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Europa’s exceptional surface morphology suggests the existence of a 
layer of liquid water under the icy crust (1, 2), which has been confirmed 
independently by magnetometer measurements (3). Despite signs of 
active resurfacing in chaos terrains (4) and the existence of a subsurface 
ocean, current geologic activity has not been observed directly in Voy-
ager and Galileo observations (2, 5, 6) or in any other data. Europa also 
possesses a tenuous atmosphere generated by sputtering and radiolysis 
(7–9) that was detected in 1995 through HST ultraviolet (UV) observa-
tions of oxygen emissions at 130.4 nm and 135.6 nm (10, 11). Spatially 
revolved images of these atmospheric emissions obtained by the HST 
Space Telescope Imaging Spectrograph (STIS) revealed an irregular 
emission pattern at the two oxygen multiplets, which originates from an 
inhomogeneous neutral gas abundance across the surface (12, 13) or 
Europa’s highly variable plasma environment, or both. An enhanced 
emission near 90° west longitude when Europa was near its apocenter 
detected by the HST Advanced Camera for Surveys (ACS) was associat-
ed with a possible existence of plumes in a region where high shear 
stresses are expected, but an unambiguous correlation was not possible 
due to low data quality (14). 

We report STIS spectral images of Europa’s trailing/anti-Jovian 
hemisphere and leading hemisphere obtained in November and Decem-
ber 2012, respectively. Previous observations, in 1999, targeted Europa’s 
trailing hemisphere (Table 1). The observations in 2012 were timed to 
coincide with the maximum variation of the Jupiter’s magnetic field 
orientation at Europa. With this configuration, spatially inhomogeneous 
yet time-variable emissions originating from the periodically changing 
magnetospheric conditions can be separated from time-stationary emis-
sion inhomogeneities due to atmospheric anomalies. 

After correction of the images for instrumental and background 
noise (15), the remaining emission sources are: solar reflectance from 
Europa’s surface, solar resonance scattering by atmospheric H and O 
atoms (negligible for OI135.6 nm), and electron impact (dissociative) 

excitation of atmospheric species, such 
as O2, O and H2O. To subtract the light 
reflected from the surface, we generat-
ed model spectral images by convolv-
ing normalized inverted visible images 
with a solar UV spectrum (15). Where-
as the surface reflectance corrected 
Lyman-α brightness is mostly con-
sistent with a zero signal for the 1999 
and November 2012 observations, a 
pronounced 400-600 R (16) region is 
found above the limb near the south 
pole in the residual Lyman-α emission 
in the December 2012 image (Fig. 1I). 

The residual atmospheric oxygen 
emissions at 130.4 nm and 135.6 nm in 
contrast cover most of Europa’s disk 
(Fig. 1, J to O). The 135.6/130.4 ratios 
of 1.6 ± 0.1 (both 1999 and November 
2012) and 2.1 ± 0.2 (December 2012) 
are consistent with previous measure-
ments and an O2 atmosphere with a low 
mixing ratio of O (10, 11). The oxygen 
aurora morphologies undergo consider-
able variations during the ~7 hours of 
all observations (Fig. 2 and figs. S1 and 
S2). Bright OI135.6 nm patches are 
found close to the poles, which appear 
to rock toward and away from Jupiter in 
correlation with the varying magnetic 
field orientation at Europa. The 

OI130.4 nm aurora pattern roughly resembles the OI135.6 nm pattern 
(cf. I and N in figs. S1 and S2, respectively) as expected if both OI mul-
tiplets originate from electron-impact dissociated O2. Apparent devia-
tions of the OI130.4 nm morphology from the OI135.6 emission can be 
attributed in part to the inhomogeneity of the higher surface reflectance 
at 130.4 nm. This becomes most apparent in the combined images (Fig. 
1, J to L), because the time-variable atmospheric contributions are 
smoothed through the superposition. The generally patchy OI130.4 nm 
morphology is additionally affected by the low signal-to-noise ratio of 
the 130.4 nm emission (15). 

We focus our analysis on the emission above the limb of Europa, 
which is only marginally influenced by the surface reflectance due to 
instrument-scattered light from the on-disk features. Above the south 
polar limb in the December 2012 composite images an OI130.4 nm en-
hancement of similar appearance is found in the same region as the 
Lyman-α enhancement (compare Fig. 1, I and L). Detectable Lyman-α 
and OI130.4 nm emissions are persistently found above the southern 
anti-Jovian limb during all five HST orbits of the December 2012 obser-
vations (Fig. 2, A to J). Bright OI135.6 nm emissions across the entire 
south polar region shift from the sub-Jovian to the anti-Jovian hemi-
sphere between the first and last orbit (Fig. 2, K to O). A persistent or 
significant above-limb OI135.6 nm emission surplus is not detected. 

In a next step, we subdivided the region between 1 RE (Europa radi-
us, 1561 km) and 1.25 RE (corresponding to an above-limb altitude of 
390 km) in 18 bins spanning angles of 20° around the disk of Europa in 
all images (Fig. 3). The December 2012 Lyman-α image brightnesses of 
all pixels in limb bins 12 and 13 are 420 ± 136 R and 604 ± 140 R, 
which exceed the faint average limb emission of 46 R (outside the 
anomaly) by 2.8 and 4.0 times the propagated uncertainty (σ), respec-
tively. The OI130.4 emission of 59 ± 18 R in bin 13 is also significantly 
(2.4σ) higher than the average limb emission of 16 R, and bin 12 shows 
a slight enhancement (35 ± 17 R). At both lines the emission anomaly 
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In November and December 2012 the Hubble Space Telescope (HST) imaged 
Europa’s ultraviolet emissions in the search for vapor plume activity. We report 
statistically significant coincident surpluses of hydrogen Lyman-α and oxygen 
OI130.4 nm emissions above the southern hemisphere in December 2012. These 
emissions are persistently found in the same area over ~7 hours, suggesting 
atmospheric inhomogeneity; they are consistent with two 200-km-high plumes of 
water vapor with line-of-sight column densities of about 1020 m−2. Nondetection in 
November and in previous HST images from 1999 suggests varying plume activity 
that might depend on changing surface stresses based on Europa’s orbital phases. 
The plume was present when Europa was near apocenter and not detected close to 
its pericenter, in agreement with tidal modeling predictions. 
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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-α bins are con-
sistent with zero signal within 2σ (17). 

