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Abstract We analyze a large set of far ultraviolet oxygen aurora images of Europa’s atmosphere taken
by Hubble’s Space Telescope Imaging Spectrograph (HST/STIS) in 1999 and on 19 occasions between 2012
and 2015. We find that both brightness and aurora morphology undergo systematic variations correlated
to the periodically changing plasma environment. The time variable morphology seems to be strongly
affected by Europa’s interaction with the magnetospheric plasma. The brightest emissions are often found
in the polar region where the ambient Jovian magnetic field line is normal to Europa’s disk. Near the
equator, where bright spots are found at Io, Europa’s aurora is faint suggesting a general difference in how
the plasma interaction shapes the aurora at Io and Europa. The dusk side is consistently brighter than the
dawnside with only few exceptions, which cannot be readily explained by obvious plasma physical or
known atmospheric effects. Brightness ratios of the near-surface OI] 1356 Å to OI 1304 Å emissions between
1.5 and 2.8 with a mean ratio of 2.0 are measured, confirming that Europa’s bound atmosphere is dominated
by O2. The 1356/1304 ratio decreases with increasing altitude in agreement with a more extended atomic
O corona, but O2 prevails at least up to altitudes of ∼900 km. Differing 1356/1304 line ratios on the plasma
upstream and downstream hemispheres are explained by a differing O mixing ratio in the near-surface O2

atmosphere of ∼5% (upstream) and ≲1% (downstream), respectively. During several eclipse observations,
the aurora does not reveal any signs of systematic changes compared to the sunlit images suggesting no
or only weak influence of sunlight on the aurora and an optically thin atmosphere.

1. Introduction

Jupiter’s moon Europa features various outstanding, distinguishing properties. Within its comparably young
and disrupted icy surface [Greeley et al., 2004] it harbors a global liquid water ocean [Khurana et al., 1998;
Zimmer et al., 2000; Schilling et al., 2007] and potentially also local shallow water lenses [Schmidt et al.,
2011]. Europa’s sputtering-generated global atmosphere was theoretically predicted [e.g., Brown et al., 1982;
Johnson et al., 1982] and later on observationally confirmed from the far ultraviolet (FUV) emissions at
1304 Å and 1356 Å observed by the Hubble Space Telescope (HST) [Hall et al., 1995]. These oxygen emis-
sions are also studied in this paper. A FUV image taken by Hubble’s Space Telescope Imaging Spectrograph
(HST/STIS) in December 2012 revealed localized hydrogen and oxygen emissions near the moon’s south
pole, which indicate the existence of transient eruptions of water vapor [Roth et al., 2014a]. Similar local-
ized emissions could not be identified in subsequent STIS images, suggesting that plume emissions are very
rarely detectable by STIS [Roth et al., 2014b] and that such large, yet short-lived plumes are not an important
atmospheric source.

The OI] 1356 Å/OI 1304 Å brightness ratio of 1.3–2.2 of Europa’s global oxygen aurora detected by the HST
Goddard High Resolution Spectrograph (GHRS) [Hall et al., 1995, 1998] and later on confirmed by STIS [McGrath
et al., 2009; Roth et al., 2014a, 2014b] identifies electron impact excitation of atmospheric molecular oxygen
(O2) as the main source of these emissions. For electron impact on O2 the expected OI] 1356 Å/OI 1304 Å ratio
for an optically thin atmosphere is ∼2 over a large range of electron temperatures, whereas electron impact
on atomic oxygen (O) and sunlight scattered by the O atoms would imply a ratio well below 1. Based on the
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generation from sputtered water ice, the atmosphere mainly consists of some mixture of H2O, O2, H2, OH,
O, H, and other H and O compounds [Johnson et al., 2009]. Cassini UV spectra pointed to an extended atomic
oxygen cloud above the near-surface O2 atmosphere [Hansen et al., 2005]. In addition, traces of sodium and
potassium were found in Europa’s vicinity [Brown and Hill, 1996; Brown, 2001]. A tenuous ionosphere was
also measured by the Galileo spacecraft [Kliore et al., 1997] produced from the atmosphere predominantly by
electron impact ionization and to a lesser extent by photoionization [Saur et al., 1998].

Europa’s FUV aurora is generated by collisions between atmospheric particles and electrons from the time
variable magnetospheric environment. Jupiter’s magnetic dipole axis is tilted by ∼10∘ from its spin axis and
so is the magnetic equatorial plane with respect to Jupiter’s spin equatorial plane. The planet’s fast rotation
period causes large centrifugal forces of the corotating magnetospheric plasma, which confine the plasma
into a disk—often referred to as the plasma sheet—centered at the centrifugal equator. This centrifugal and
plasma sheet equator is tilted from the spin plane by ∼2/3 of the tilt of the magnetic field [Khurana et al.,
2004]. With an inclination smaller than 1∘, Europa’s orbital plane almost coincides with the Jupiter spin plane.
Consequently, the magnetic field orientation, plasma flow direction, and plasma density change constantly at
Europa over the synodic rotation period of Jupiter of 11.2 h. The velocity of the (almost fully) corotating plasma
are substantially higher (∼117 kms−1) than the moon’s orbital velocity (∼14 kms−1). The faster orbiting plasma
particles interact with the moon’s surface and neutral environment in several ways, most important being
plasma collisions, which constitute the main atmospheric source and loss processes as we further discuss
in this section. Ion neutral collisions also generate a current system in Europa’s ionosphere leading to the
formation of Alfvén wings [e.g., Neubauer, 1998; Kivelson et al., 2004] above and below Europa. The initially
corotating plasma is slowed and diverted around the obstacle. The variable magnetospheric field at Europa
also leads to the generation of secondary magnetic fields in the saline, electrically conductive subsurface
ocean [Khurana et al., 1998; Zimmer et al., 2000], which additionally perturb Europa’s magnetic and plasma
environment [Schilling et al., 2007, 2008].

Because of the time variable and perturbed plasma environment, derivation of the atmospheric density and
distribution from observations of electron-excited aurora is difficult. Assuming a homogeneous and constant
electron density and temperature and an atmosphere confined to the geometric cross section of the visible
disk of Europa, Hall et al. [1998] infer an O2 column density of (2.4–14)× 1014 cm−2 from the oxygen brightness
measured by GHRS. Applying numerical simulations of the magnetosphere-atmosphere interaction and
aurora formation and thus accounting for the deflection and cooling of the incoming plasma Saur et al. [1998]
derive a column density of 5×1014 cm−2 from the GHRS brightness of Hall et al. [1995]. Thus, the amount of
emitted photons is consistent with the thermal magnetospheric plasma being the main excitation source. This
means that no local acceleration mechanism is needed to produce the aurora, in contrast to, e.g., the genera-
tion of Ganymede’s auroral ovals [Eviatar et al., 2001]. A comparison of the Saur et al. [1998] simulation results
with the first images of the aurora morphology on the trailing hemisphere taken by STIS reveals significant
differences of the observed and simulated emission pattern [McGrath et al., 2004, Figure 19.10]. In contrast to
the rather symmetric global limb glow in the model results, the observed morphology appears asymmetric
and irregular, which can in principle be caused either by an inhomogeneous and patchy atmosphere [e.g.,
Cassidy et al., 2007] or by an asymmetric electron flow pattern or magnetic field geometry. The oxygen aurora
brightness is correlated with Europa’s changing position with respect to the plasma sheet [Saur et al., 2011].

Another approach to constrain Europa’s atmosphere is provided by modeling efforts of the sources, sinks,
and atmospheric chemistry. Erosion (sputtering) and radiation-induced chemical alteration of the surface
(radiolysis) are the physical source processes for the atmosphere (see, e.g., reviews by Johnson et al. [2004,
2009]). Using laboratory sputtering and kinetic model results, Cassidy et al. [2013] find that most of the
O2 (and H2) production is done by the cold or thermal oxygen ions (T ∼ 100 eV), while the highest H2O
sputtering yield is from higher energy ions (keV to MeV). Not considering changes in surface temperature
over a day, Cassidy et al. [2013] also find that sputtering of O2 is confined almost entirely to the trailing
(or upstream regarding the plasma flow) hemisphere. Results of a three-dimensional kinetic atmosphere
model by Plainaki et al. [2013], however, indicate that daily surface temperature variations from the changing
solar illumination might in fact play a role for the O2 sputtering yields besides the incident plasma direction
and that the O2 atmosphere is densest on the dayside and thus time variable. Main loss processes for the
bound O2 atmosphere are atmospheric sputtering by the thermal ions (through charge exchange) and ion-
ization (with the new ions being picked-up by the rotating magnetic field) [Saur et al., 1998]. If the thermal
ions lose most of their energy through atmospheric collisions (through charge exchange), a large fraction of
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the ions will not reach the surface and the contribution to the surface sputtering might be lower than that
estimated by Cassidy et al. [2013]. The escape of neutrals from Europa is dominated by thermal escape of
lighter hydrogen atoms and molecules [Shematovich et al., 2005; Smyth and Marconi, 2006], which therefore
presumably form the neutral gas torus detected in Europa’s orbit [Mauk et al., 2003; Lagg et al., 2003].

Between November 2014 and April 2015, a Europa STIS observing campaign with FUV aurora observations
on 15 days was carried out. Here we analyze the oxygen aurora images taken in this 2014/2015 campaign
together with technically identical images previously obtained in 1999, 2012, and in January and February
2014. Various aspects of the oxygen emissions and the simultaneously imaged hydrogen Lyman " emission
in the previous visits were studied by McGrath et al. [2004], Cassidy et al. [2007], McGrath et al. [2009], and
Roth et al. [2014a, 2014b]. There are indications from model results and observations that Europa’s near-
surface oxygen atmosphere is spatially nonuniform. Interpretation of the morphology of Europa’s oxygen
aurora with regard to such atmospheric nonuniformities is difficult, as explained earlier. While the general
morphology of the same FUV emissions at the neighboring moons Io and Ganymede is already characterized
and understood to some level [e.g., Roesler et al., 1999; Saur et al., 2000; Retherford et al., 2003; Feldman et al.,
2000; McGrath et al., 2013; Roth et al., 2014b; Saur et al., 2015], Europa’s emission pattern is still unclear and
poorly understood at present. In this study, we provide the first systematic analysis and characterization
of Europa’s oxygen aurora brightness, morphology, and time variability. We investigate the influence of the
magnetic field and plasma environment, which primarily form the aurora morphology at the neighboring
moons Io and Ganymede and search for consistent asymmetries related to the observing geometry. With
this work, we also aim to provide the data in a way that allows future atmosphere and plasma interaction
simulation studies to compare their results on atmospheric and plasma properties with the UV aurora
observations.

The paper is structured as follows: in section 2, we report the new set of 2014/2015 campaign data and explain
the data processing and extraction of the analyzed aurora images. Section 3 describes the derived oxygen
aurora properties such as brightness, spatial morphology, and temporal variability. In section 4, we discuss
the results with respect to the plasma environment and Europa’s atmospheric distribution and composition.
Section 5 summarizes the most important results.

2. Observations
2.1. Overview
During the 20 HST visits analyzed in this study, STIS obtained spectral images of Europa in the first-order
spectroscopy mode with the G140L grating and the 52“×2” slit, mapping the moon’s entire ∼1’’ wide disk
at wavelengths between 1190 Å and 1720 Å. An example spectral image over the full wavelength range and
spatial dimension, which includes the OI 1304 Å and OI] 1356 Å multiplets analyzed here, is displayed in, e.g.,
Figure 3 of Roth et al. [2014b]. During each visit, exposures were taken over several HST orbits and the visit
lengths vary between one and five orbits, see Table 1. During the first five visits (until February 2014) two
exposures were taken within each orbit, which are analyzed here as one combined orbit exposure or image.
On five occasions Europa was observed in eclipse by Jupiter during the entire or parts of the visit, providing
the first eclipse STIS spectral images. Europa’s eclipse passage takes about∼2.5 h, allowing a maximum of two
consecutive eclipse HST orbits with the moon in shadow. During two 2-orbit visits Europa was sunlit during
one orbit and eclipsed during the other, allowing a direct comparison between the emissions in sunlight and
eclipse.

