However, if the venting process involved some conversion of
liquid water to ice crystals — as may be happening at Enceladus — then the latent heat emitted
could have been considerable. If 10% of the emitted mass flux consisted of liquid converting to
solid, then the thermal output would be 1.6 GW, approaching the detectability threshold of the
Galileo PPR instrument.

An interesting consequence of the estimated re-deposition rate is that it might have observable
consequences, as at Enceladus (65). Continuous re-deposition at a rate of 3000 kg s™ uniformly
over the area south of 65°S results in an accumulation rate of 0.06 - 0.6 km Myr™' (with a surface
density of 0.1 -1 g cm™). Given Europa’s relatively young surface age, “softening” of geological
features is expected to be visible in images of polar regions.

The actual re-deposition rate is unlikely to be as large as the simple continuous assumption
suggests. First, fractures are expected to be open during only half of each orbit. Second, and
more importantly, over longer timescales eruptions are likely to be self-limiting. On decadal
timescales, individual fractures may become choked by condensation of ice in the near surface
(66). On Myr timescales, removal of water from a subsurface ocean and re-deposition of ice on
the surface will both lead to subsidence of the ice shell. This subsidence results in large



compressional stresses (67), which will make the opening of fractures via tensional tidal stresses
much more likely. On 10 Myr timescales, mutual perturbations between the three inner Galilean
satellites can result in changes in eccentricity and thus tidal stresses and strain rates (68).

For an ice/vapor ratio on the order of 0.5 similar to the ratio of the Enceladus’ plumes (69), the
plumes will be optically thin in visible light with an ice particle column density of ~2x10° kg m™
*. However, at an estimated optical depth of ~107 for such ice particle column densities the
plumes should be detectable in high phase angle images. A series of high phase angle images
was taken by the Galileo Solid State Imager on October 5/6, 1997 (http://pds-
rings.seti.org/galileo/ssi_c10_data.html). No evidence for plume signals can be found in these
global view images, which include imagery of Jupiter’s optically thin rings. However, the images
were taken when Europa was close to pericenter (f = 10° - 40°) where vapor plumes are not
detected in our STIS imaging and where venting is less likely. In case the plumes were active,
the line-of-sight optical depth would to be limited to ©~10° by analogy with the rings of Jupiter
that are apparent in these same high phase angle images. Another high phase angle global view is
provided in a combination of two New Horizons (NH) images taken on March 2, 2007 (primarily
for artistic rather than scientific value) by the Multispectral Visual Imaging Camera and by the
Long Range Reconnaissance Imager (http://pluto.jhuapl.edu/gallery/sciencePhotos/image.php?
page=1&gallery id=2&image 1d=58). Signs from venting activity are not detected in the image.
Europa’s orbital true anomaly during these exposures was f = 92° resulting in a moderate
proportion of polar fractures being open (comparable to the situation shown in Fig S4b).

Plume variability and opening/closing of fractures

In a thin shell, tidal stresses and strain rates are a factor of ~1.5 higher at the poles than at the
equator ((70), Fig. 3 therein), and polar regions are expected to be more geologically active than
equatorial regions (other conditions being equal). Since tidal stresses are time-variable, activity
should be more pronounced at some points of the orbit than others, as has been observed at
Enceladus (28). In particular, venting is more likely when fractures are open, that is, they are
experiencing tensile stresses. The timing of activity depends on the location and orientation of
fractures. In Fig. S4, we show which mapped fractures are experiencing tensile stresses (open) at
different mean anomalies. Many more fractures are open near apocenter, i.e. during the
December observation, than before and at the pericenter (November 2012 and 1999).
Interestingly, the HST ACS images that revealed an enhanced oxygen emission near 90°W
longitude (74) were at also taken at the apocenter (f ~ 182°).