Detectable Lyman-α emission is not expected for the generally as-
sumed abundance of hydrogen bearing molecules (≤1017 m−2) in the 
global sputtered atmosphere (7–9). Lyman-α emission from a global 
atomic hydrogen corona that is not gravitationally bound as observed at 
Ganymede (18) would be isotropic. Lyman-α solar resonant scattering 
on atomic H also would require optically-thick columns (>1017 m−2) to 
produce brightnesses >400 R and can be excluded. In contrast, H2O 
freezes (19) and any enhancement must be localized to its source. In 
addition, electron impact on H2O 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 H2O 
enhancement. 

We derive average H2O and O2 column densities using measured 
cross sections for electron-impact dissociative excitation and the stand-
ard plasma parameters for Europa (15). Neglecting presumably small 
contributions from e + O or e + H2O, the observed OI135.6 nm bright-
ness of bin 13 requires a line-of-sight O2 column of ~5 × 1019 m−2. The 
Lyman-α brightness in bin 13 implies an optically thin H2O column 
density of 1.5 × 1020 m−2. In this case, excitation of O2 and H2O 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-α/OI130.4 nm/OI135.6 nm ratios are diagnostic of e + H2O in an 
approach similar to the average OI135.6 nm/OI130.4 nm ratio being 
diagnostic of e + O2 (10, 11). 

We generated model images for two three-dimensional plume distri-
butions taking into account H2O 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 O2 atmosphere with low O and H2O mixing ratios (15) to the 
observed OI135.6 nm limb brightness for all observations (Fig. 3E,F, 
dotted grey). The fitted vertical O2 column density of NO2 = 3.5 × 1018 
m−2 agrees well with the observed OI130.4 limb brightness and is con-
sistent with previous results (7–11, 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 H2O plumes (15). 
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-α emissions. The implemented density profile resembles an in-
termediate case between Io’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-α bin bright-
ness yielding total contents of 4.9 ×1031 and 8.2 × 1031 H2O molecules 
for the plumes at 55°S and 75°S, respectively. The combined plume 
content is 1-2 orders of magnitude higher than the H2O abundance in 
global atmosphere models without plumes (7–9). The derived H2O 
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/H2O ~ 0.2% is taken into account (15). 

The model reasonably reproduces the Lyman-α plume morphology 
and brightness decrease with altitude (Fig. 3). At low altitudes (< 100 
km) the measured brightness decreases for both the Lyman-α 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 (15), 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 (15). 

The modeled Lyman-α 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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Table 1. HST/STIS G140L observations of Europa’s UV emissions. 

Observation 
start date and 
time 

HST or-
bits/ 

exposures 

Total 
exp. time 

(min) 

Spatial 
resolution 
(km/pixel) 

Sub-observer 
W long. (°) 

System III 
longitude (°) 

Mag. lat. 
range 

(°) 

True 
anomaly 

f (°) 

Water vapor 
detected 

5-Oct-1999 
8:39* 5/9 156 71.5 245–274 300–158 –9.5–6.8 343–13 No 

8-Nov-2012 
20:41† 

5/10 183 73.9 209–238 25–243 –9.3–9.5 289–318 No 

30-Dec-2012 
18:49† 

5/9 164 74.9 79–108 0–218 –9.5–9.5 185–218 Yes 

*PI M. A. McGrath. †PI J. Saur.  

http://www.sciencemag.org/content/early/recent


/ http://www.sciencemag.org/content/early/recent / 12 December 2013 / Page 6/ 10.1126/science.1247051 
 

6 

 
  

Fig. 1. Visible images of the observed hemispheres (A to C) with sub-observer longitudes listed and combined STIS 
images of the hydrogen and oxygen emissions (D to O) (Table 1). The Lyman-α morphology [(D) to (F)] reveals an anti-
correlation with the brightness in the visible (15). (G) to (O) Same Lyman-α images, and OI130.4 nm and OI135.6 nm images 
with solar disk-reflectance subtracted. 3 × 3 pixels are binned and the STIS images are smoothed to enhance visibility of the 
significant features. The dotted light blue circles indicate the multiplet lines (15). 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 signal-to-noise (SNR) ratios of the binned pixels [and contours for 
SNR = 1 are omitted here in (D) to (F) and (M) to (O)]. 
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Fig. 2. Individual STIS images of the 5 HST orbits from December 2012. Lyman-α before disk-reflectance subtraction (A to 
E), and reflectance-subtracted Lyman-α and oxygen emissions (F to T). The persistent plume emission is highlighted in 
dashed-red. Sub-observer longitude φobs, Jovian System-III-longitude λIII, magnetic latitude ψmag 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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Fig. 3. Comparison of December 2012 observations and atmosphere plume model results. (A to D) Lyman-α and OI 
130.4 nm STIS images (as in Fig. 1) and model aurora images from a global atmosphere with two H2O 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 (15). (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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