The visits were systematically scheduled at various orbital longitudes of Europa covering different hemisphere
views and geometries with respect to the plasma flow, see Figure 1. Whenever the HST scheduling constraints
allowed, the visits were timed to cover plasma sheet crossing of Europa, when the moon is also exposed to the
largest change of the ambient magnetic field orientation. The plasma sheet crossings coincide with the high-
est magnetospheric plasma density and therefore presumably with the strongest aurora signal. The five-orbit
visits are best suited to track magnetosphere-induced time variability as they cover about 7 h and thus more
than half a cycle of Jupiter’s synodic rotation period at Europa. Aurora morphology induced by the variable
magnetospheric plasma environment should vary over the five orbits of such visit. Europa’s orbital longitude
(OLG) and thus the subobserver longitude changes by only∼7∘ between the HST orbits and an emission mor-
phology fixed in Europa’s planetographic system from, e.g., an atmospheric asymmetry will appear relatively
time stationary over the course of a visit.
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Table 1. Parameters of the HST/STIS Observation Visits

Start End No. Total Used Europa Subobserver System III FUV

Observed Time Time HST Exp. Time Exp. Time Diameter W Longitude Longitude Albedob

Visit Hemisphere Datea (UTC) (UTC) Orbits (min) (min) (arcsec) (deg) (deg) (%)

1 Trailing 1999/10/5 08:39 15:32 5 156.0 156.0 1.07 245–274 300–161 1.5 ± 0.2

2 Trail./Anti-J. 2012/11/8 20:41 03:33 5 183.4 183.4 1.04 209–238 24–244 1.6 ± 0.2

3 Leading 2012/12/30 18:49 01:39 5 164.1 164.1 1.02 79–108 360–220 1.5 ± 0.2

4 Lead./Anti-J. 2014/1/22 14:02 20:53 5 183.4 143.4 1.01 117–146 201–61 1.7 ± 0.2

5 Lead./Anti-J. 2014/2/2 08:19 15:07 5 183.4 123.4 0.99 129–157 199–57 1.7 ± 0.2

6 Trail./Anti-J. 2014/11/7 16:02 19:25 3 131.1 30.7 0.81 224–238 68–176 1.5 ± 0.5

7 Eclipse 2014/11/19 13:10 14:50 2 52.5 31.3 0.84 348–355 208–261 n/a

8 Lead./Sub-J 2014/12/7 20:25 23:56 3 131.1 83.7 0.89 42–57 245–357 1.4 ± 0.3

9 Trail./Anti-J. 2014/12/16 17:46 21:13 3 123.4 78.3 0.91 224–238 244–354 1.4 ± 0.3

10 Ingress/Eclipse 2014/12/17 22:34 00:16 2 72.7 38.7 0.91 345–353 86–141 1.9 ± 0.8

11 Trailing 2015/1/18 00:59 04:36 3 130.9 102.7 0.98 261–276 250–6 1.4 ± 0.2

12 Leading 2015/1/26 22:17 01:55 3 125.5 107.0 0.99 83–98 244–1 1.8 ± 0.2

13 Trailing 2015/2/22 11:00 16:17 4 171.2 154.6 0.98 256–278 132–301 1.4 ± 0.2

14 Leading 2015/2/24 05:58 12:51 5 217.0 195.3 0.98 77–107 67–288 1.9 ± 0.2

15 Trail./Sub-J. 2015/3/9 01:03 08:01 5 232.0 193.4 0.96 296–325 189–52 1.3 ± 0.2

16 Lead./Anti-J. 2015/3/21 16:59 22:21 4 183.3 145.0 0.93 141–163 209–21 1.5 ± 0.3

17 Eclipse/Egress 2015/3/23 23:14 01:12 2 72.6 57.3 0.92 10–18 146–209 1.7 ± 0.6

18 Lead./Anti-J. 2015/3/28 17:42 22:59 4 178.7 124.0 0.91 133–156 216–25 1.6 ± 0.3

19 Eclipse 2015/4/3 15:20 15:51 1 30.6 30.6 0.90 12–14 73–90 n/a

20 Eclipse 2015/4/14 06:08 08:02 2 72.1 54.1 0.87 8–16 318–19 n/a
aDates are formatted as year/month/day.
bAlbedos derived between 1430 Å and 1530 Å. No values can be derived for visits in eclipse only.

2.2. Processing
During a portion of each observing orbit, HST is on the Earth’s dayside and the obtained data is strongly
contaminated by geocoronal airglow, which affects particularly the OI 1304 Å line. On the nightside this
contamination is considerably lower. The observations are taken in the TIME-TAG mode and we monitor the
OI 1304 Å background signal as HST moves into Earth’s shadow and eliminate the most contaminated expo-
sure time in each exposure. Exposure times are equally corrected for both the OI 1304 Å and OI] 1356 Å images
for comparability, although the OI] 1356 Å emissions are hardly affected by geocoronal airglow. The total and
reduced exposure times for each visit are shown in Table 1.

A correction to remove the (remaining) geocoronal airglow, other background emissions, and detector noise
is performed for all spectral images, explained in detail, e.g., in Roth et al. [2014c]. To eliminate the surface-
reflected sunlight, model spectral images are generated by mapping the solar UV spectrum from the day
of the observation [Woods et al., 1996, 2005] to a homogeneously bright model disk of Europa. The model
spectral image is convolved with the STIS point spread function [Krist et al., 2011] and adjusted to match the
observed surface reflection signal between 1430 Å and 1530 Å. The derived albedo values (Table 1) are consis-
tent with previous FUV measurements [Hall et al., 1998; Roth et al., 2014a, 2014b]. On the leading hemisphere
the weighted mean value (standard deviation) is 1.68% (0.07%) and slightly higher than the weighted mean
measured on the trailing hemisphere of 1.47% (0.08%). The small differences might originate from the pre-
ferred particle bombardment of the trailing hemisphere, which also causes Europa’s strong albedo dichotomy
in the visible [e.g., Johnson et al., 2004]. With the found dichotomy, a gradient in reflectivity across the disk is
expected in images taken near OLG = 0∘/180∘. Such hemispheric FUV continuum albedo gradient can not be
resolved in the spectral images. The systematic error for the residual emission on one hemisphere from the
assumption of a homogeneous albedo is, however, on the order of 1% only.

Finally, quasi-monochromatic ∼3 RE×3 RE (Europa radius, 1 RE =1560 km) oxygen emission images centered
at the brightest multiplet line each (1302.2 Å and 1355.6 Å) are extracted from the background and
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Figure 1. Orbital longitude (OLG) of Europa during the individual exposures of all 20 visits analyzed here. The length of
each box representing one exposure (or combined exposures of the same HST orbit) reflects the covered longitudes
from start to end of the exposure. Orbits with Europa eclipsed by Jupiter are marked by stars. For more information on
the observing parameters see Table 1. The color coding for the 20 visits is used in Figures 5–9. The OLG given below
refers to the start of each visit.

reflected-sunlight-corrected spectra and rotated to point Jupiter’s north upward. The secondary lines of
the OI 1304 Å triplet are offset by 4 pixels (1304.9 Å) and 6 pixels (1306.0 Å), the secondary line of the OI]

1356 Å doublet is offset by 5 pixels (1358.5 Å). The statistical uncertainties of the counts in each pixel are
propagated through this processing to account for both the subtracted background emission and reflected
sunlight.

In Figures 2 and 3, example OI] 1356 Å and OI 1304 Å images taken during two visits of Europa at western
and at eastern elongations are shown together with images of the brightness ratio of the two lines. Around
western elongation, Europa’s trailing or plasma upstream hemisphere is observed, while near eastern elon-
gation, the leading hemisphere or plasma downstream side/downstream wake is visible to the observer. We
analyze both the images taken during the individual HST orbits of one visit and the superposition of all images
taken during one visit. The visit superpositions (rightmost columns in Figures 2 and 3) are used to investigate
the variation of the oxygen aurora as a function of orbital longitude, as they provide a higher signal-to-noise
ratio and the viewing geometry changes by only 30∘ (five-orbit visit) or less within a visit. Figure 4 shows
images when Europa was in eclipse and after egress from eclipse. For the geometric and magnetospheric
parameters of the individual and combined images (shown below the displayed images) we use the midpoint
of the (superposed) exposure time. Superposed images from the visits from 1999, 2012, and early 2014 can
also be found in McGrath et al. [2009] and Roth et al. [2014a, 2014b]. Images from individual orbits from the
previously published visits in 1999 and 2012 are displayed in the Supplementary Material of Roth et al. [2014a]
and in McGrath et al. [2009] (only the 1356 Å images from 1999).

The data is binned and smoothed for display as described in the caption of Figure 2. However, all abso-
lute brightness and brightness ratios stated in the text or shown in plots (Figures 5 to 9) are calculated
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Figure 2. OI 1304 Å, OI] 1356 Å and oxygen ratio images from the individual orbits and (right column) the superposition
from a three-orbit visit with Europa’s trailing hemisphere at western elongation. The average subobserver W longitude
#obs, System III longitude $III , magnetic latitude %m (all in degrees), 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-leading
meridian is dashed, the sub-anti-Jovian meridian and equator are solid. The 3 × 3 pixels are binned and the binned
pixels are smoothed as described in the text (for display only!). The yellow contours show signal-to-noise ratios (SNRs) of
the binned pixels before smoothing. The ratio images are calculated from heavily smoothed OI] 1356 Å or OI
1304 Å images, with pixels with SNR < 0.1 in either oxygen image blackened, and these images hence need to be
interpreted with caution. This visit is a good example for magnetosphere-related aurora morphology variability: Europa
crosses the plasma sheet center from above to below between the first and third exposures and the aurora brightness
moves from the southern hemisphere toward the northern with a rather homogeneous distribution in the plasma sheet
center (middle exposure).

without/before any smoothing. The errors of the data points in Figures 5 to 9 are the propagated statistical
uncertainties from all pixels in the respectively analyzed area. When we calculate the mean brightness from
several images, we use the standard deviation of the sample as error margin (which is then naturally inde-
pendent of the statistical error of the individual measurement). In some cases, we use the weighted mean
instead of the arithmetic mean (stated in the text) and calculate the propagated error after the formula for
the weighted mean.

The OI] 1356 Å images provide a higher signal-to-noise ratio (SNR) than the OI 1304 Å images for several
reasons. First, the atmospheric OI] 1356 Å emissions are brighter by a factor of ∼2. Second, the lower atmo-
spheric OI 1304 Å brightness is often comparable to the brightness of the (subtracted) surface-reflected light,
which is higher at 1304 Å due to higher solar flux. Therefore, the OI 1304 Å images are more strongly affected
by potential UV albedo inhomogeneities [McGrath et al., 2009; Roth et al., 2014a]. Third, the geocoronal
airglow near 1304 Å is about an order of magnitude higher than near 1356 Å (even in the corrected exposures)
and sometimes higher than 100 Rayleighs (R)—compared to ∼40 R Europa atmospheric emission—due
to the scattered light from geocoronal atomic oxygen. Additionally, the opacity of the atmospheric atomic
oxygen column to 1304 Å could be nonnegligible and scattered sunlight from oxygen atoms on the order
of a few Rayleighs is expected at 1304 Å possibly skewing the plasma-induced aurora morphology signal to
be analyzed. Therefore, we will use primarily the OI] 1356 Å images for the detailed morphology analysis but
also investigate the OI 1304 Å emission with respect to the observed brightness of the combined exposures
of the visits and the brightness ratio OI] 1356 Å/OI 1304 Å. We find that the OI 1304 Å morphology—while
noisier—generally resembles the OI] 1356 Å morphology.
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Figure 3. Individual orbit images and visit superposition images from a five-orbit visit of Europa’s leading hemisphere at eastern elongation. The emission
morphology is relatively symmetric with respect to the changing magnetic field orientation during this visit. Brightest emissions are near the magnetic poles
(see text), while the emissions at the left and right flank near the equator (where Io’s bright aurora spots are located) are faint. For more information see Figure 2.

