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Abstract Reflected sunlight observations from the Ultraviolet Spectrograph (UVS) on the Juno spacecraft
were used to study the distribution of acetylene (C,H,) at Jupiter's south pole. We find that the shape of the
C,H, absorption feature varies significantly across the polar region, and this can be used to infer spatial
variability in the C,H, abundance. There is a localized region of enhanced C,H, absorption which coincides
with the location of Jupiter's southern polar aurora; the C,H, abundance poleward of the auroral oval is a
factor of 3 higher than adjacent quiescent, non-auroral longitudes. This builds on previous infrared studies,
which found enhanced C,H, abundances within the northern auroral oval. This suggests that Jupiter's upper-
atmosphere chemistry is being strongly influenced by the influx of charged auroral particles and demonstrates
the necessity of developing ion-neutral photochemical models of Jupiter's polar regions.

Plain Language Summary The Ultraviolet Spectrograph on the Juno mission to Jupiter measures
ultraviolet sunlight that is reflected from the planet's upper atmosphere and these observations can be used to
measure the abundances of different gases in the stratosphere. In this paper, we study the spatial distribution
of the molecule acetylene at Jupiter's south pole. We find that there is a significant increase in the acetylene
abundance at the location of Jupiter's southern aurora. This suggests that the charged particles that travel along
magnetic field lines toward Jupiter's poles and produce bright auroral emission also have a strong influence on
the chemistry of Jupiter's upper atmosphere.

1. Introduction

Jupiter's strong magnetic field gives rise to the brightest and most energetic auroras in the solar system. These
auroras comprise main auroral emissions, which form a distorted and often discontinuous oval around the
magnetic pole; complex polar emissions within the auroral ovals; and diffuse equatorward emissions, including
the auroral satellite footprints (Grodent, 2015).

Auroral processes lead to localized heating of the atmosphere within the auroral regions (Caldwell et al., 1980;
Drossart et al., 1993; Sinclair et al., 2017) and may also be responsible for the high upper atmosphere temper-
atures across the entire planet (O’Donoghue et al., 2021; Waite et al., 1983). Several previous studies have
also suggested that the precipitation of high-energy charged particles may lead to the modification of Jupiter's
stratospheric chemistry in the auroral regions. Using infrared observations from the Voyager IRIS, S. J. Kim
et al. (1985) observed enhanced emission from a range of hydrocarbons, including C,H,, C,H,, and C,H, within
Jupiter's northern auroral oval. They concluded that the enhanced emission was due to increased abundances of
these species, although in the infrared spectral region they focus on, there is a significant degeneracy between
chemical abundances and stratospheric temperatures. Drossart et al. (1986) obtained ground-based mid-infrared
observations of Jupiter and similarly observed a C,H, emission hot-spot that coincided with the northern aurora,
which they noted could be caused either by an enhancement in the C,H, abundance or an alteration in the thermal
profile.

More recently, Sinclair et al. (2017, 2018, 2019) have sought to break the degeneracy between chemistry and
temperature in order to map the distribution of hydrocarbons in Jupiter's polar regions. Sinclair et al. (2017)
used a radiative transfer model to simultaneously constrain the temperature profile and chemical abundances

GILES ET AL.

lof 13


https://orcid.org/0000-0002-7665-6562
https://orcid.org/0000-0001-9275-0156
https://orcid.org/0000-0001-6613-5731
https://orcid.org/0000-0003-0060-072X
https://orcid.org/0000-0002-3441-3757
https://orcid.org/0000-0002-2503-9492
https://orcid.org/0000-0002-2514-0187
https://orcid.org/0000-0002-9938-4707
https://orcid.org/0000-0002-8565-8746
https://orcid.org/0000-0001-5374-4028
https://orcid.org/0000-0002-9115-0789
https://orcid.org/0000-0003-2242-5459
https://doi.org/10.1029/2022JE007610
https://doi.org/10.1029/2022JE007610
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2022JE007610&domain=pdf&date_stamp=2023-02-21

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2022JE007610

using Voyager IRIS and Cassini CIRS infrared observations. Sinclair et al. (2018) performed a similar analy-
sis using high spectral resolution mid-infrared observations obtained from a ground-based telescope, making use
of a two-step retrieval process that first used CH, and H, S(1) emission to constrain the temperature and then
retrieved the hydrocarbon abundances. These studies found that C,H, and C,H, are enhanced within Jupiter's
northern auroral oval and Sinclair et al. (2017) suggested that the precipitation of charged particles leads to an
increase in ion-neutral and electron recombination reactions which, by analogy with Titan's hydrocarbon chemis-
try, would favor the production of unsaturated hydrocarbons, including C,H, (De La Haye et al., 2008). Sinclair
et al. (2019) extended this analysis to study additional hydrocarbons and found that C,H,, CH,C,H, and C,H, are
also enhanced within the auroral region.