A plume residence time of ~10° s is short compared to Europa’s orbital cycle of 3.55 days. Thus,
if Europa enters a part of the orbit in which fractures are mainly in compression and venting is
shut off, this would result in a rapid removal of the observable plume. This process is consistent
with observing a plume during only one of the three sets of ~7-hours long observations by
HST/STIS.
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Fig. S1. Lyman-a, OI130.4 nm and OI]135.6 nm images of the exposures taken during each of
the 5 HST orbits from October 5, 1999. Jupiter is to the left. Europa is above the plasma sheet
during the first four orbits and below during the last orbit. The average sub-observer longitude
Qobs, System III longitude Ay, magnetic latitude ymag and the projected magnetic field line are
given below. The dotted light blue circles indicate Europa’s location for the secondary multiplet
lines. The trailing meridian (270° W) is dashed, the sub-anti-Jovian meridian is solid. 3x3 pixels
are binned and the binned pixels are smoothed for display.
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Fig. S2. Same as Figs. 2 and S1 for the observation on November 8/9, 2012. Jupiter is to the left.
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the projected magnetic field line are given below for each visit. The dotted light blue circles
indicate Europa’s location for the additional multiplet lines. The leading meridian (270° W) is
dashed, the sub-anti-Jovian meridian is solid. 3x3 pixels are binned and the binned pixels are
smoothed for display.
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Fig. S3. (A, B) Measured (black with error bars) and modeled (dotted) brightness in Rayleighs
[R] of the eighteen 20° bins around Europa’s disk in the combined images from October 1999
and November 2012. Emissions from a symmetric global O, and O atmosphere (grey) are fit to
the OI] 135.6 nm brightness. A model atmosphere with two H>O plumes is fit to match the
surplus of Lyman-a emission in bins 12+13 in the December 2012 images, see Fig. 3 in main
text. The best-fit plume model for December 2012 is not consistent with the 1999 and November
2012 measurements in bins #14 and #15, where the plumes would arise. A decreased plume
density by factor 2 (blue) and factor 3 (green) would be in agreement with the 1999 and
November 2012 Lyman-a and OI 130.4 nm brightnesses, respectively, within the measurement
uncertainties. (C) Temporal brightness variation of plume bins #12 and #13 during the 5 HST
orbits of the December 2012 visit for H Lyman-a, OI130.4 nm, and their ratio. The dashed lines
indicate the average values for the combined exposures displayed in Fig. 1. The plume brightness
is low during the first and last orbit where Europa is farthest away from the plasma sheet
suggesting an influence of the changing electron environment. Measurement uncertainties shown
as error bars are large enough to prohibit shorter timescale comparisons.
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Fig. S4. Normal stresses experienced by fractures
of the south polar region (latitudes 55 to 90° S) at
the mid-point values of mean anomaly f of the
three observations (see Table 1). Dots are
digitized fracture locations from (29). Colors
denote dimensionless normal stresses, where
positive values indicate tension and only values
in excess of 0.2 are plotted. Stresses are non-
dimensionalized by dividing by 85 kPa. Note that
many more fractures are open near apocenter (C,
£~180°). Method employed is the same as given
in Nimmo et al. (30) except that the following
Europa parameters are used: £, = 1.2, ,=0.3, e =
0.01, m, = 1.9x10°7 kg, R = 1561 km, a =
6.71x10° km, g =1.3 m s~. The variable density
of fractures is due to differing image resolutions
at different locations (cf. Fig. S10).
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Fig. S6. Determination of the disk location using the modeled surface reflectance image (top)
and the raw combined December 2012 Lyman-a observation (middle, smoothed for better
visibility of disk). The position of Europa as determined by the HST pointing after correction of
the y offset is shown by the white circle (here at x=0, y=0). To determine the actual position
along the horizontal x axis, we integrate the emission in the STIS Lyman-a observation and
model images along the y axis on the upper hemisphere only (above yellow dashed line), which
is not affected by excess emission feature located at x ~ -20 and between y ~ -15 to 0. The
location of the model disk, for which the square weighted deviation of the integrated profiles
(bottom panel, observations black with error bars and model in red) minimizes, determines the x
position along the detector.

15



Oct 1999 Nov 2012 Dec 2012

Visible

Inverted

UV albedo [%)]

2.2
.HH

0.0
Fig. S7. (A-C) Visible images of the mapped hemispheres based on global high-resolution maps
of Europa assembled from Galileo and Voyager I and II images by the U.S. Geological Survey
(http://astrogeology.usgs.gov). (D-F) Same images with inverted brightness. (G-I) Inverted and
normalized images (Eq. S1) adjusted to the STIS resolution and multiplied with the derived