3. Results
3.1. Total Aurora Brightness
3.1.1. Global Brightness
An overview of the total brightness from all 71 orbit images can be found in Figure 5. There we show the
derived total OI 1304 Å and OI] 1356 Å brightness with propagated statistical uncertainties as a function of the
Jovian System III longitude (Figures 5a and 5b) and Europa’s distance to the plasma sheet center (Figures 5c
and 5d). By total brightness we refer to the total photon flux measured within 1.25 RE around Europa’s center
at the brightest multiplet line (1302.2 Å and 1355.6 Å, respectively) and normalized to the cross section of
Europa’s disk (&R2

E ). Similar or equivalent definitions for such disk averages were previously used to quantify
the total flux or total brightness [e.g., Hall et al., 1998; Roth et al., 2014a].

The brightness undergoes considerable variations between the visits and also between the orbits within each
visit. The maximum and minimum total brightness are 158 R and 33 R for OI] 1356 Å, and 96 R and 12 R for
OI 1304 Å. Figures 5a and 5b show a systematic variation with Jupiter’s rotation period: The brightest emissions
are detected near the plasma sheet crossings of Europa, which occur around 106∘ and 286∘ after the VIPAL
magnetic field model by Hess et al. [2011] or at 111∘ and 291∘ after the VIP4 model by Connerney et al. [1998].
From here on, we will use the VIPAL model as reference model for the magnetic field. However, for our analysis
the difference between both models is very small and will not change any conclusions of this paper. Example
images for brightening during plasma sheet crossings can be found in Figure 3, where the OI] 1356 Å aurora
considerably brightens between the second last (K) and last (N) orbit of the visit.

Both the OI] 1356 Å and OI 1304 Å brightness in the bins around the plasma sheet crossing at ∼110∘ are
slightly higher than around the other crossing near ∼290∘ (Figures 5a and 5b). The standard deviations from
the mean brightness in the two bins near the plasma sheet crossings are, however, larger than the difference,
preventing a firm conclusion.

From the System III longitude $III, we calculate the magnetic latitude for each data point through %m=%0

cos
(
$III − $0

III

)
with the System III longitude of Jupiter’s magnetic south pole $0

III=196∘, and the tilt between
the magnetic and polar axes%0 =9.8∘ for the VIPAL model. An absolute distance of Europa from the centrifugal
equator is then calculated by zc=dJup tan

(
2∕3%m

)
[Hill et al., 1974] , where dJup is the distance to Jupiter’s

barycenter. Figures 5c and 5d show that the aurora brightness on average steadily decreases for larger zc,
although the scattering around the means (black histogram) in each longitude bin is high.
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Figure 4. Individual exposures from (a–f ) eclipse/egress visit 17 and (g–i) eclipse visit 19. The aurora is fainter during
visit 17 than during visit 19 as expected from the larger distance of Europa and the lower ambient plasma density
during the former visit. No general differences of the morphology or brightness are found compared to observations in
sunlight, and the brightness during visit 17 decreases after egress (compare Figures 4a and 4b to 4d and 4e) as Europa’s
distance to the plasma sheet increases. Because of the particular observing geometry in eclipse, the usually observed
north-south brightness asymmetry appears inverted in the images (see text), which explains the brighter emission in
the north in Figures 4a and 4b, although Europa is above the plasma sheet.

To compare aperiodic brightness changes within a visit (time scale of minutes/hours) to the changes between
visits (time scale of days, weeks, or months), we first normalize the brightness of each individual orbit exposure
by subtracting the respective fitted value (dashed line in Figure 5) in order to eliminate the periodic variations.
The standard deviation of the normalized brightness of all exposures in a single visit is a measure of the ape-
riodic variability within that visit. The mean of these standard deviations for all visits then gives the average
deviation from the fitted profile. This should be compared to a measure of the variability among the visits. For
this, we averaged the normalized brightness within each visit and calculated the standard deviation of these
means over all visits.

Taking into account the OI] 1356 Å images of only visits with 3, 4, or 5 orbits, we find that the mean of the
standard deviations is 17.2 R and the standard deviation of the mean values is 17.3 R. Changes within the visits
that last a few hours are thus similar to changes from one visit to the next, i.e., on time scales of days, weeks,
or months. For comparison, the mean statistical uncertainty of the derived brightness per orbit is 4.1 R and
considerably lower.

One noticeable overall deviation is the aurora brightness during the October 1999 visit, where all measured
values are higher than almost all other measurements at similar System III longitudes. The 1999 brightness
exceed the mean values of the respective bins by more than the standard deviation.

Figure 6 shows the brightness measured in the superpositions of all exposures from each visit. The brightness
of the 1999 visit also significantly exceeds the mean values in the same longitude bin by 60% for OI 1304 Å and
50% for OI] 1356 Å. The 1999 values are therefore excluded from the calculated mean, as we currently aim to
analyze the effects of the orbital positions and not long-term changes, which are apparently present between
1999 and the 2012–2015 period. However, including the one 1999 value would change the results insignif-
icantly. Relatively high total brightness were also measured in the 2012 observations, but no significant,
consistent brightness changes from November 2012 to April 2015 are found.
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Figure 5. Total OI] 1356 Å and OI 1304 Å brightness measured within 1.25 RE and normalized to the cross section of
the disk as a function of (a and b) Jupiter’s System III longitude and (c and d) Europa’s distance to the centrifugal equator
in Jupiter radii (RJ). The solid lines show the arithmetic mean of the measurements in 45∘ wide (Figures 5a and 5b) and
0.25 RJ wide (Figures 5c and 5d) bins, the standard deviation from the mean within each bin is shown in shaded grey.
Vertical dotted lines (Figures 5a and 5b) show Europa’s plasma sheet crossing. The dashed curves (Figures 5c and 5d)
are the fitted brightness profiles given in equation (2). For the color coding of the visits see Figure 1.

The OI] 1356 Å brightness is similar on the trailing/upstream and leading/downstream hemisphere visits.
The OI 1304 Å aurora is on average fainter during the leading/downstream hemisphere visits than on the
trailing/upstream hemisphere (even with the bright 1999 trailing hemisphere observation excluded). This is
not directly obvious from Figure 6b, where the uncertainties (shaded areas) of longitude bin averages around
90∘ (leading) and 270∘ (trailing) slightly overlap. However, the mean 1304 brightness of all western elongation

Figure 6. Total oxygen brightness as function of the subobserver W longitude. Visits partly or fully in eclipse are
displayed with stars. The histogram shows the mean within the longitude bins with the standard deviation from the
mean in shaded grey. The October 1999 visit (red) is not taken into account for the mean, as the brightness appears to
be systemically higher, see text. While no considerable brightness differences between leading and trailing hemispheres
are found at (a) OI] 1356 Å, the (b) OI 1304 Å brightness is lower on the leading side. For the color coding of the visits
see Figure 1.
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Figure 7. (a, b) Ratio of the combined brightness of the two oppositely located quadrants “1” to quadrants “2” as
function of the angle ' between the projected magnetic field and the north-south line. Brightness ratio of the north
polar region to the south polar region at latitudes >30∘ N/S as function of System III longitude for the OI] 1356 Å aurora
images around (c) western (20∘<#obs<160∘) and (d) eastern (200∘<#obs<340∘) elongation, and (e) near/in eclipse.
The compared regions are sketched in the middle with the dashed line that shows Europa’s disk and solid is at 1.25 RE .
The dashed curve (Figures 7c–7e) shows the relative content of the electron energy reservoirs above and below Europa
as proxy for the expected brightness ratio, see text. Means (black histogram) and standard deviations (shaded grey) are
shown for 10∘ wide (Figures 7a and 7b) and 45∘ wide (Figures 7c and 7d) bins. Europa’s oxygen aurora is brightest near
the magnetic poles, i.e., where the magnetic field line bisecting Europa intersects the polar region (Figures 7a and 7b).
On the trailing side the hemisphere facing the plasma sheet is on average brighter than the opposite hemisphere
(Figure 7c). For the color coding of the visits see Figure 1.

visits (OLG>180∘) of 51±6 R is significantly higher than the mean of the eastern elongation visits (OLG<180∘)
of 34 ± 6 R.
3.1.2. Brightness in Eclipse
The brightness measured in the individual eclipse exposures (stars in Figures 5a and 5b) is similar to the other
brightness detected at similar System III longitudes and no systematic deviation is indicated. The larger spread
of the superposed image brightness near eclipse (i.e., in the bin around #obs=0 in Figure 6) results from the
shorter visits in or near eclipse: While for visits of three or more HST orbits brightness changes due to the local
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Figure 8. Brightness ratios of (a, b) the right-hand side hemisphere by the left-hand side hemisphere in the images and
of (c, d) the polar regions (latitude > 30∘) by the equatorial region (latitude ≤ 30∘) as a function of the subobserver/
orbital longitude. Visits partly or fully in eclipse are displayed with stars. The compared regions are sketched in the
middle with the dashed line that shows Europa’s disk, and solid is at 1.25 RE . The mean brightness in four bins around
0∘ (near/in eclipse, sub-Jovian hemisphere), 90∘ (leading), 180∘ (near transit, anti-Jovian), and 270∘ (trailing) shows that
the aurora is more concentrated toward the equator on the plasma upstream trailing hemisphere than in the plasma
wake or leading hemisphere. The right-hand side is consistently brighter for all observing geometries with very few
exceptions. The standard deviations from the means are shown shaded grey. For the color coding of the visits
see Figure 1.

plasma density variations discussed above are averaged out to some extent, the average brightness of the
short eclipse visits depends more strongly on plasma environment at the time of the exposures.

During visit 10, Europa was observed before ingress into eclipse during one orbit and in eclipse during the
second at similar distances to the plasma sheet center. The OI] 1356 Å brightness did not change between the
two orbits and the OI 1304 Å brightness is higher in eclipse but is consistent with constant brightness within

Figure 9. Ratios of the total OI] 1356 Å to OI 1304 Å brightness for (a) near-surface atmosphere (all pixels <1.25 RE from
disk center) and for (b) the corona (pixels between 1.25 and 1.5 RE ), as function of the subobserver W longitude on
Europa. For the color coding of the visits see Figure 1.
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the uncertainties, see dark grey square (before egress, $III ∼ 90∘) and star (eclipse, $III ∼ 135∘) in Figures 5a
and 5b. During visit 17, Europa exited eclipse between the first and second orbits being located above the
plasma sheet center. Both oxygen brightness are slightly lower after egress (Figure 5, light orange) in agree-
ment with the larger distance of Europa to the plasma sheet in the second orbit (see parameters below images
in Figures 4a–4f ). The brightness during the eclipse image taken when Europa was closer to the plasma sheet
(visit 19, Figures 4g and 4h) is brighter than during visit 17 following the above derived trend. None of the
measured eclipse brightness deviates from the average brightness in the System III longitude bins by more
than the standard deviation of all data points; i.e., all eclipse data points (stars) lie within the shaded areas
in Figures 5a and 5b. Taken together, there is no indication that the oxygen aurora brightness in eclipse is
different from the aurora in sunlight.

3.2. Morphology
3.2.1. Variations With Jupiter’s Rotation Period
We again analyze the images of the individual orbits first to discuss morphology changes on the time scale of
the magnetosphere variations and then to derive correlations with Europa’s changing location with respect
to the plasma sheet and the varying magnetic field orientation. By projecting the ambient field direction
onto the disk of Europa we create a magnetic coordinate system. We define the “magnetic poles” where the
Jupiter’s magnetic field is normal to the disk, and the “magnetic equator” where the unperturbed magnetic
field is tangential to the disk of Europa.

In most images the brighter emissions are found near the magnetic poles at higher latitudes, while the emis-
sions at Europa’s flanks near the magnetic equator are clearly fainter, see, for example, Figure 3. Figures 7a and
7b show the relative brightness of opposed quadrants as a function of the tilt of the projected magnetic field
from pointing straight downward. (Note that all ratios are calculated with surface normalized brightness; i.e.,
the pixel brightness is normalized to the covered area.) A systematic behavior is apparent in that the two quad-
rants containing the magnetic poles are brighter than the opposite quadrants. The figures also illustrate that
the projected tilt of the ambient field from the north-south direction is positively correlated to the brightness
in the quadrant containing the magnetic poles. In other words, the two quadrants that contain the magnetic
equator are fainter than the quadrants containing the (orthogonal) magnetic field line bisecting Europa. The
emissions are gathered around the bisecting field line and not around the magnetic equator like that at Io.