In this paper, we build on these previous studies by using ultraviolet reflected sunlight observations from the
Ultraviolet Spectrograph (UVS) on the Juno mission to study the distribution of C,H, in Jupiter's polar regions.
C,H, is the hydrocarbon with the strongest spectral signature in the reflected sunlight portion of the UVS spec-
trum and ultraviolet observations have the advantage of being insensitive to the thermal structure, and therefore
complement the earlier infrared studies. The polar orbit of the Juno spacecraft provides a unique viewpoint of
Jupiter's auroral regions, particularly the southern aurora, which cannot be easily seen from Earth or from equa-
torial-orbit spacecraft. In Section 3, we present reflectance maps of Jupiter's poles and show how the shape of the
reflectance spectra varies across the polar region. By comparing reflectance maps made at different wavelength
intervals, we can infer the C,H, distribution and we discuss how these results are impacted by uncertainty in
the haze opacity and C,H, abundance. In Section 4, we compare the proxy C,H, abundance maps with previous
results obtained using infrared observations and discuss the possible mechanisms that drive the C,H, distribution.

2. Juno UVS Observations

UVS (Gladstone et al., 2017) is a far-ultraviolet imaging spectrograph on NASA's Juno mission, which has been
in a highly elliptical polar orbit around Jupiter since July 2016 (Bolton et al., 2017). UVS covers the 68-210 nm
spectral range with a spectral resolution that varies between 1.3 and 3.0 nm depending on the position along the
instrument's slit (Greathouse et al., 2013). The primary scientific goal of the UVS instrument is to characterize
Jupiter's far-ultraviolet auroral emissions and this spectral range was selected to include the H Lyman series and
the Lyman, Werner, and Rydberg band systems of H,. However, the longer wavelengths covered by UVS extend
into a spectral region that is dominated by reflected sunlight and this part of the spectrum is sensitive to hydrocar-
bons and aerosols (Gladstone et al., 2017). In this paper, we focus on the 175-205 nm reflected sunlight segment
of the UVS spectrum.

Juno is a spin-stabilized spacecraft with a rotation period of ~30 s. The UVS instrument slit is nominally parallel
to the spacecraft's spin axis, allowing the slit to sweep across a swath of planet as the spacecraft rotates. In this
paper, we exclusively use data from the wide part of the dog-bone-shaped slit, as it has a better signal-to-noise
ratio, particularly at the longer wavelengths where the instrument detector is less sensitive (Hue et al., 2019, 2021).
UVS data are recorded in a pixel-list time-tagged format; by considering the position along the slit and the spin
phase of the spacecraft at the time of observation, each photon can be assigned to a latitude and longitude on
the planet. This geometric information can then be used to produce spatial maps of the ultraviolet radiation
(Gladstone et al., 2017). In-flight radiometric calibration is achieved by observation of UV-bright O, B, and A
stars (Hue et al., 2019), and radiances can be converted to reflectances by dividing by the solar spectrum (Woods
et al., 2009), corrected for the solar incidence angle.

UVS obtains observations of Jupiter for several hours on either side of each perijove (the point of closest approach
for the spacecraft), covering both the approach over Jupiter's north pole and the subsequent departure over the
south pole. When the spacecraft passes through Jupiter's radiation belts, the UVS instrument records high back-
ground noise from high energy electrons and ions. Data acquisition is therefore temporarily paused to protect the
instrument from enhanced degradation (Kammer et al., 2019) and to limit the volume of low-quality noisy data.
Due to the precession of the Juno orbit over the course of the mission, the location of the perijove has gradually
moved northwards over time, which has moved the approach observations further into the radiation belts. This
means that the amount of UVS data obtained from the northern polar region has decreased over time (Gladstone
et al., 2019) and when we co-add reflected sunlight data from many perijoves, as described in Section 3.2, the
signal-to-noise ratio and spatial coverage is significantly better for the south pole.
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Transmission

3. Analysis and Results
3.1. Molecular Absorption

Figure 1 shows the absorption spectrum for C,H,, as well as five other molec-
ular species in Jupiter's stratosphere that produce non-negligible absorption
in the 140-205 nm spectral range. Transmission is defined as the transmis-
sion between an altitude of 100 km (5 mbar) and the top of the atmosphere.

o Lo T b L !