average UV albedo values for Lyman-a (Table S1). These UV albedo maps are used for
modeling the surface-reflected solar Lyman-a radiation.
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Fig. S8. Raw Lyman-a, OI130.4 nm and OI]135.6 nm integrated counts in the combined October
1999, November 2012 and December 2012 exposures before processing. The images are not
rotated, i.e. the horizontal (vertical) axis corresponds to the dispersion (cross-dispersion) axis.
Directions to Jupiter (J) and Jupiter North (JN) are shown by the white arrows. The yellow
arrows in C and F indicate the limb bin with the statistically significant count surplus at 121.6
nm and 130.4 nm in the December 2012 images. Three pixels with exceptionally high counts in
the 1999 image at 130.4 nm are encircled in yellow (see text). The average integrated counts per
pixel on the disk, in the above-limb region (between 1 and 1.25 Rg; white circles) and in the
background region (outside 1.25 Rg) are reported in Table S2. The color scale is adjusted at the
maximum integrated counts per pixel in each image except in E (highest pixel in circle at 20
counts, see text). In D, H and L 3%3 pixels are binned together to enhance visibility of the plume
signal. The other images reported (Figs. 1-3 and S1-S2) saturate at values down to 70% from
maximum for clarity.
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Fig. S9. Illustration of a test for
statistical significance in binned
pixels with increased SNR in
the Dec. 2012 observations. The
images (A,D,G) show the
counts per binned pixel on a
larger detector area of 78 (in the
horizontal dispersion direction)
by 240 (vertically along the slit)
raw pixels binned by factor 6x6
(yielding 520 binned pixels).
The disk-reflected solar light is
subtracted in this case, leaving
only emissions from Europa’s
atmosphere and the high
background count values. The
counts per bin for the from
bottom left to top right
consecutively numbered pixels
are shown in (B,E,H). The
brightest pixels of the Lyman-a
(top panel) and OI130.4 line
(middle panel) located on the
left limb of the disk are
identical. For both lines the
integrated counts within binned
pixel #158 (counting from
bottom left to top right) deviates
from the mean count value by
more than 3 times the standard
variation of the background
count level, see histograms with
fitted Gaussian profiles (C,F,I).
This shows that the detected
anomaly statistically exceeds
the high noise originating from
geocoronal airglow,
interplanetary emissions and

detector dark current features. At OI130.4 nm the integrated count values on the disk of Europa
is enhanced due to auroral emissions from atmospheric oxygen (O, and O). A high histogram
density around the p+3c-line results from these auroral emissions, yet the bin with above-limb

emission anomaly remains the brightest detected.
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Fig. S10. The red stars show the assumed locations of the modeled plumes on a stereographic
projection of Europa’s south polar region (south of latitude 55° S, http://astrogeology.usgs.gov).
The exact source locations can not be derived from the two-dimensional images. The green
arrows show the average sub-observer longitudes of the three observations illustrating the
respective viewing angle. In south polar regions periodic stress variations due to diurnal tides are
expected to open faults like the prominent Astypalalea linea (right of large red star) at perijove
(cf. Fig. S4, and (31,32)). If the dark linae confluence near 220° W, 75° S shown here and shown
in Fig. S4 as undergoing the highest stresses is a better assumed location, then the plume source
exists behind the limb for the December 2012 line-of-sight geometry. Such a change in
determined location would imply larger plume height and abundances than implied by our
reported modeling.
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Tables:

Table S1. HST/STIS G140L observations of Europa’s UV emissions

. Albedo Albedo HI121.6 HI121.6 01130.4 0I]135.6 Oxygen
Observation . atmosph.  atmosph.  atmosph. aurora
Lyman-a  Continuum total : : : .
date M emis. emis. emis. ratio
[%] [%] [kR] x * *

[R] [R] [R] 135.6 /130.4
5-0Oct-1999 1.2+0.3 1.4+0.2 1.31+0.03 30£32 80+4 126+3 1.6+0.1
8-Nov-2012 1.4+0.3 1.6+0.2 1.20£0.03 20+28 58+3 92+2 1.6+0.1
30-Dec-2012 0.9+0.3 1.5£0.2 0.72+0.03 45+31 434 92+3 2.1+0.2

* The given flux refers to all photons measured within and 1.25 Rg around the center of Europa normalized to the geometrical

cross section of the satellite’s disk (TRg?)

Table S2. Average raw integrated counts per pixel in the Lyman-a and oxygen images (Fig. S8).

HI121.6 nm 0I130.4 nm OI]135.6 nm
Observation
date Back- Above- On Back- Above- On Back- Above- On
ground limb Disk ground limb Disk ground limb Disk
region region region
5-Oct-1999 78 80 90 1.6 2.1 2.9 0.9 14 2.2
8-Nov-2012 76 79 90 1.3 1.8 2.5 0.5 1.0 1.6
30-Dec-2012 69 71 76 1.9 2.3 2.6 1.3 1.1 0.4
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