We also find that the aurora is brighter on the hemisphere that faces the plasma sheet center than on the
opposite hemisphere in most images. For example, when Europa is above the plasma sheet (positive magnetic
latitude%m), the aurora in the southern hemisphere is brighter (Figure 2a), and vice versa (Figure 2c). In about
25% of the images (both lines) the north/south ratio does not strictly follow this trend (e.g., Figure 3d), where
aurora on the plasma sheet facing hemisphere is fainter. The north/south hemisphere ratio of both oxygen
lines is, however, on average >1 when Europa is farthest below the plasma sheet ($III=16∘), and <1 when
the moon is farthest above the plasma sheet ($III=196∘). These systematic north/south brightness changes
are more pronounced on the trailing hemisphere and in all but one of OI] 1356 Å trailing hemisphere images
the brightness ratio is close to the expected ratio from Europa’s position above or below the plasma sheet
(Figure 7c). On the leading hemisphere the north/south ratio is less variable, and systematic correlation with
System III longitude is only very weak and hardly detected (Figure 7d).
3.2.2. Eclipse Morphology
In the eclipse images, the ratios deviate strongly from the expected north/south trend (Figure 7e), which might
be explained by the observing geometry. A simplified sketch of the brightness ratio is shown in Figure 10
together with two example images at western elongation. As explained, the brightest emissions often coin-
cide with magnetic pole region, with the hemisphere facing the centrifugal equator being brighter. The
illustrated geometry shows Europa at western elongation for an observer looking onto the displayed plane.
For eclipse observations the observer would be to the left in the sketch. For this geometry the brighter,
plasma-sheet-facing hemisphere is shifted behind Europa, while the fainter hemisphere is shifted toward
the observer. Therefore, the measured brightness ratio might appear to be inverted with most emissions
measured on the hemisphere that is more visible to the observer but not the hemisphere where more emis-
sions are excited in total. Note that the observed brightness ratio also differs more strongly from the proposed
theoretical ratio for sunlit visits farther away from maximum elongation of Europa, like visit 7 (Europa at OLG
∼315∘, green points in Figure 7e). In other words, the agreement of the observed and proposed theoretical
north-south ratios depends on the orbital longitude with less good agreement near OLG = 0∘. This general
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Figure 10. Illustration of the brightest aurora areas for Europa above (A) and below (B) the plasma sheet center and
two example OI] 1356 Å images with Europa at high and low magnetic latitude %m . The plasma sheet electron density
sketched by the diffuse orange area peaks at plasma sheet equator and decreases vertically. In many STIS images the
aurora morphology appears to resemble a broadened limb glow that is brighter on the hemisphere that faces the
plasma sheet. Emissions around Europa’s equator near the tangential points of the magnetic field to the disk are fainter
than the emissions near the magnetic poles. The north-south asymmetry is caused by an inequality of the energy
electron reservoirs above the hemispheres, as explained in detail for Io by [Retherford et al., 2003]. For more
information on the observation images, see Figure 2.

OLG dependency in all images supports the hypothesis that projection/occultation effects play a crucial role
for the observed ratio away from maximum eastern and western elongation.

Besides the inverted north-south asymmetry, general morphology differences between eclipse and sunlit
images are not detected.
3.2.3. Changes With Orbital Longitude
We now compare the superposed visit images at different orbital longitudes of Europa corresponding to
different geometries of the observed hemisphere. Figures 8a and 8b show a general trend for the morphology
in the combined visit images: With only few exceptions the aurora is consistently brighter on the right-hand
side hemisphere than on the left-hand side hemisphere. For the OI] 1356 Å emission, there is only one eclipse
visit, where the left hemisphere is brighter. This measurement can be considered an outlier, as the morphol-
ogy in the superposed exposures of the eclipse visits are more strongly affected by variable magnetosphere-
related effects and thus less suited to investigate general orbital position effects (as explained in section 3.1).
The ratios of the right hemisphere brightness by the left hemisphere brightness are similar for both oxygen
lines with mean values (standard deviations) of 1.59 (0.33) for OI] 1356 Å and 1.66 (0.63) for OI 1304 Å for
all visits out of eclipse. Note that the left and right hemispheres as defined for this analysis and Figures 8a
and 8b are fixed in the image frames and independent of the observing geometry. The right-hand side thus
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Figure 11. Radial brightness profiles of the mean OI] 1356 Å (red) and OI 1304 Å (blue) brightness in concentric 0.05 RE wide rings from disk center (0 km) to
1000 km above the limb (2560 km) as measured on average in all exposures. (a) While the profile above the limb (dotted vertical line) is nearly identical for
the visits of the trailing (colored dotted) and the leading hemispheres (colored dashed) as expected, the on-disk emission is brighter on the trailing or plasma
upstream hemisphere than on the leading or downstream hemisphere. (b and c) Modeled brightness profiles for radially symmetric exponential aurora profiles
with scale heights of 50 km (solid black), 150 km (dotted), and 300 km (dashed) fail to reproduce both the on-disk and above-limb profiles simultaneously. Error
bars in Figure 11a are similar to Figure 11b and Figure 11c, respectively, for OI 1304 Å and OI] 1356 Å, and not shown for better visibility. (Note that the model
profile maxima are shifted from the limb onto the disk by the PSF conversion.)

corresponds to the anti-Jovian (sub-Jovian) hemisphere when Europa is at western (eastern) elongation and
to the upstream (downstream) hemisphere near eclipse (transit). In terms of local time on Europa, the brighter
right hemisphere always coincides with the afternoon or dusk region, while the left hemisphere corresponds
always with the morning/dawn region.

We also derive a systematic difference between leading and trailing hemispheres: Toward the center of the
disk on the trailing or plasma upstream hemisphere the oxygen emissions are often similarly bright or brighter
than the polar emissions (e.g., Figures 2j and 2k). Note that we always refer to surface brightness and do not
account for projection effects, e.g., for differing line-of-sight atmospheric column densities between lower
and higher latitudes. In the wake of Europa, i.e., in the center on the leading hemisphere, the emissions near
the equator are relatively faint compared to the polar regions (e.g., Figures 3p and 3q). The average brightness
ratio of the polar region (mean pixel brightness at latitudes>30∘) by the equatorial region (mean pixel bright-
ness at latitudes≤30∘) in the superposed visit images confirms this trend (Figures 8c and 8d): For both oxygen
emissions the equatorial aurora is overall brighter on the plasma upstream/trailing side, while the polar
aurora dominates the downstream/leading side morphology. The difference is more pronounced for the
OI 1304 Å line where the pole/equator ratio is higher by a factor of 1.6 on the leading side (Figure 8c),
compared to 1.3 for OI] 1356 Å (Figure 8d), suggesting a particularly low OI 1304 Å emission in the wake.
3.2.4. Radial Brightness Profile
Figure 11 also illustrates this brightness difference between leading and trailing hemispheres. The displayed
radial profiles are generated by averaging over all pixels within concentric rings of equal width in the visit
images. We then calculate the mean ring brightness for the visit images with propagated uncertainties.
Figure 11a shows the profiles for the visits at eastern (20∘<OLG<180∘) western elongation (180∘<OLG< 340∘)
separately, Figures 11b and 11c show the profiles for all visit images (both at eastern and western elongation
excluding the eclipse images).

While above and near the limb the measured brightness on leading and trailing side are similar, the
OI] 1356 Å brightness is slightly lower on the leading hemisphere and the OI 1304 Å profiles differ more signif-
icantly. Near the disk center on the trailing or upstream hemisphere the OI 1304 Å brightness becomes even
similar to the OI] 1356 Å brightness implying a 1356/1304 ratio as low as 1. Figures 11b and 11c show both
profiles for all visits combined in comparison to model profiles and are discussed in section 4.2. We will discuss
the brightness profiles further and compare them to simple model profiles in section 4.

3.3. Oxygen Line Ratio
The bottom rows of Figures 2–4 show the ratio of the OI] 1356 Å brightness to the OI 1304 Å brightness color
coded such that high ratios (relatively brighter OI] 1356 Å) are blue and low ratios (brighter OI 1304 Å) are red.
For the displayed ratio images, the OI] 1356 Å and OI 1304 Å images were smoothed applying 6 times a filter
of the form

f (ix , iy) =
1
8
(4f (ix , iy) + f (ix−1, iy) + f (ix+1, iy) + f (ix , iy−1) + f (ix , iy+1)), (1)
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Table 2. Weighted Mean Oxygen Brightness and Corresponding Uncertainty of the Weighted Means Calculated With the
Statistical Error of Each Visit Image (in Parentheses)a

Distance Range 1356/1304 Ratio O Mixing

Region From Disk Center All Visitsb West. Elong.b East. Elong.b Ratioc

Near-surfaced r < 1.25 RE 1.77 (0.04) 1.63 (0.05) 2.10 (0.07) <1–6%

High altitude 1.25 RE < r < 1.5 RE 1.22 (0.11) 1.28 (0.16) 1.18 (0.14) 13–15%

Corona 1.5 RE < r < ∼1.6 RE 0.75 (0.13) 0.83 (0.19) 0.68 (0.17) 27–35%
aLast column: Atomic oxygen mixing ratio range for the 1356/1304 ratios.
bVisits where any of the derived total brightness is below zero (e.g., due to an overestimation of the subtracted back-

ground) are excluded. Values are the means of the individual ratios calculated for each visit and can considerably differ
from the ratio of the mean brightness like, for example, displayed in Figure 11.

cO mixing ratio range in an optically thin O + O2 atmosphere and corona to reproduce the 1356/1304 ratios by electron
impact (dissociative) excitation of O and O2 assuming two exciting electron populations at 20 eV (95%) and 250 eV (5%).
The given range reflects the difference between the values measured at western and eastern elongations.

dThe near-surface area corresponds to the region measured within <1.25 RE of the disk center in the 2-D images and
thus includes high-altitude coronal emissions in front of the disk as seen from the observer.

where ix∕y denote the pixel on the detector x and y axis. Pixels with SNR below 0.1 in either the OI] 1356 Å or
OI 1304 Å image are blackened. This smoothing is needed to suppress the large statistical fluctuations across
the images, which would otherwise make the images noisy and unreadable. Therefore, these images need
to be interpreted with great caution. We note again that the images are smoothed only for display, and all
derived and discussed values are calculated before any smoothing or binning.

We find two general trends in the line ratio images: First, regions of high ratios are often located near or on
the disk, where bright aurora is detected in both lines. For example, the polar regions in the superposed visit
image of Figure 3 are bright in both oxygen lines and the line ratio around the poles is also high compared to
the image average. And second, the ratio is overall lower in the corona, which is obvious as farther away from
the disk red pixels prevail in most images. We now analyze the brightness ratio more quantitatively in larger
areas of the individual orbit and superposed visit images.

Ratios of the total OI] 1356 Å brightness to OI 1304 Å brightness between 1.5 and 2.8 are measured in the
superposed visit images (see Figure 9) with an arithmetic mean (standard deviation) of 2.0 (0.4) for all 20 visits.
Since a hemispherical OI 1304 Å brightness difference between leading and trailing hemispheres was found
for OI 1304 Å but not for OI] 1356 Å different brightness ratios are consequently measured on the two hemi-
spheres (Figure 9a). Higher ratios, i.e., relatively lower OI 1304 Å emissions, were almost consistently measured
at eastern elongation (#obs<180∘) with a mean (standard deviation) of 2.3 (0.3) for all visits at longitudes of
#obs<180∘. All measured ratios are above 2 except for one visit (visit 12). At western elongation (#obs>180∘),
in contrast, the mean of 1.6 (0.1) is significantly lower and all ratios are between 1.5 and 1.8. The mean ratio
(standard deviation) of the individual exposures taken completely in eclipse is 2.0 (0.4) and agrees exactly
with the values derived for all visits throughout Europa’s orbit.

