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Abstract

We analyze data from the final two years of the Cassini mission to retrieve the
distributions of methane (CHy), ethane (CyHg), acetylene (CoHs), ethylene
(CyHy), and benzene (CgHg) in Saturn’s upper stratosphere and mesosphere
from stellar occultations observed by the Ultraviolet Imaging Spectrograph
(UVIS), spanning latitudes from pole to pole. These observations represent
the first two-dimensional snapshot of the photochemical production region
with latitude and depth for these five light hydrocarbons around the northern
summer solstice. To support this analysis, we combine temperature-pressure
profiles retrieved from the UVIS occultations and limb scans observed by the
Cassini Composite Infrared Spectrometer (CIRS) with the CHy profiles to
provide atmospheric structure models for each occultation location that span
the middle and upper atmosphere. We detect a strong meridional trend in
the homopause pressure level that implies much weaker mixing at the poles
than near the subsolar point. This is shown by the homopause pressure
level, which ranges from ~0.05 pbar around the subsolar point to ~5 pbar
at the poles, with the corresponding values of the eddy diffusion coefficient
K. ranging from ~1000 m? s™! to 1-10 m? s7!, respectively, at the 2 pbar
level. This trend could be explained by upwelling at low latitudes and down-

Email address: zarahbrown@arizona.edu (Zarah L. Brown)



welling at high latitudes in both hemispheres and we estimate that vertical
wind speeds of less than 2 cm s~! would be required. The distributions of
the photochemical products follow the homopause trend but they also show
a clear seasonal trend at pressures between 0.01 and 10 pbar, with higher
abundances in the summer hemisphere than in the winter hemisphere. We
compare the observed distributions with results from one-dimensional sea-
sonal photochemical models, with and without ion chemistry, to explore the
impact of ion chemistry on the results. The best agreement between the
models and the observations is obtained in the summer hemisphere, whereas
disagreements in the winter hemisphere and auroral region may be due to the
lack of transport by global circulation and auroral electron and ion precipi-
tation in our photochemical models. Ton chemistry is particularly important
for matching the observed CgHg distribution, whereas differences between the
neutral only and ion chemistry models are more modest for the other species.
We also compare the CoHy profiles retrieved from the UVIS occultations to
those retrieved from the CIRS limb scans and find good agreement between
the retrievals at pressures where they overlap.
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1. Introduction

The middle and upper atmosphere plays an important role in shaping the
composition and evolution of giant planets. The upper atmosphere separates
the rest of the atmosphere from the extended magnetosphere and regulates
the flow of material from external sources to the rest of the atmosphere
(Waite et al., 2018, [Moses et all 2023). Located above the tropopause and
below the base of the thermosphere, from ~ 100 mbar to ~ 0.1-1 pbar,
the middle atmosphere is the site of complex photochemistry that shapes the
composition of the atmosphere (Moses and Greathouse, [2005)). The 1970s saw
advancements in our understanding of Saturn’s middle atmosphere achieved
through Earth-based observations and modeling (e.g., Trafton, |1973| Toku-
naga et al., |1975] [Trafton) [1977, |Cess and Caldwell, 1979, |Moos and Clarke),
1979). These studies supplied new information on the temperature, com-
position and seasonal behavior of Saturn’s upper atmosphere, producing a



basis for subsequent studies. In the 1980s, The Voyager missions provided
higher spatial resolution observations, advancing our understanding of the
composition, chemistry, dynamics, and energy balance of the middle and
upper atmosphere of all of the outer planets (e.g., Hanel et al., [1981} 1983|
Atreya et all 1984, |Courtin et al., |1984) Bishop et al., [1990} 1992 Stevens
et al., |1993, [Yelle et al.| [1993)). After its orbit insertion in 2004, the Cassini
mission has provided a wealth of observations probing Saturn’s middle and
upper atmosphere, offering insights into seasonal and spatial trends in the
atmosphere of this ringed giant planet (e.g., Brown et al., 2020, |[Koskinen
et al., 2021}, Fletcher et al., 2020).

With its 26.7° axial tilt, Saturn experiences significant seasonality, mag-
nified by the waning sunlight in the shadow of its extensive ring system in the
winter hemisphere. Solar insolation is the first step in driving photochem-
istry in the middle and upper atmosphere, which also plays a role in powering
dynamics in the middle atmosphere through its effect on thermal structure.
Seasonal changes are also expected to be significant in the mesosphere, the
region found between the stratosphere and the thermosphere where tem-
peratures are relatively constant with height and which is characterized by
relatively short photochemical and radiative timescales. The mesosphere is
poorly understood and has not previously been probed by comprehensive
observations that help to constrain chemistry and dynamics during a fixed
season. The Cassini UVIS observations that we present in this work provide
a unique view to this region.

Saturn’s stratosphere and mesosphere are primarily composed of Hy, He,
H, and several light hydrocarbons, with CH, being the most abundant. Hy-
drocarbons other than methane are generated through photochemical pro-
cesses, which are triggered by the solar ultraviolet radiation and in the auroral
region, by energetic particle precipitation, causing the dissociation of CHy.
The hydrocarbons are expected to be confined to altitudes below the ho-
mopause where the atmosphere is well-mixed. Above the homopause, each
species follows its own scale height and the abundances of species heavier
than Hy decrease rapidly with altitude. The pressure level of the homopause
depends on mixing produced by atmospheric waves, turbulence (Lindzen,
1981)), and bulk transport properties of the atmosphere due to global cir-
culation (e.g., Fuller-Rowell, 1998). While photolysis of CHy serves as the
primary source of minor hydrocarbons, the impact of this process on the
overall abundance of CH,4 remains relatively modest and it does not drive the
observed steep decrease in CH, abundance with altitude near the bottom of



the thermosphere that is instead due to molecular diffusion. Observational
constraints on the abundance of CH, as a function of latitude in the meso-
sphere can therefore act as a tracer of dynamics that constrains the mixing
and circulation of the middle atmosphere.