The column density for each gas was calculated using the atmospheric

150

170

150 15'30 260 composition model described by Model C in Moses et al. (2005), with the

Wavelength (nm) exception of C;H,. As noted in Sinclair et al. (2019), the peak of the C;H,

distribution is likely to be higher in the atmosphere than predicted in Moses

Figure 1. Absorption spectra for six molecules with significant absorption in et al. (2005) due to additional ion sources. We therefore follow a similar

the 140-205 nm spectral range. Transmission is defined as the transmission
between an altitude of 100 km (5 mbar) and the top of the atmosphere. The
absorption cross-sections have been smoothed to match the spectral resolution

approach to Sinclair et al. (2019) and use an a priori vertical profile for C;H,
that is 0.1% of the a priori vertical profile for C,H,; this C;H, a priori vertical

of the Ultraviolet Spectrograph-wide slit. Two abundances are shown for C;H,:  profile matches the Moses et al. (2005) Model C CHg profile at 3-5 mbar but
the a priori value (solid line) and 8X the a priori value (dashed line). has significantly higher densities at higher altitudes. Absorption cross-sec-

tions were obtained from Keller-Rudek et al. (2013) and were smoothed to
match the 2.2 nm spectral resolution of the UVS-wide slit.

Figure 1 shows that while there are multiple highly absorbing species at <160 nm, C,H, and C,H, are the only
species with non-negligible absorption at >175 nm. C,H, has a broad absorption feature that has a local maxi-
mum at ~172 nm, while C;H, has a narrower feature that peaks at ~179 nm. The solid purple line shows the
absorption produced by the a priori C;H, distribution, which is considerably weaker than the C,H, absorption.
However, the C;H abundance is highly uncertain, and Sinclair et al. (2019) showed that within the northern auro-
ral oval the abundance can be as high as 0.8% of the C,H, abundance, a factor of 8 higher than our a priori. The
transmission curve for this higher value is shown by the dashed purple line in Figure 1, showing that C;H, can
also have a significant impact on the shape of Jupiter's 175-205 nm spectrum and must therefore be considered
in the following analysis.

3.2. Reflectance Maps

Figure 2 shows reflectance maps of Jupiter's southern and northern polar regions at wavelengths of 175-190 nm.
As described in Section 2, Juno UVS observations were converted from radiance to reflectance by correcting for
the solar incidence angle and dividing by the solar spectrum (Woods et al., 2009). The maps shown in Figure 2
combine all dayside (local time of 8 a.m. to 4 p.m., solar zenith angle less than 85°) data obtained during the first
46 perijoves of the Juno mission (July 2016-November 2022). The maps comprise observations made at a range
of different spacecraft positions spanning radial distances of 1.3-9.7 R;.

Because of the precession of the spacecraft orbit, the southern hemisphere (Figures 2a and 2b) has significantly
better spatial coverage and signal-to-noise ratios than the northern hemisphere (Figures 2c and 2d). The higher
noise level means that some “striping” is visible in the northern data. Figures in the right column are identical to
figures in the left column but have a different grayscale stretch to highlight different morphologies. The average
locations of the expanded and contracted auroral ovals (Bonfond et al., 2017) are shown in red.

The wavelength range of 175-190 nm was chosen because this is a spectral region that is sensitive to absorption
by C,H,, as shown in Figure 1. While slightly shorter wavelengths would be even more sensitive (C,H, has a local
absorption maximum at ~172 nm), shorter wavelengths are also increasingly sensitive to H, auroral emissions
that peak near 160 nm and lead to misleadingly high reflectances along the auroral ovals; 175-190 nm represents
a spectral region that is sensitive to C,H, while minimizing the contamination from the auroral emission.

Figure 2a shows that the reflectance at all longitudes decreases toward the south pole. This is a well-known
phenomenon and is caused by the presence of stratospheric hazes at both poles; these hazes lead to a distinctive
appearance in both the infrared and the ultraviolet (West et al., 2004). In the infrared, there is a bright “polar
hood” in methane-band observations due to the fact that the stratospheric haze particles scatter light before it has
the chance to be absorbed by methane. In contrast, the UV polar hood is dark, as seen in Figure 2a, because the
haze particles are less reflective than the Rayleigh-scattering molecular atmosphere.
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Figure 2. Ultraviolet reflectance maps of Jupiter's south pole (a and b) and north pole (c and d). The figures show the mean
reflectance in the 175-190 nm spectral range, which is sensitive to C,H, absorption. Panels (b and d) show the same data

as panels (a and c), but have a different grayscale stretch to highlight different morphologies. The average locations of the
expanded and contracted auroral ovals (Bonfond et al., 2017) are shown in red.