Generally, the oxygen ratio decreases with increasing distance from the surface. Figure 9b shows the bright-
ness ratio at higher altitudes in a region between 1.25 RE and 1.5 RE from the disk center. To compare
near-surface and coronal regions, we calculate the weighted mean brightness from all visits in three regions:
(1) the total oxygen brightness at r <1.25RE , (2) in a high-altitude region at 1.25 RE < r <1.5RE , and (3) in a
coronal region at 1.5 RE < r <∼1.6 RE . The calculated brightness is summarized in Table 2. The measured
brightness at higher altitudes in the corona are low and several measured ratios therefore have very low SNR.
Hence, the weighted mean provides a more reliable estimation than the arithmetic mean for this comparison.

Note that the weighted means outside the disk are similar and consistent within the uncertainties for the
eastern and western elongation observations. The near-surface ratios, in contrast, differ significantly between
eastern and western elongation for the weighted means as discussed earlier in this section.

4. Discussion

In this section, we relate our findings to effects of and implications for both Europa’s plasma environment
and oxygen atmosphere and compare them to previous measurements. We first analyze and describe the
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magnetospheric environment, which appears to predominantly control both brightness and morphology of
the aurora.

4.1. Magnetospheric Environment
4.1.1. Systematic Variation of Aurora and Plasma Environment
The coincidence of bright aurora with plasma sheet crossings (Figure 5), i.e., Europa is at low magnetic
latitudes, confirms the previously observed [Saur et al., 2011] trend that the aurora brightness decreases with
increasing distance of Europa to the plasma sheet center. A very similar brightness profile was found for Io’s
[OI] 6300 Å aurora with two maxima near the plasma sheet crossings and slightly higher emissions around
110∘ [Oliversen et al., 2001]. The density in the plasma sheet peaks near the centrifugal equator and decreases
toward higher magnetic latitudes [e.g., Khurana et al., 2004]. The electron temperature profile was shown to be
inverted to the density profile with increasing temperatures further from the centrifugal equator [Meyer-Vernet
et al., 1995] and does therefore not cause lower brightness at higher latitudes. Thus, the ambient density is
likely the parameter that predominantly controls the aurora brightness.

To quantify the brightness dependence on Europa’s magnetic latitude and relate it to the vertical plasma sheet
density profile, we analyze the brightness as a function of the absolute distance of Europa to the plasma sheet
equator zc. We assume that the aurora brightness is proportional to the ambient plasma density, which can
be modeled by a symmetric Gaussian profile with a latitudinal scale height Hc [Hill and Michel, 1976]. We then
fit a theoretical brightness profile function given by

B(zc) = B0 e−(zc∕Hc)2
, (2)

to the total brightness measured during each HST orbit, where Hc and B0 are the fitting parameters. For
the OI] 1356 Å line, the fit yields a maximum brightness in the plasma sheet center of B0 = 96±2 R and a
characteristic length of Hc =1.8± 0.1 RJ (Jupiter radius) for the decrease in brightness with increasing plasma
sheet distance, see dashed lines in Figures 5c and 5d. The fitted sheet center OI 1304 Å brightness is lower
with B0 =51 ± 3 R and the OI 1304 Å scale height similar with Hc =1.6 ± 0.1 RJ .

With the assumption that the aurora brightness profile is proportional to the vertical plasma density profile,
the fitted characteristic length can be compared to a vertical scale height of the plasma sheet. In their
phenomenological plasma torus model, Bagenal and Delamere [2011] find a vertical scale height of Hc=1.7 RJ

near Europa’s orbit, which our values are well in agreement with.

However, we also found a significant variability from exposure to exposure within the visits, after we have
subtracted the expected brightness profile after equation (2). This is not surprising, as the density distribution
around the plasma sheet will not be as symmetric as the assumed Gaussian profile in equation (2). Significant
density asymmetries were measured in the Io torus [e.g., Schneider and Bagenal, 2007; Smyth et al., 2011] and
likely are similarly present near Europa. A corotating azimuthally inhomogeneous plasma sheet density could
at least partly explain the detected variability in the normalized brightness from exposure to exposure within
the visits.

Additionally, aperiodic variations between the visits (of similar magnitude than within the visits) are found,
i.e., related to changes on time scales of weeks and months or even years. Bagenal et al. [2015] found that
the plasma density near Europa underwent long-term variations over the ∼5 years of the Galileo orbiter.
The density measurements are best fitted by different hot and cold populations [Bagenal et al., 2015], where
lower temperatures indicate that the plasma is more confined to the plasma sheet and thus imply a smaller
vertical scale height. Such long-term variations could explain the brightness changes between the visits. For
example, during flybys E11 and in particular E12, exceptionally high electron densities outside the expected
variations were measured by Galileo [Kurth et al., 2001] that could cause stronger auroral emissions at such
times (or even weaker aurora depending on the exact effect of such high plasma densities on the atmosphere
and electrodynamic interaction).

The slightly brighter emissions around the plasma sheet crossing at 110∘ than at 290∘ is also likely caused
by asymmetries of the plasma sheet and of the magnetic field. The plasma sheet density is not azimuthally
symmetric like assumed here. The magnetic field magnitude is slightly higher at the plasma sheet crossing
near 110∘ than around 290∘ in both the VIP4 and VIPAL models, which also affects the electrodynamic
interaction and thus aurora generation.
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This magnetic field asymmetry is expected to induce a slightly higher total interaction strength and thus also
a higher energy flux away from Europa through the Alfvén wings near 110∘ [Saur et al., 2013, Figure 8], because
more electromagnetic field and electron energy is transmitted onto Europa’s atmosphere and ionosphere.
This also generates a higher energy flux being radiated away from Europa, which is expected to be coupled
to the brightness of the auroral footprint of Europa in Jupiter’s ionosphere. The relative strength of the moon
interaction can be characterized by the ratio of ionospheric electric field, Ei , to the corotational electric field,
E0, or

"̄ = 1 −
Ei

E0
= 1 −

2ΣA√
Σ2

H +
(
ΣP + 2ΣA

)2
, (3)

[e.g., Saur et al., 1999] with the ionospheric Hall and Pedersen conductancesΣH andΣP and the Alfvén conduc-
tanceΣA. "̄ is a measure for the relative strength of the interaction, with "̄=0 corresponding to no interaction,
and "̄=1 to maximum relative interaction strength. For Europa the relative interaction strength is estimated
to be about "̄=0.8 [Saur et al., 1998].

If the magnetic field strength increases, the relative interaction strength slightly decreases because ΣA

decreases. The physical reason is that a stronger magnetic field “stiffens” the flow, which is consequently less
perturbed by Europa’s atmosphere. As a result, slightly less electrons are redirected around Europa’s atmo-
sphere but are being convected into it. This results in a brighter auroral emission from Europa’s atmosphere.

If the magnetic field strength at Europa increases, the electromagnetic energy flux, i.e., the Poynting flux,
radiated away from Europa also increases. The Pontying flux for small Alfvén Mach numbers (MA= 0.11 at
Europa for strong magnetic field) is proportional to

(
"̄MAB0

)2
vA, with MA the Alfvén Mach number, B0 the

background magnetic field, and vA the Alfvén velocity [see Saur et al., 2013, equation (55)]. This expression
is approximately proportional to B0 neglecting the small "̄ variability. For increasing B, this results in a larger
energy flux toward Jupiter, which contributes to brighter auroral footprints. This physical dependence might
be pictured with magnetic energy proportional to ("̄MAB0)2 being radiated away with larger Alfvén velocities
vA for larger B0.

The maximum Europa footprint brightness was indeed measured near ∼110∘, but the limited published
footprint measurements do not allow to investigate systematic behavior [Wannawichian et al., 2010]. Mea-
surements of the correlation between the local aurora and footprint brightness would allow to establish how
much of the footprint brightness is directly controlled by Europa’s local plasma and what are the contributions
of wave propagation and particle acceleration along the Alfvén wing path to Jupiter.
4.1.2. Brightness at Different Orbital Longitudes
Next we investigate brightness trends as a function of Europa’s orbital position. Besides a slightly lower
OI 1304 Å emission on the leading than on the trailing hemisphere (Figure 6a and section 3.1.1), we do
not find systematic brightness variations related to the observing geometry or between the upstream and
downstream sides of Europa in terms of the plasma flow. This suggests that the atmosphere is global in
nature without any extreme density gradients between the hemispheres and that the electrons in the down-
stream region of Europa are not completely cooled down from collisions with neutrals. The very similar
OI] 1356 Å brightness at eastern and western elongation also suggests a rather azimuthally symmetric
plasma density with respect to local time of Jupiter’s magnetosphere. A pronounced plasma sheet asymmetry
between the dawnside (eastern elongation or leading hemisphere observations) and duskside (western elon-
gation or trailing hemisphere) of Jupiter would likely cause differences in aurora brightness. The UV aurora
brightness at Io, for comparison, was shown to be proportional to the ambient plasma density from a local
time-dependent empirical model for the plasma torus [Smyth et al., 2011] and thus is affected by dawn-dusk
asymmetry of the Io plasma torus [Roth et al., 2014c]. However, due to the geometry constraints for HST
observations, namely, that the solar phase angle is always small (<11∘), effects of local time and the plasma
flow cannot be separated.
4.1.3. Global Morphology and Plasma Interaction
Overall, the morphology of Europa’s oxygen aurora appears to be distinctly different from the oxygen aurora
at the neighboring Galilean moons Io and Ganymede. Ganymede’s aurora is shaped by the moon’s minimag-
netosphere to form two ovals, and the lack of an intrinsic field at Europa leads to a substantially different
interaction of the magnetospheric electrons with the atmosphere and explains the absence of auroral ovals.
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The difference with Io’s UV aurora morphology can not be explained so easily. While Io’s aurora is clearly dom-
inated by bright spots that are located roughly at the tangent points of the ambient magnetic field to the
surface near the equator [Roesler et al., 1999; Retherford et al., 2000; Geissler et al., 2001], Europa’s aurora is
brightest around the magnetic poles as defined in section 3.2 and rather faint near the location where the
spots arise at Io. Thus, there appears to be a general difference in the interaction of the plasma with the
atmosphere that leads to the different aurora morphology.

The dimensionless parameters of the ambient plasma characterizing plasma-satellite interactions like the
Alfvén Mach number and the plasma beta are similar in the environment of Io and Europa [Saur et al., 1998,
1999]. The atmospheric density is, however, about 2 orders of magnitude higher at Io [e.g., McGrath et al.,
2004] leading to higher ionospheric densities and conductances. The higher ionospheric conductances cause
a stronger reduction of the corotational electric field in the ionosphere, i.e., a higher "̄ after equation (3).
The interaction parameter also describes the fraction of the upstream electrons that is diverted around the
satellite’s atmosphere: A higher "̄ means that relatively less electrons enter the atmosphere to potentially
excite aurora.

Based on the conductances at Io, the interaction parameter is roughly "̄=0.9 [Saur et al., 1999]. The develop-
ment of Io’s bright equatorial spots is explained by the diversion of the incoming plasma flow around large
parts of the body [Saur et al., 2000]. Only at the flanks, the streamlines are less divergent, i.e., not directed
toward or away from Europa, and more hot electrons are convected into the atmosphere to create the bright
spots. Europa’s conductances yield a weaker interaction with "̄ ≈ 0.8 [Saur et al., 1998]. A relatively large
fraction of the incoming plasma can thus reach the areas near the magnetic poles on less divergent stream-
lines transporting relatively more hot electrons into this area.

Accordingly, Saur and Strobel [2004] find that Io’s equatorial spots cease to be brighter than the global limb
glow for neutral column densities around (3–5) ×1014 cm−2, similar to the Europa’s column density. A simu-
lated oxygen aurora image for Europa from the same numerical model used by Saur and Strobel [2004] but
applied for Europa by Saur et al. [1998] is displayed in Figure 19.10 of McGrath et al. [2004]. No pronounced
equatorial spots are present for the assumed O2 column density of 5× 1014 cm−2, but a global limb glow
with slight enhancements near the equator. The thin limb glow in the simulation image shown in McGrath
et al. [2004] will be considerably spread over larger areas by the point spread function of the instrument, and
a north-south brightness asymmetry due to differing electron energy reservoirs above and below Europa
can lead to a fainter (and sometimes not visible depending on the color scale) emission on one hemisphere.
Thus, Europa’s aurora morphology could reflect a widespread half-limb glow around the northern or southern
hemisphere in some of the images.