Although the entire polar region in Figure 2a is relatively dark, the segment within the southern auroral oval
(marked by the red lines) is darker than the adjacent longitudes. This can be seen more clearly in Figure 2b,
which presents the same data as Figure 2a but with a different grayscale stretch to highlight morphology within
the darkest regions. There is a distinct dark patch which aligns closely with the location of the auroral oval; the
reflectance within the auroral oval is 0.02, while the mean reflectance at similar latitudes outside the oval is 0.05.
A similar effect can be seen at the north pole, as shown in Figures 2¢c and 2d. These observations are noisier and
have decreased coverage, but the same approximate trend can be seen; the region within the auroral oval has
an even lower reflectance than the rest of the pole. These observations could be due to an increase in the haze
concentration within the auroral ovals, which would lead to a local enhancement of the effect that causes the
broader polar hood. Alternatively, it could be due to an increase in the C,H, and/or C;H, abundances, both of
which would lead to increased absorption at 175-190 nm and therefore lower reflectance. In order to distinguish
between these scenarios, we consider the full UVS spectra in Section 3.3.
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Figure 3. Comparison of ultraviolet spectra from the polar auroral and quiescent regions of Jupiter's southern pole. The polar auroral region is defined as within the
contracted auroral oval and the polar quiescent region is defined as outside the expanded auroral oval but poleward of 67.2°S. Panels (a and b) show dayside spectra
from the two regions (black) alongside a pure auroral emission spectrum (red). Panels (c and d) show the reflectance spectra from the two regions once the auroral
emission component has been removed; the spectral range dominated by the auroral emission is shaded out. Panel (e) shows the ratio of the two spectra shown in panels
(c and d). The wavelength range where an absorption feature is present is highlighted by the arrows.

3.3. Spectra

To further explore how the UV reflectance varies across the polar region, we now consider the full UVS spectra.
In order to obtain a sufficient signal-to-noise ratio, we focus solely on the southern polar region and co-add data
to produce two representative spectra: (a) the polar auroral region, defined as within the contracted auroral oval,
and (b) the polar quiescent region, defined as outside the expanded auroral oval, but still poleward of 67.2°S (the
most-equatorward point of the expanded oval). In both cases, the data is limited to local times of 8 a.m. to 4 p.m.
and is corrected for the solar incidence angle, as in Figure 2.

The representative spectra from inside and outside the southern auroral oval are shown in black in Figures 3a
and 3b, respectively. Because these spectra are obtained from the dayside of the planet in a spatial region with
significant auroral emission, they consist of a combination of reflected sunlight and auroral emission. At longer
wavelengths (>175 nm), the reflected sunlight component dominates, and at shorter wavelengths (<165 nm), the
auroral emission dominates. The spectrum from the polar “quiescent” region still has a strong auroral emission
component due to the diffuse equatorward emissions from the regions closest to the auroral oval.
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Figure 4. (a) Synthetic reflectance spectra of Jupiter assuming a solar
incidence angle of 80° and haze-free atmosphere. The spectrum without

either C,H, or C;H, is shown in black, the spectrum with the nominal C,H,
abundance is shown in red and the spectrum with the nominal C;H, abundance
is shown in blue. The two spectral regions used to calculate the reflectance
ratio in panels (b and c) are shown by the arrows. (b) The relationship

between the C,H, scaling factor relative to the nominal vertical profile and

the reflectance ratio for four different cloud models. (c) The relationship
between the C;H, scaling factor relative to the nominal vertical profile and the
reflectance ratio for four different cloud models.

C,H, and C;H, abundances.

Figure 4a shows three synthetic reflectance spectra generated using the
NEMESIS radiative transfer code (Irwin et al., 2008) and smoothed to
match the spectral resolution of Juno UVS. The adaptation of NEMESIS for
use in the UV spectral region is described in Melin et al. (2020) and Giles
et al. (2021). As described in Section 3.1, we use the Model C atmosphere
from Moses et al. (2005) as the nominal atmospheric model for Jupiter. The
black line in Figure 4a shows the reflectance spectrum of Jupiter if C,H,
and C,H are removed from the atmosphere, in the absence of any hazes and
assuming a solar incidence angle of 80°. The red line shows how the spec-
trum changes when the nominal C,H, abundance is included and the blue line
shows the spectrum when the nominal C(H, abundance (0.1% of the C,H,

abundance) is included. Both species can clearly have an impact on the ratio between the mean reflectance at
175-190 nm and the mean reflectance at 190205 nm; the ratio with no C,H, or C(Hj is 1.00, the ratio with C,H,
alone is 0.52 and the ratio with the C;H, alone is 0.89.

Similar reflectance spectra were generated for a range of C,H, vertical profiles, each consisting of the nominal

vertical profile multiplied by a scaling factor between 0 and 3. For each C,H, scaling factor, the ratio between

the mean reflectance at 175-190 nm and the mean reflectance at 190-205 nm was measured. The relationship
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between the C,H, scaling factor and the reflectance ratio is shown by the black curve in Figure 4b; as the C,H,
abundance increases, the reflectance at 175-190 nm decreases relative to the reflectance at 190-205 nm and thus
the reflectance ratio decreases.