However, the observed morphology in most images appears more patchy and unstructured than such a limb
glow and the brightest emissions are often found on the disk rather than right at or near the limb. Moreover,
the area near the tangent points of the magnetic field lines at the flanks of Europa is fainter than the mag-
netic poles as shown in Figures 7a and 7b. Such a decrease of aurora excitation in this area is not expected
for the symmetric interaction scenario as assumed in the model of Saur et al. [1998]. A possible mechanism
that additionally perturbs the plasma flow, in particular, near the equatorial region, is the induced magnetic
fields in the interior, which are strongest near the equator as the primary inducing field varies mostly in the
equatorial plane. The induced fields were shown to deform the plasma flow at Europa such that the high
ionospheric density regions on the flanks are more extended and shifted relative to the magnetic equator
[see Schilling et al., 2008, Figure 6]. Now if at Europa the induction in a water ocean considerably perturbs
the ionosphere near the equator, it might reduce or shift the aurora excitation and suppress the formation
of equatorial spots. However, it needs to be shown quantitatively with numerical simulations, if the mag-
netic induction indeed leads to a decreased brightness of the aurora near Europa’s magnetic equators. For
Ganymede, measurable effects of the ocean on the aurora were recently shown in HST observations: The
magnetic induction in the interior ocean reduces the oscillation of the moon’s auroral ovals from ∼6∘ to ∼2∘
[Saur et al., 2015].

4.2. Atmosphere Properties
In this section, we first derive relative abundances for O to O2 assuming homogeneous and constant electron
properties and optically thin neutral column densities. The derived O/O2 ratios are independent of the highly
variable plasma density. Thereafter, we apply a previously used [Hall et al., 1995, 1998; Saur et al., 2011] simple
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Figure 12. (a) Direct and dissociative excitation rates for O and O2 producing OI 1304 Å and OI] 1356 Å. (b) Oxygen line ratios of O/O2 atmospheres. (c) OI] 1356 Å
brightness in R from excitation of O2 as function of electron density and line-of-sight column density assuming two electron populations at 20 eV and 250 eV,
see text. The grey shaded area in Figures 12a and 12b shows the temperature range of the cold plasma sheet electrons [Bagenal et al., 2015], the vertical dotted
line in Figure 12c indicates the electron density often used to derive neutral abundances [Hall et al., 1995, 1998]. The shaded green and blue areas in Figure 12c
show the range of measured oxygen ratios on the leading and trailing hemisphere, respectively (with one exception on each hemisphere outside the range but
not displayed). The mean OI] 1356 Å brightness of ∼80 R is shown in orange (Figure 12c).

approach for a rough conversion of surface brightness to the product of electron density and neutral column
density. Principally, several processes contribute to the emissions near Europa: electron excitation of molec-
ular and atomic oxygen and, only for OI 1304 Å, solar resonance fluorescence scattering by O atoms [e.g.,
McGrath et al., 2009]. Contributions from resonant scattering will be small and neglected for most of our esti-
mations to allow a derivation of O mixing ratios from just electron impact without knowledge of the absolute
abundances. For reference, at a line-of-sight O column density of 5 × 1012 cm−2 and neutral temperature
T=150 K, resonantly scattered OI 1304 Å sunlight of ∼4 R is expected. For electron-excited emission, the
conversion of aurora brightness to absolute neutral abundances is always dependent on the density and
temperature of the exciting electrons, which is however not known at the time of the observations. At the
end of the section, we discuss possible atmospheric inhomogeneities related to the detected oxygen aurora
morphology.
4.2.1. Atmospheric Oxygen Mixing Ratio
Oxygen line ratios of the total OI] 1356 Å to OI 1304 Å brightness between 1.5 and 2.8 were derived, with higher
values on the leading side and lower values on the trailing hemisphere. A similar difference was measured by
Hall et al. [1998] (see their Table 1), although their uncertainties were larger than the difference. There are two
effects that can cause such a hemispherical difference in the atmospheric oxygen emissions: (1) variations in
atmospheric composition from the leading to the trailing hemisphere and (2) variations of the temperature
of the exciting electrons leading to changing relative excitation of the two oxygen lines.

Figure 12a shows electron impact excitation rates derived from the experimentally determined cross sections
for excitation of O [Doering and Gulcicek, 1989a, 1989b; Doering, 1992] and dissociative excitation of O2 [Kanik
et al., 2003] assuming Maxwellian electron energy distributions. The thermal electrons at Europa have a core
temperature from 10 to 30 eV with a ∼5% suprathermal tail with a temperature >200 eV [Sittler and Strobel,
1987; Bagenal et al., 2015]. Electron dissociative excitation of O2 is the only viable process to generate the
observed oxygen brightness of several tens of Rayleighs and simultaneously the oxygen ratio of ∼2 through
excitation by the magnetospheric plasma at Europa [e.g., Hall et al., 1998; Roth et al., 2014a] (Figure 12b).
Excitation of O produces significantly more OI 1304 Å emission (solid, Figure 12b) at all electron temperatures.
In case of an optically thick O column, the detected OI 1304 Å emissions can be reduced relative to the unaf-
fected optically thin OI] 1356 Å emission. However, resonantly scattered sunlight will additionally contribute
at 1304 Å but not at 1356 Å, and the additional scattered OI 1304 Å brightness precludes 1356/1304 ratios well
above 1. Excitation of other species such as H2O or OH also produce more OI 1304 Å emission and are negligi-
ble for the abundances expected for the global atmosphere [e.g., Shematovich et al., 2005; Smyth and Marconi,
2006; Roth et al., 2014a]. The 1356/1304 ratio increases for both O and O2 toward lower temperatures. Thus, a
line ratio increase from upstream to downstream can be explained by either a decrease of the O mixing ratio
or a temperature change, or both.

We now analyze the measured oxygen ratio with regard to the atmospheric O and O2 abundance and focus
thereby on the thermal electrons, since they contribute about 90% to the total excitation for the generally
assumed mixing ratio of 5% suprathermal electrons. The ratios measured on the trailing side lie between
the ratios expected for purely O and O2 atmospheres (Figure 12). Assuming that the thermal plasma on the
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upstream hemisphere was not significantly cooled from collisions and thus has an electron temperature of
20 eV, the mean oxygen line ratio on the trailing side of 1.6 is best explained by a mixing ratio of 5% O, see
dotted line in Figure 12.

On the downstream side, the electrons are on average cooled down through collisions in the atmosphere.
Model calculations of Saur et al. [1998] find a decrease from an assumed upstream temperature of 20 eV
down to 10–15 eV. Now on the leading or downstream side almost consistently higher line ratios between
2.0 and 2.8 are measured (with one exception). The theoretical 1356/1304 ratios from the excitation of either
O (Figure 12b, solid) or O2 (dashed) increase with decreasing temperature from 20 eV to ∼10 eV. Thus, the
higher downstream values might be related to the lower electron temperature in the downstream region,
if the atmosphere consists of only O or O2. For a mixed atmosphere, however, excitation of O becomes rela-
tively more important compared to O2 toward lower temperatures (Figure 12a) and therefore the 1356/1304
ratio for a mixing ratio of 5% O to O2 overall decreases, as direct excitation of O produces more OI 1304 Å at
all temperatures. To match the leading side ratios greater than two, an oxygen mixing ratio of less than 1% is
required (Figure 12b, dash-dotted line).

For such a low O mixing ratio of only∼1%, however, the measured trailing side ratios are inconsistent with the
theoretical 1356/1304 ratios at all temperatures. In other words, it is not possible to explain the leading-trailing
difference by only a difference in electron temperature based on the adopted excitation rates. Instead, the
line ratio difference suggests a compositional change with less atomic oxygen on the leading or downstream
side of Europa. Atomic oxygen, O, is produced from dissociation of O2 by primarily electron impact (and by
solar UV radiation) with excess kinetic energies causing escape of the O atoms from Europa. Its residence
time is more than an order of magnitude lower than that of O2 [Smyth and Marconi, 2006]. Thus, the inferred
depression of atomic oxygen on the leading side is consistent with a reduced electron impact production
in the cold wake region. The temperature drop from the upstream to the downstream side might therefore
directly affect the 1356/1304 ratio through the temperature-dependent excitation rates and also indirectly
through the production of O from O2 by impact dissociation. The simulations of Saur et al. [1998] suggest a
decrease from 20 eV upstream down to 10 eV in the near wake, and the rates for dissociation and dissociative
excitation for OI 1304 Å decrease by a factor of ∼3 over this temperature range (Figure 12) [Cosby, 1993].
4.2.2. Coronal Oxygen Mixing Ratio
Our observed decrease of the 1356/1304 ratio with altitude above the disk implies higher mixing ratios of
atomic oxygen in the corona in agreement with measurements of atomic oxygen as dominant species at
larger distances from Europa [Hansen et al., 2005]. Table 2 summarizes the ratio ranges for the derived oxygen
ratios in two regions above 1.25 RE for electron excitation only. Note that at altitudes of >1.5 RE the derived
O column density corresponds to >1/4 of the O2 column density, but O2 prevails up to the edges of the STIS
images.

The lower brightness of <15 R above 1.25 RE from the disk center for both lines imply lower oxygen column
densities and thus a lower optical depth. However, solar fluorescence might contribute a few Rayleighs to
OI 1304 Å. The O mixing ratios in Table 2 can therefore be considered upper limits, since backscattered sunlight
as additional OI 1304 Å source would reduce the amount of O needed to reproduce the coronal 1356/1304
ratios. Because of the low absolute brightness and low SNRs in the corona, the derived corona ratios vary
significantly for the individual visits and we refrain from analyzing or interpreting these individual ratios here.
4.2.3. Oxygen Column Densities
We will now use the OI] 1356 Å brightness as proxy to derive abundances of the dominant species of the
near-surface atmosphere, O2, not taking into account emission contributions from O. Following the approach
of Hall et al. [1995, 1998] and Roth et al. [2014a], we further use the very simplifying assumption of constant
homogeneous plasma parameters to convert the OI] 1356 Å brightness to a line-of-sight O2 column density. In
accordance with the previous studies we assume two Maxwellian-distributed electron populations: a thermal
core with kBTe =20 eV plus a suprathermal population with kBTe =250 eV and fixed mixing ratio of 5%.

While the OI 1304 Å brightness strongly depends on the atomic to molecular oxygen mixing ratio and is less
suited to derive absolute neutral abundances, excitation of O2 will contribute>95% of the OI] 1356 Å emission
for any O atom mixing ratios of <10% at the assumed temperatures, see also Figure 12a. Thus, the OI] 1356 Å
brightness depends predominantly on the O2 abundance.

ROTH ET AL. EUROPA’S FAR ULTRAVIOLET OXYGEN AURORA 2162



Journal of Geophysical Research: Space Physics 10.1002/2015JA022073

In the previous approximations a plasma density of 40 cm−3 was used based on Voyager measurements
[Sittler and Strobel, 1987], but Galileo observations suggest higher plasma densities near Europa [Kurth et al.,
2001; Bagenal et al., 2015]. Because of this uncertainty and the variability of the electron density with Jupiter’s
rotation, it is difficult to derive absolute neutral abundances as the aurora brightness rather reflects the
product of electron and neutral density. Figure 12c shows the theoretical OI] 1356 Å brightness for various
atmospheric and plasma densities. For the canonical electron density value of 40 cm−3 the overall average
OI] 1356 Å brightness of ∼80 R converts to a O2 column density of 1.4 × 1015 cm−2, but a fivefold higher
electron density measured, for example, during Galileo flyby E15 [Bagenal et al., 2015] naturally requires a
5 times lower O2 column density of 2.8 × 1014 cm−2.

Note that the derived column densities can be converted to total O2 abundances that relate to the total mea-
sured brightness by multiplying the column density with the area of Europa’s disk, since we have normalized
the total brightness to moon disk in the beginning. To derive abundances from surface brightness, our “total
brightness” values need to be corrected by a factor of 1∕(1.25)2 (see section 3.1) and the OI] 1356 Å surface
brightness within 1.25 RE equals 80 R∕(1.25)2 =51R and the column density for an electron density of
40 cm−3 becomes 9× 1014 cm−2. At higher altitudes between 1.25 and 1.5 RE , the OI] 1356 Å surface brightness
drops down to ∼12 R, which converts to a line-of-sight O2 column density of 2 × 1014 cm−2 (again neglecting
contributions from O).

Our results are similar to previously derived O2 abundances based on the similarly measured brightness
[Hall et al., 1995, 1998; Saur et al., 2011]. However, we remind the reader that our analysis has revealed
that the aurora is strongly controlled by the time variable and inhomogeneous plasma environment and
moon-magnetosphere interaction, and this approach is only a very crude approximation of the neutral gas
abundance to generate the aurora. A self-consistent calculation of the electron temperature and density is
crucial to correctly reproduce the aurora generation and to derive conclusion about atmospheric abundances.
The simulation by Saur et al. [1998] includes such self-consistent electron treatment and reveals that slightly
lower O2 abundances might be sufficient to generate the measured brightness, rather than the estimated,
with the simple approach above.

Overall, several aspects point to the lower end of the generally derived and assumed range of 2 × 1014 to
1.5 × 1015 cm−2 [cf. Hall et al., 1995, 1998; Saur et al., 1998; Schilling et al., 2008; Saur et al., 2011; Rubin et al.,
2015, this study]: First, the values higher than 1×1015 cm−2 in the literature are derived assuming a magneto-
spheric electron density of 40 cm−3 based on the Voyager measurements, but up to 5 times higher densities
were frequently measured by Galileo near Europa, which necessitate lower atmospheric densities. Second,
the self-consistent model of Saur et al. [1998] reveals that the oxygen brightness can be reproduced by a lower
atmospheric column density than that derived with the simplifying approach of Hall et al. [1995], which is also
applied here. Third, the eclipse images suggest an optically thin O column density ()≲1), which thus needs
to be lower than 3× 1012 cm−2 assuming a O temperature of 150 K. Taking the derived O mixing ratios of∼3%
on average for the leading and trailing near-surface atmosphere, this O column in turn implies an O2 column
density on the order of 1014 cm−2 rather than 1015 cm−2. Fourth, the lack of equatorial spots is another hint for
a low-density atmosphere, as more pronounced spots are expected to form for higher atmospheric densities
[Saur and Strobel, 2004]. And lastly, the normalization to Europa’s disk center of the total flux, which is actually
measured by summing over all pixels in a larger area of radius 1.25 RE , generally leads to an overestimation of
the line-of-sight column (which is also reflected by the second point).

Recently, Shemansky et al. [2014] disputed the interpretation of Europa’s oxygen emissions as due principally
to electron impact dissociative excitation of O2 and argued instead that it is electron excitation of atomic
oxygen with a column density approximately 2 orders of magnitude lower than the O2 column densities
derived in this study and inferred previously [e.g., Hall et al., 1998]. There are several weaknesses in the
argumentation by Shemansky et al. [2014], some of which we will point out here.

Their analysis is based on Cassini UVIS spectra, where the solid angle of Europa on the detector is about
50 times smaller than a pixel size, so it acts as a point source for the spectrograph. UVIS thus completely
lacks the spatial resolution to isolate photons originating from the atmosphere of Europa rather than an
extended corona/neutral cloud of O atoms possibly within the Hill sphere. Consequently, no conclusions
can be reached about the near-surface atmosphere of Europa. Whereas the HST/STIS images have a spatial
resolution between 71 km and 95 km (depending on Europa’s distance) per pixel and it is thus possible to
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differentiate between what originates from the atmosphere within ∼500 km from the surface and on the disk
from what originates from an extended corona as, e.g., discussed in section 4.2.3.

Furthermore, Shemansky et al. [2014] assumed that neutral O atoms have a temperature of T=1000 K, which
yields for OI 1304 Å a line center cross section of 9 × 10−14 cm2. With their inferred O column density of
4.7×1012 cm−2 the optical depth is ) = 0.42. This cannot be considered optically thick for an extended corona,
nor is the optical depth sufficient to alter emission line ratios within the OI 1304 Å multiplet as shown in their
Figure 6. Their assumed magnetospheric impacting electron density of 14,000 cm−3 at a electron temperate
of kBTe =7.5 eV (cf. their Figure 6) corresponds to the maximum observed electron density and exceeds
the average of the Galileo radio-occultation-measured ionospheric, cold electron densities [Kliore et al.,
1997]. Resonance scattering of the solar OI 1304 Å multiplet with their inferred column density yields
approximately 2.5 R.

Therefore, the O column density inferred in Shemansky et al. [2014] can neither produce the absolute oxygen
brightness when using appropriate and reasonable electron properties, nor can a pure atomic oxygen atmo-
sphere reproduce oxygen 1356/1304 ratios higher than 1.5 (and up to 2.8) as accurately derived for Europa’s
near-surface atmosphere in this study.

Whereas Europa O2 may be lost directly by charge exchange producing fast neutrals that leave the Jovian
system, most of the O2 is lost (1) by stripping ionospheric O+

2 by E⃗ × B⃗ convection followed by recombination
to hot O atoms and (2) by thermal ion atmospheric sputtering (knock-on collisions) that dissociate O2 and
impart most momentum to one nucleus [e.g., Dols et al., 2015], which escapes leaving behind an O atom
to escape thermally. Thus, Europa’s extended corona will be preferentially populated by O rather O2, and a
considerable fraction of escaping O and O2 will have speeds in excess of Jupiter’s escape velocity. Our analysis
of the HST/STIS images yields such an atmosphere of O2 transitioning to an O atom corona in sharp contrast to
the misinterpretation of the extremely low spatial resolution UVIS data by Shemansky et al. [2014]. Shemansky
et al. [2014] also misinterpret the previous STIS data presented in Roth et al. [2014a] by deriving brightness
values for the two oxygen multiplets from larger spatial regions instead of taking into account only pixels
near Europa (for which values are given in Table S1 of Roth et al. [2014a]). In that way they yield oxygen line
ratios for the STIS data that do not at all represent the near-surface atmosphere but match their proposed
theoretical ratios.
4.2.4. Neutral Gas Scale Height
A basic characteristic of an atmosphere is the scale height. The spatial aurora profiles measured above the
limb might reflect the density profiles to some extent if the spatial variations of the electron temperature
and density are small compared to neutral gas gradient. The limb profiles as measured in the images are
also significantly affected by the overlap of the individual images of the multiplet lines that are offset on the
detector and by the instrument point spread function (PSF) (see also Supplementary Material of Roth et al.
[2014a]), and it is thus not possible to directly analyze the derived spatial profiles.

To account for the instrument effects, we generate theoretical limb profiles by simulating images for a globally
uniform density at the surface (as proxy for local volume emission rate) that decreases exponentially with
altitude h with a certain scale height H, i.e., following e−h∕H. By integrating along a line of sight through such a
radially symmetric atmosphere, images of the line-of-sight-integrated fluxes are generated. Separate images
are then generated for each line of the OI 1304 Å and OI] 1356 Å multitplets, weighted with the theoretical
relative intensity of the lines and superposed to generate artificial OI 1304 Å and OI] 1356 Å detector images.
The images are scaled to the average resolution of the STIS images and convolved with the STIS PSF. Finally,
we extract radial brightness profiles by averaging over all pixels in concentric rings from the center to 1000 km
above the surface like we did for the observation images. With this approach we are able to reproduce the
instrument-related effects on the spatial profiles in the images.

Figures 11b and 11c show the profiles extracted from modeled OI] 1356 Å and OI 1304 Å images for scale
heights of 50 km, 150 km, and 300 km in comparison to the superposed profile from all the respective STIS
observation images. The modeled profiles Imod

limb (r) are functions of the radial distance and are fitted to the
observed profiles Iobs

limb(r) above the limb (i.e., for all r > RE with a linear function of the form a Imod
limb (r) + b to

account for the arbitrary scaling of the model (with parameter a) and offset from zero (parameter b) that could
reflect a constant background brightness from an extended tenuous corona at Europa.
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It is obvious from Figures 11b and 11c that above the limb (only data points r > RE) the profile of the lowest
scale height of 50 km is a worse fit to the data than the model profiles with larger scale heights. Both the
H=150 km and H=300 km profiles reproduce the observed OI 1304 Å profile well and the derived chi-
square values for the fits of 0.8 and 0.6, respectively, favor the larger scale height. For OI] 1356 Å, the fitted
model profiles agree less with the measured profile with chi-square values of 3.5 and 3.6 for H=150 km and
H=300 km, respectively, slightly favoring the smaller scale height of the two. Hence, for both emissions
larger scale heights are favored, but an accurate determination of the scale height is hampered by the strong
influence of the PSF and the overlapping multiplet lines.

None of the profiles that were fitted above the limb is consistent with the measured brightness profile on
the disk, but all underestimate on-disk brightness consistently. Generally, lower scale heights, i.e., the emis-
sions that are confined to very low altitudes, would be required to reproduce the relatively high emissions
on the disk compared to the lower detected above-limb emissions. However, low scale heights should lead
to a strong brightness peak right at the limb, which is not observed. This mismatch of the fitted profiles indi-
cates that the aurora distribution is not globally symmetric as assumed in our model images likely because
the electron density and temperature are not radially symmetric.

Applying again the simplifying assumption of a spatially homogeneous electron excitation, we shortly discuss
the possible relation to the atmospheric profiles. The best fit scale height of 150 km for OI] 1356 Å is similar to
the O2 scale height estimated by Saur et al. [1998] based on one-dimensional calculations of a vertical atmo-
spheric temperature profile. As discussed above, the OI] 1356 Å emissions will mostly reflect the O2 abundance
and be less affected by the atomic oxygen. The OI 1304 Å brightness, in contrast, can originate to large extents
from atomic oxygen at higher altitudes, where the total brightness is on the order of only a few Rayleighs and
the line ratio drops below 1, see Figure 11a and Table 2. A 2 times larger scale height is generally expected
for the lighter atomic oxygen than for O2 in thermal equilibrium, which might explain the shallower profile of
the OI 1304 Å line and the decreasing 1356/1304 ratio. However, it is important to remember that the derived
emission scale height will not reflect the scale height of the neutral density, as the aurora was demonstrated
to be strongly affected by the inhomogeneous plasma density and temperature.

For example, the interaction of the plasma with the atmosphere will lead to a considerable electron temper-
ature decrease near the surface as shown by Saur et al. [1998] and more recently in the simulation of Rubin
et al. [2015]. Therefore, the aurora profile does not reflect the radial profile of the atmosphere, as the auroral
profile is the convolution of the effects of the electron distribution function and the neutral density. For
example, a temperature drop down to 10% of the initial upstream temperature or lower close to the surface
as seen in the model of Rubin et al. [2015] might reduce the aurora excitation by a similar portion (assuming
a linear dependency of excitation rate to the temperature) and will severely modify the measured emission
profile. We hence note again that a self-consistent simulation of the plasma interaction for various atmo-
spheric scale heights is needed to determine the relation of the aurora profile to the atmospheric profile.
4.2.5. Density Inhomogeneities
The inferred strong influence of the time-variable-perturbed plasma environment on the aurora morphology
complicates the inference of reliable information on the atmospheric distribution. For example, previous
studies concluded or assumed an atmospheric surplus in the northern anti-Jovian quadrant on the trailing
hemisphere based on the aurora surplus in the 1999 STIS images [Cassidy et al., 2007; Plainaki et al., 2013].
However, the detected emission morphology can be explained by Europa’s position below the plasma sheet
and the orientation of the magnetic field during four of the five HST orbits of the 1999 visit, and an atmospheric
inhomogeneity is not required or indicated. Another inhomogeneous morphology with a local surplus in the
left northern quadrant was observed in images of visible emissions in eclipse (which were assigned to Na) by
Cassini ISS [Cassidy et al., 2008]. A closer look at the average magnetic field orientation during the Cassini expo-
sures shows that the emission surplus coincides roughly with the magnetic pole and is thus likely consistent
with the magnetospheric-induced morphology seen in the STIS eclipse images. Plasma effects, similarly, can
explain an oxygen FUV aurora surplus near 90∘ west longitude detected in HST Advanced Camera for Surveys
(ACS) observations [Saur et al., 2011]. One of several possibilities for the origin of this anomaly was discussed
by the authors to be a plume, but the anomaly fits well into the aurora morphology patterns reported here,
i.e., brighter emission near the poles and fainter areas at the flanks of Europa most likely caused by the plasma
interaction.
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4.3. Other Detected Aurora Characteristics
In this section, derived characteristics that could not be unambiguously assigned to either plasma or atmo-
spheric effects are discussed.
4.3.1. Long-Term Change Between 1999 and 2012–2015 Period
The cause for the systematic deviation of the brightness during visit 1 in October 1999 can in principal orig-
inate from a change in either Europa’s atmosphere or the ambient magnetosphere between 1999 and the
2012–2015 era of all other measurements.