The presence of polar hazes can impact the spectral shape. Jupiter's polar hazes are thought to include a range of
particle sizes, with mean radii of approximately 0.09-1.1 pm (Wong et al., 2003). This distribution of particle
sizes leads to absorption that is expected to be approximately spectrally flat over the 165-205 nm wavelength
range. However, even a spectrally flat haze can affect the shape of the spectrum if it is located within the altitude
region of peak sensitivity; as discussed in Giles et al. (2021), the longer wavelength end of the UVS spectrum
probes deeper into the atmosphere and therefore can be more impacted by the presence of haze, leading to a tilt
in the spectrum and increasing the reflectance ratio.

This can be seen by the colored lines in Figure 4b, which show the C,H,-reflectance ratio curves for the three
different haze models used in Giles et al. (2021): a compact layer at 10 pbar, a compact layer at 5 mbar and an
extended haze with constant density in the 100—-1 mbar range, based on Wong et al. (2003). In each case, the
optical thickness of the haze layer was scaled to match the optical thickness retrieved at a latitude of 75°S in
Giles et al. (2021). For a given C,H, abundance, the presence of haze acts to increase the reflectance ratio of the
synthetic spectrum and for a given observed reflectance ratio, the black no-haze curve shows the corresponding
minimum C,H, scaling factor. However, despite the quantitative differences, the results from all four models
shown in Figure 4b are qualitatively similar, showing that as the C,H, scaling factor increases, the reflectance
ratio decreases.

The same method was used to study the effect of varying the C(H, abundance on the reflectance ratio. Figure 4c
shows the relationship between the C,H scaling factor and the reflectance ratio for each of the same four haze
models. We present a larger range of scaling factors for C;H¢ (0-50) than we did for C,H, (0-3) for two reasons:
first, the a priori C;H, abundance is not well constrained, and second, a much higher scaling factor is required
to significantly decrease the reflectance ratio. Figure 4c shows that a scaling factor of 8, which is the abundance
found by Sinclair et al. (2019) at Jupiter's northern auroral oval, produces a reflectance ratio of 0.88 using the
most realistic extended haze model. The reflectance ratio begins to level off beyond this, and even a scaling
factor of 50 can only achieve a reflectance ratio of 0.73. Continuing to increase the C;H, abundance even further
ultimately increases the reflectance ratio instead, as the small C;H, absorption features at ~200 nm begin to have
a greater effect; for the extended haze model, the minimum reflectance ratio that can be achieved using C;H,
alone is 0.61, with a scaling factor of 225X the nominal value. This shows that while C;H, does influence the
reflectance spectrum 175-205 nm, C,H, absorption must be primarily responsible for any regions of the planet
with very low reflectance ratios.

Figures 5a and 5b show reflectance ratio maps of Jupiter's north and south poles. The 175-190 nm reflectance
maps shown in Figure 2 were divided by equivalent maps covering the 190-205 nm spectral range. As expected
from Figure 3, Figure 5a shows that there is a region of low reflectance ratio which coincides with the polar
aurora within the southern auroral oval. This low reflectance ratio within the auroral oval is markedly different
from the adjacent, quiescent longitudes. Figure 5b shows a hint of a similar trend, with a lower reflectance ratio
within the northern auroral oval, but the decreased spatial coverage and noisier data make this less clear-cut.

Figure 5c shows the southern reflectance ratio map converted into a C,H, scaling factor in the absence of C;H.
For each latitude, we use the appropriate haze opacity retrieved in Giles et al. (2021) using the extended haze
model. The haze retrievals do not extend beyond +75°, so poleward of this latitude, a constant haze opacity is
assumed. For these polar latitudes, the conversion relationship between reflectance ratio and C,H, scaling factor
is shown by the orange line in Figure 4b; for regions of the planet equatorward of +75°, the conversion relation-
ship falls between the orange line and black, haze-free line. As expected from Giles et al. (2021), Figure 5c shows
that outside the auroral region, the C,H, abundance decreases toward higher latitudes. In the polar auroral region,
however, this trend is reversed. Figure 5c shows that the low reflectance within the auroral oval can be explained
by a significant enhancement in the C,H, abundance; the mean C,H, scaling factor for the polar auroral region
within the auroral oval is 2.5 compared to 0.8 at comparable latitudes outside the auroral oval. Just as the northern
auroral oval showed a hint of the same reflectance ratio trend as the southern auroral oval (Figures 5a and 5b), the
northern auroral oval also shows a hint of this same C,H, enhancement (Figure 5d) but the noisy data prevents
any firm conclusions from being drawn.
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Figure 5. (a and b) The ratio of the mean reflectance at 175-190 nm to the mean reflectance at 190-205 nm for Jupiter's
south and north poles. (c and d) Proxy C,H, abundance maps assuming no C,H, absorption. (e and f) Proxy C(H, abundance
maps assuming no C,H, absorption. The average locations of the expanded and contracted auroral ovals (Bonfond
et al., 2017) are shown in black.
GILES ET AL. 8of 13

8518017 SUOWILIOD BATeR1D) 3ol dde aup Aq peusenob a e 9ok YO ‘SN JO Sa|nJ Joj Akeiq18UIIUO A1 UO (SUORIPUOD-PUR-SLLBYW0D A8 | 1M AReiq Ul Uo//Sdhy) SUORIPUOD pue swie | 8us88s *[Z0z/20/e2] Uo AreiqiTauliuo AB|IM ‘NSNISYNOA!E [BHOd Aq 0T9200302202/620T 0T/I0p/w0d Ao 1M Aeiqiputjuosqndnfey/sdny wo.j pepeojumoq ‘Z ‘€202 ‘00T669TZ



Vel l .
A\ Journal of Geophysical Research: Planets 10.1029/2022JE007610
AND SPACE SCIENCE
3.0[ T T ] Figures 5e and 5f shows the reflectance ratio maps converted into C;Hg
L i scaling factors instead, in the absence of C,H,. Figure Se shows that outside
25 . the auroral oval, absorption from C,Hy is technically able to reproduce the
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observed reflectance ratios, although it should be noted that we know from
the full radiative transfer retrievals in Giles et al. (2021) that the low-lati-
tude spectral shape is actually due to C,H, absorption. However, within the

P I

L
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southern auroral oval, there is no amount of C;H that can reproduce the low
reflectance ratios observed, which is why that region of the map in Figure 5e
is empty. This can be further seen in Figure 6, which shows the combination
of C,H, and C(Hj scaling factors that are together able to produce a synthetic
spectrum reflectance ratio of 0.52, the mean value within the southern auroral

s b by

0.5 oval. As the C;H; increases, slightly less C,H, is required, but at extremely

high levels of C;H, (>23X the a priori) the corresponding C,H, abundance

0'00 1'0 2'0 30 starts to increase again. For this specific reflectance ratio, the C,H, scaling

C¢Hs scaling factor factor must fall in the 1.8-2.3 range, marked by the dashed lines. Since C;H,

is unable to reproduce the low reflectance ratios within Jupiter's southern

Figure 6. The combination of C,H, and C¢H; scaling factors that are able to auroral oval, we can conclude that this effect must be primarily driven by a
reproduce a reflectance ratio of 0.52 is the mean value within the southern C,H, enhancement, with any possible enhancement in C,H, decreasing the

auroral oval. The minimum and maximum C,H, scaling factors are marked by

the dashed lines.

C,H, abundances by up to 20%.

It should also be noted that there is some error associated with the haze opac-

ity. In Sections 3.2 and 3.3, we noted that the decreased reflectance within the
auroral oval could be partially caused by an increase in the haze opacity as well as an increase in the hydrocarbon
abundances, but in Figure 5 we assume a constant haze opacity poleward of +75°. However, if the hazes were
more opaque within the polar auroral region, the contrast in the C,H, scaling factor within the oval relative to the
scaling factor at quiescent longitudes would actually be even greater than what is shown in Figures 5c and 5d.
Figure 4b shows that when additional hazes are present in a model, an even higher C,H, abundance is required to
produce a given reflectance ratio. The presence of additional hazes can therefore only intensify the polar auroral
phenomenon shown in Figure 5.

A similar effect exists with respect to the auroral emissions within the polar region. The wavelength interval of
175-190 nm was chosen in order to minimize the contribution of the auroral emissions, which peak at ~160 nm
(see Figures 3a and 3b). However, the edge of this emission feature may still contribute a small amount of flux,
which would act to slightly increase the apparent reflectance within this interval, and therefore increase the ratio
of the 175-190 nm reflectance to the 190-205 nm reflectance. Accounting for any such emission component
would therefore further decrease the reflectance ratio within and in the immediate vicinity of the auroral ovals,
while the reflectance ratio in the quiescent auroral regions would remain the same. Accounting for any residual
auroral emission would therefore only act to intensify the polar auroral phenomenon shown in Figure 5.

In summary, we can conclude that the C,H, abundance is significantly enhanced within Jupiter's southern auroral
oval. There are three factors that can modify the C,H, scaling factors presented in Figure 4c: the presence of
C¢Hg, the presence of additional hazes and residual auroral emissions. While the first of these can decrease the
auroral C,H, abundance by up to ~20%, the latter two would both act to actually further increase the auroral C,H,
abundance. A similar trend may exist for the northern auroral oval, but the poor spatial coverage and signal-to-
noise ratio prevent us from drawing any firm conclusions from the Juno UVS data.