Because there is no independent measurement of the atmospheric density, a change of the global neutral
gas abundance as a possible cause can not be assessed but is theoretically possible.

Significant long-term changes of the magnetospheric plasma density structure were derived by Smyth et al.
[2011] for three epochs (1979, 1991, and1995) from Voyager, Galileo, and ground-based data. We could show
that the aurora brightness roughly scales with the changes in plasma density at different System III longitudes.
Assuming that the atmosphere is stable and that the brightness is proportional to the plasma density, the
∼50% lower auroral emissions in the 2012–2015 era would imply a systematically lower plasma density in
Europa’s orbit by a similar factor.

There is only one small technical difference in the early observations, as the target was vertically centered in
the slit and on the detector in 1999, while it is located at the bottom of the slit after 2012 because of the high
detector noise in the upper detector part that has developed over the years. However, this should not lead to
systematic brightness differences as the detector sensitivities are accounted for in the processing.
4.3.2. Left-Right Aurora Asymmetry
Brighter emissions were found on the right hemisphere in almost all images with an average emission sur-
plus of >50% compared to the left hemisphere. One explanation for the consistent left-right asymmetry
are atmospheric changes with local time on Europa, as the brighter right hemisphere always coincides the
afternoon or dusk hemisphere and the fainter hemisphere is the morning side. Variations of the oxygen
abundance from dawn to dusk could arise from surface temperature changes with local time. A temper-
ature difference between Europa’s dayside (∼130 K) and nightside (∼90 K) was measured by the Galileo
Photopolarimeter-Radiometer (PPR) [Spencer et al., 1999]. Such a day-night difference suggests a thermal
inertia of the surface that in turn should lead to higher afternoon temperatures, which was indeed found
for individual locations in the PPR data [Rathbun et al., 2010]. If a morning-afternoon temperature gradient
is globally present, it can cause differing sputtering yields [Famá et al., 2008; Plainaki et al., 2013]. However,
the temperature dependence of the sputtering yields and particularly the effects on local abundances need
further study to show whether it can explain a >50% brighter aurora on the afternoon or dusk hemisphere
compared to the morning or dawn hemisphere. The reactivity of O2 with Europa’s porous regolith surface
(which is generally very low and often assumed to be zero) as atmospheric sink could additionally generate
an atmospheric inhomogeneity [Cassidy et al., 2007], but a temperature-dependent change of the reactivity
is not known.

Plasma physical effects can also cause an asymmetric plasma flow (e.g., by the ionospheric Hall effect) and
thus aurora asymmetries. How the details of the various nonlinear effects interact is difficult to predict without
appropriate numerical models, but it is important to keep in mind that the derived dusk/dawn asymmetry is
not necessarily related to local time effects.

4.4. Implications From Eclipse Observations
The fact that the aurora brightness does not change much in eclipse has several implications for Europa’s
atmosphere: First, the global neutral density is rather independent of sunlight as expected for Europa’s
predominantly sputtering-generated atmosphere. And second, that the optical depth of the atomic O column
to OI 1304 Å is relatively low, since resonantly scattered OI 1304 Å emission should lead to a higher
OI 1304 Å brightness in sunlight than in eclipse for an optically thick O atmosphere (resonant scattering is
negligible for the semiforbidden OI] 1356 Å line in any case). This is in agreement with previously derived
atmospheric O abundances at Europa [Hall et al., 1995, 1998]. Furthermore, the unchanged 1356/1304 ratio
in eclipse also suggests that photodissociation of O2 to produce O plays a minor role compared to electron
impact dissociation. Otherwise an increased 1356/1304 ratio from a lower O abundance in eclipse would be
expected. The importance of electron impact dissociation is further supported by the difference in O mixing
ratio that we found on the leading and trailing hemisphere, which is best explained by the cooling of the
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impacting electrons from upstream to downstream. This finding would then contradict the results from the
kinetic model of Shematovich et al. [2005] that photodissociation is the main loss for the atmospheric O2.

The STIS images analyzed here were the first spectrally resolved observations of Europa’s UV emissions in
eclipse of Jupiter. Previous images taken in eclipse by HST/ACS [Retherford et al., 2007] are difficult to interpret,
because Europa’s location can not be determined unambiguously and reference ACS observations with
identical setup in sunlight are not available for comparisons. Hence, our observations provided the first pub-
lished and reliable results on the oxygen line ratio and oxygen aurora morphology of Europa in eclipse,
including the direct comparison to the aurora before ingress and after egress.

5. Summary and Conclusion

We have analyzed the oxygen OI] 1356 Å and OI 1304 Å emissions in a large, comprehensive set of HST/STIS
spectral UV images of Europa. The images were taken during 20 HST visits in October 1999 and between
January 2014 and April 2015. On five occasions Europa was eclipsed by Jupiter during the entire or parts of
the visit providing the first spectral UV images in eclipse. The images are taken at various orbital longitudes
providing views on all sides of Europa. The detector images are processed through a pipeline including a
correction for background emissions and sunlight reflected off the surface. Thereby, FUV albedos in a wave-
length range between 1430 Å and 1530 Å are derived. We find slightly higher values on the leading than on
the trailing hemisphere, in accordance with the much stronger albedo dichotomy at visible wavelengths that
is thought to be caused by preferred particle bombardment of the trailing or upstream hemisphere.

The inferred oxygen brightness and morphologies of the OI] 1356 Å and OI 1304 Å emissions are very similar
and are both strongly affected by the variable plasma environment. The aurora brightness systematically
decreases with increasing distance of Europa to the plasma sheet center and the inferred vertical scale height
for OI] 1356 Å is consistent with plasma sheet scale heights by Bagenal and Delamere [2011]. The brightest
emissions are mostly concentrated near the magnetic poles, i.e., near the intersection of the unperturbed
magnetic field line bisecting Europa and the moon disk. In images of the trailing or upstream side, the emis-
sions are clearly brighter on the hemisphere that faces the plasma sheet center, showing a good correlation
to the asymmetric electron energy content of the fluxtubes “above” and “below” Europa. Such a north-south
asymmetry was previously detected for Io’s limb glow [Retherford et al., 2003; Roth et al., 2014b].

At the flanks near the tangent points of the magnetic field to the disk, where Io’s bright equatorial spots arise,
Europa’s oxygen emissions are faint. The lack of pronounced equatorial spots can be explained by the lower
atmospheric densities at Europa compared to Io and a less divergent plasma flow [Saur and Strobel, 2004].
However, even for a thinner atmosphere the emissions near the flanks are expected to be as bright as the polar
emissions for a globally symmetric atmosphere, but not to be fainter as observed. Induced magnetic fields
in a saline, electrically conductive ocean generated by the time variable component of the magnetospheric
field at the location of Europa will also affect the aurora. The induction effects might reduce the brightness at
the flanks through perturbations of the plasma flow [Schilling et al., 2008], but self-consistent modeling that
includes the interior induction is needed to investigate this further. In some images, the observed morphology
can be described as a half-limb glow on the hemisphere facing the plasma sheet, which is severely broadened
by instrument effects. However, Europa’s aurora morphology appears highly variable and often patchy and
the formation might be very sensitive to changes in the magnetospheric environment and the electrodynamic
interaction.

The images taken in October 1999 reveal a systematically higher oxygen aurora brightness for both lines by
∼50% compared to the 19 visits between 2012 and 2015, caused by a systematic change of either the plasma
properties or the Europa’s atmosphere (or both).

No changes in absolute brightness or in oxygen line ratio are detected in the eclipse images. The persistence
of the aurora throughout eclipse indicates that both the atmosphere and aurora are not directly affected by
sunlight. Hence, electron impact processes presumably prevail over photo processes in agreement with the
results from Saur et al. [1998]. The mostly unchanged OI 1304 Å brightness suggests a low optical depth of
the atomic oxygen column density. Sublimation as additional neutral gas source on the dayside is small.

Considering various aspects of the variable plasma environment and the atmospheric distribution, the
detected oxygen brightness suggest line-of-sight O2 column densities of (3–6) × 1014 cm−2.

ROTH ET AL. EUROPA’S FAR ULTRAVIOLET OXYGEN AURORA 2167



Journal of Geophysical Research: Space Physics 10.1002/2015JA022073

Differing 1356/1304 ratios of 1.6 (0.1) and 2.3 (0.3) on the trailing (or upstream) and leading (or downstream)
sides in the near-surface atmosphere require different O mixing ratios of ∼5% and ≲1%, respectively. Since
the change of the oxygen line ratio is connected to a decrease in OI 1304 Å brightness from upstream to
downstream (the OI] 1356 Å brightness is similar on both sides), a lower O abundance downstream of Europa
is the best explanation. The lower downstream O abundance can be caused by a drop in electron impact
dissociation of O2 due to the cooling of the plasma near Europa.

The average 1356/1304 ratio of ∼2 in the near-surface region decreases with increasing altitude to values <1
at distances >1.5 RE to the disk center, and we derive upper limits of O mixing ratios for the corona (Table 2).
The inferred higher relative O abundances in the corona are consistent with previous observations [Hansen
et al., 2005] and theoretical expectations [Shematovich et al., 2005; Smyth and Marconi, 2006] of an extended O
cloud, but O2 is more abundant up to distances of∼1.6 RE from the disk center (or∼900 km above the surface)
at the edges of our images.

We furthermore find that the aurora is almost consistently brighter on the right hemisphere at all orbital
longitudes with a>50% higher emissions on average than on the left hemisphere. This asymmetry can not be
unambiguously assigned to obvious plasma effects or known atmospheric inhomogeneities but constitutes
a significant and puzzling result that requires consideration in atmosphere and plasma simulation efforts.
Vertical brightness profiles above limb indicate scale heights larger than 100 km for both the OI] 1356 Å and
OI 1304 Å emission decrease with altitude. A slightly slower decrease is found for OI 1304 Å in agreement with
the more extended atomic O cloud that produces more OI 1304 Å than OI] 1356 Å. However, the relation of the
derived aurora profiles to the actual atmospheric altitude profiles is unclear and can be considerably masked
by the distribution of the energetic electron density within the atmosphere.

Atmospheric inhomogeneities could not be derived from the oxygen aurora morphologies and some previous
hints for inhomogeneities [Cassidy et al., 2007; Saur et al., 2011] are likely caused by the derived plasma effects
on the aurora. The localized above-limb OI 1304 Å surplus coincident with a surplus in H Lyman " emission
and detected in December 2012 [Roth et al., 2014a] does not significantly change the global morphology, and
therefore, neither affects the morphology parameters derived in this study (see, e.g., Figures 5 and 7). This
shows that local inhomogeneities like the one detected in December 2012 and explained by a localized H2O
abundance, can hardly be identified in the time variable and patchy oxygen aurora images only, but can be
detected only through the simultaneously obtained H Lyman " image. The processing and analysis of the
Lyman " images a different in several aspects and will be published in a future paper.

The STIS images analyzed in this paper provide the most comprehensive and detailed data set on Europa’s
oxygen aurora and atmosphere up to date, and the derived aurora and atmosphere properties will be helpful
to better understand Europa’s atmosphere and its plasma interaction with Jupiter’s magnetosphere in future
theoretical or numerical studies. The three future and ongoing missions to the Jupiter system will deliver
new UV aurora data with higher cadence and better spatial and spectral resolution to improve our picture of
Europa’s atmosphere. All three spacecraft, NASA’s Juno and Europa missions as well as ESA’s Jupiter Icy moon
Explorer (JUICE), will carry an ultraviolet spectrograph on board.
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