4. Discussion

In Section 3, we showed that the shape of Jupiter's reflectance spectrum varies significantly across the polar
regions of the planet, and that this change in shape can be used to infer spatial variability in the C,H, abundance.
As described in Giles et al. (2021), the UVS reflected sunlight spectrum is sensitive to the total column abun-
dance down to the 5-50 mbar region, but the C,H, number density peaks at 0.55 mbar (Moses et al., 2005) and
it is therefore this part of the atmosphere that has the strongest influence on the spectral shape. In the south pole,
the C,H, abundance generally decreases toward higher latitudes, with the exception of the auroral region; within
the southern auroral oval, the C,H, abundance is higher than the abundance at low latitudes and is a factor of ~3
higher than adjacent quiescent, non-auroral longitudes. It is possible that there is also an enhancement in the C(H,
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abundance within the auroral ovals, as shown from infrared observations by Sinclair et al. (2019), but the UVS
data cannot independently confirm this.

The decrease in the C,H, abundance toward higher latitudes is consistent with previous studies that have
performed full radiative transfer retrievals as a function of latitude. Giles et al. (2021) used zonally averaged
Juno UVS data to study the latitudinal variability of C,H, and found that the abundance decreased by a factor of
2-4 toward the poles. Similar results were also obtained using infrared observations from the Cassini spacecraft
(Nixon et al., 2007) and from ground-based telescopes (Fletcher et al., 2016; Melin et al., 2018).

The enhancement of C,H, within the southern polar auroral region is similar to results from Drossart et al. (1986)
and Sinclair et al. (2017, 2018). Drossart et al. (1986) analyzed FPGS data from NASA's Infrared Telescope
Facility (IRTF) and found that there was a localized region of strong C,H, emission that coincided with the loca-
tion of Jupiter's northern auroral oval. They concluded that this could be due to either a thermal anomaly or an
enhancement in C,H,. More recently, Sinclair et al. (2017, 2018) used infrared observations from spacecraft and
ground-based telescopes to simultaneously retrieve temperatures and hydrocarbon abundances in Jupiter's polar
regions. Sinclair et al. (2017) used data from the Voyager IRIS and Cassini CIRS, while Sinclair et al. (2018)
performed similar analyses using data from the TEXES spectrograph at the IRTF. All three sets of infrared obser-
vations showed an enhancement in the C,H, abundance within the northern auroral oval relative to the quiescent,
non-auroral longitudes, although Sinclair et al. (2017, 2018) do note that there is some degeneracy between the
thermal profile and the C,H, abundance.

The results presented in this study build upon the previous works in two ways. First, Drossart et al. (1986) and
Sinclair et al. (2017, 2018) found C,H, enhancements in the northern polar auroral region, but the southern
aurora could not be clearly seen in the observations because the viewing geometry in each case was close to
equatorial and the southern auroral oval is restricted to high latitudes. In contrast, Juno UVS has significantly
better coverage at the south pole than the north. Second, this study makes use of observations from a completely
different spectral region; unlike previous infrared observations, the UV spectra used in this study are not sensitive
to the temperature of the atmosphere, so there is no degeneracy between the inferred C,H, abundance and the
thermal profile. The striking similarity between the south polar map shown in Figure 5a and the north polar maps
presented in Sinclair et al. (2017, 2018) acts to both confirm the latter's results using an independent spectral
region and also shows that the same phenomenon exists at both poles.

Stratospheric C,H, is thought to mainly form on Jupiter from photochemical by-products following methane
photolysis (e.g., Gladstone et al., 1996). The peak C,H, production regions are 4 X 10~ mbar and 0.4 mbar, and
the freshly formed acetylene then diffuses downward to higher pressure levels (Hue et al., 2018). The decrease
in the C,H, abundance from the equator to the poles can be explained by the decrease in the solar insolation at
high latitudes, and this observed latitudinal trend agrees with the results of photochemical models (Gladstone
et al., 1996; Hue et al., 2018). However, the low solar insolation rates at Jupiter's poles mean that an alternative
mechanism is required to explain the high C,H, abundances within the auroral regions that were observed in both
this work and in the previous infrared studies. The clear correlation between the location of Jupiter's polar aurora,
which are located poleward of the main auroral oval, and the region of enhanced C,H, absorption suggests that
the upper-atmosphere chemistry is being modified by the influx of charged auroral particles and the increase in
ion-neutral and electron recombination reactions favors the production of C,H, (Sinclair et al., 2017).

The majority of Jovian photochemical models neglect ion-neutral chemistry and while Y. H. Kim and Fox (1994)
did study the effect of hydrocarbon ions on the neutral ones, they focus on photoionization from solar extreme
ultraviolet photons in the low- and mid-latitudes and make use of chemical networks that have since been updated,
including updated reaction rates, additional chemical pathways, and updated branching ratios. In order to explore
the exact mechanism by which auroral chemistry may favor C,H, production, we can instead consider an anal-
ogy with Titan's hydrocarbon chemistry, as discussed in Sinclair et al. (2017). Several ion-neutral photochem-
ical models of Titan's atmosphere have found that electron precipitation triggers the formation of the key ion
CH,*, which in turn leads to the formation of C,H;* (De La Haye et al., 2008; Dobrijevic et al., 2016; Loison
etal., 2015). C,Hs* can then lead to the formation of C,H, directly, through

CzH;L +e -»> CGH,+H +H

or indirectly, by first forming C,H,
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CzH;r +e - CHs+H
CQH; +HCN — C,H4 + HCNH"

which is then photolyzed to produce C,H, and H,. A similar pathway could lead to the enhanced production of
C,H, within Jupiter's auroral regions.

Y. H. Kim and Fox (1994) suggested that C,H, would be easily destroyed in Jupiter's auroral regions due to ion
chemistry, due to the reaction

CH; + CH; —» CzH;— + CHy

In Dobrijevic et al. (2016), the rate used for this reaction was 5% slower than the rate used in Y. H. Kim and
Fox (1994), leading to a slightly slower C,H, destruction rate. However, the reaction leading to the formation of
CH, ", the main building block of C,H,*, was taken to be 9% slower in Dobrijevic et al. (2016), which might also
decrease the C,H, production rate relative to Y. H. Kim and Fox (1994). While enhanced electron precipitation
is a plausible driving mechanism for the enhanced C,H, abundances, the development of an ion-neutral photo-
chemical model of Jupiter's polar regions using the most recent reaction rates is needed in order to reach a firm
conclusion.

Both this study and Sinclair et al. (2017, 2018) have shown that the C,H, enhancement at Jupiter's poles is
longitudinally restricted to the auroras, instead of being well-mixed across the entire polar region. Jupiter's main
auroral regions are encircled by electrojets (Rego et al., 1999), which have speeds of 1-2 kms~! and extend from
the sub-pbar level (Chaufray et al., 2011) down to at least the middle stratosphere (Cavalié et al., 2021). One
possibility is that these electrojets act as a dynamic barrier to limit the loss of materials produced within the
auroras. Alternatively, C,H, may be efficiently transported outside the auroral region into the quiescent region,
but once in a location where neutral chemistry dominates, it may be rapidly converted into other chemical species
such as C,H before it can become homogenized across the entire polar region (Sinclair et al., 2017). This latter
scenario would also explain the increasing C,H, abundance from the equator to the poles observed by Cassini
CIRS (Nixon et al., 2007), which cannot be explained by a combination of neutral photochemistry and dynamics
alone (Hue et al., 2018).

In order to obtain sufficient signal-to-noise ratio for this study, we combined observations from the entire Juno
mission to date, a period of over 6 years. This means that we are unable to study any temporal variability in
the C,H, auroral enhancement. If the C,H, auroral enhancement is caused by the influx of charged particles,
we might expect the abundance to vary with time, depending on the strength and size of the auroras, which
in turn may vary depending on both solar activity and internal factors within the Jovian system (e.g., Bonfond
etal., 2012; Nichols et al., 2017; Yao et al., 2022). The extent to which the C,H, abundance varies with time may
provide additional constraints on the chemical lifetimes and transport rates in the auroral region. Future studies
may be able to examine the temporal variability of auroral C,H,; long-term ground-based infrared observations
can be used to track the C,H, emissions with time (Sinclair et al., 2018), and the next-generation UVS instrument
on the JUICE mission (Jupiter Icy Moons Explorer, Grasset et al., 2013) is expected to make observations of
Jupiter's high latitudes starting in 2031 and will allow a direct comparison with these Juno UVS observations
from 2016 to 2022.

5. Conclusions

Reflected sunlight observations from the UVS instrument on the Juno spacecraft show enhanced C,H, absorption
within Jupiter's southern auroral oval. This builds on previous infrared observations which have shown higher
C,H, abundances within the northern auroral oval (Sinclair et al., 2017, 2018). Our ultraviolet observations both
provide a confirmation for these previous results by making use of an independent spectral region and show that
the same phenomenon exists at both poles. Future studies are required to study whether the C,H, enhancement
varies with time.

The localized enhancement of C,H, is likely caused by the influx of charged particles within Jupiter's auroras,
which leads to increased ion-neutral and electron recombination reactions. lon-neutral photochemical models of
Titan's atmosphere provide insight into possible pathways that would favor the production of C,H, in Jupiter's
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auroral regions. The development of ion-neutral photochemical models of Jupiter using the recent chemical reac-
tion rates is an important next step in understanding the influence of the auroras on Jupiter's polar composition.
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