Several previous studies have constrained the location of the homopause,
although none of them provide coverage comparable to this work. The Voy-
ager Ultraviolet Spectometer (UVS) instruments were used to observe three
stellar and three solar occultations, a complete analysis of which was pre-
sented by [Vervack and Moses| (2015). These authors defined the homopause
as the pressure level where the volume mixing ratio of CH, decreases down
to 5 x 1077 (hereafter, the homopause reference level) from the stratospheric
value of about 4.7 x 1072 in order to avoid the uncertainties assotiated with
the formal definition of the homopause as the location where the eddy and
molecular diffusion coefficients are equal. In the three Voyager occultations
probing the southern hemisphere at latitudes of 4.8-29° S, the homopause
was located at 0.04-0.1 pbar while in the two occultations probing similar
northern latitudes, the homopause was located closer to 0.01 pbar. The ob-
servations pointed to a possibility of a meridional trend or variation over time
in the location of the homopause but did not provide sufficient coverage to
confirm these trends.

The Cassini UVIS instrument was used to observe dozens of stellar occul-
tations during the 13-year in-orbit mission. Early work by [Shemansky and
Liu (2012) used three of the occultations, at 43°S, 4°N and 15°N planetocen-
tric latitude, to place the homopause level at around 0.2 pbar, although they
did not use the same definition as [Vervack and Moses| (2015). The scope of
this study was extended by Koskinen and Guerlet (2018]) who used Cassini
Radio Science Subsystem (RSS) measurements of the lower atmosphere, tem-
perature profiles retrieved from CIRS limb scans together with the density,
temperature, and CHy profiles retrieved from UVIS occultations to construct
atmospheric structure models for the occultation locations. The occultations,
most of which were observed at planetocentric latitudes between 45°S and
55°N, showed considerable variability in the homopause reference level, which
was centered at around 0.1 pbar. A single outlying point was observed with
a deeper homopause near 1 pbar at 73° S planetocentric latitude. [Koskinen!
and Guerlet| (2018)) argued that this could be due to downwelling but were
not able to draw clear conclusions due to the paucity of other observations
at similarly high latitudes. Using Hubble Space Telescope (HST) images to
probe the depth of auroral emission at Saturn, |Gérard et al. (2009) also found
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evidence for a deeper homopause at high latitudes than at low latitudes. The
new observations presented in this work include several occulations at high
latitudes and clearly confirm this trend.

The scarcity of previous observations of the photochemical production re-
gion at high latitudes has also limited the investigation of the role of auroral
processes on the photochemistry of the mesosphere and stratosphere. Study-
ing the chemistry in this region is of interest since electron precipitation and
ion chemistry can occur in the auroral regions and they are expected to play
an important role in the formation of C¢Hg and other higher order hydrocar-
bons (Wong et al., 2003, Vuitton et al., 2008). Forming in the mesosphere,
CgHg can undergo subsequent chemistry that produces polycyclic aromatic
hydrocarbons (PAHs) and stratospheric haze, as suggested on Jupiter and
Titan (Friedson, 2002, [Wong), 2002, Wong et al., [2003, [Vuitton et al., 2008).
To address the formation of CgHg, Koskinen et al.| (2016) presented an anal-
ysis of the stellar occultations observed prior to 2016 and detected CgHg
at several latitudes, including at lower latitudes far from the auroral ovals.
The authors compared their findings to a solar-driven neutral photochemical
model and found that the observed CgHg levels exceeded what the model
could explain. They concluded that seasonally variable ion chemistry not
included in the model was the primary driver of observed CgHg levels, with
a potential additional contribution from auroral ion chemistry at high lati-
tudes and subsequent transport to lower latitudes. In order to demonstrate
the feasibility of enhanced production by solar-driven ion chemistry, they
used simple considerations based on a few reaction rate coefficients but did
not pursue detailed modeling of the ion chemistry, as we do in this work.

Meridional trends in the abundances of the other hydrocarbon species
can also constrain the chemistry and dynamics in the middle and upper
atmosphere. Observations by Cassini/CIRS have allowed for the analysis of
meridional trends at pressures greater than 0.01-0.1 mbar in the stratosphere
(Fletcher et al., 2018, 2020). The wide latitude coverage and frequent obser-
vation intervals relative to the Saturnian season also facilitate the monitoring
of seasonal changes. The analysis of meridional trends has mostly focused on
the distributions of CoHg, CoHs, methylacetylene (C3Hy), diacetylene (C4Hs),
and propane (C3Hg) that are readily observable in the CIRS data (Howett
et al.l 2007, [Hesman et al., 2009, Guerlet et al., 2009, 2010, Fletcher et al.|,
2009, 2015, |2020, [Sinclair et al., 2013, 2014]). Due to the relatively long life-
times of CyHg and CoHy, exceeding the Saturn year, any seasonal patterns
in the middle and lower stratosphere (p > 0.1 mbar) are damped (Moses and
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Greathouse), 2005, Hue et al., 2015, |2016). Under these conditions, photo-
chemical models predict that the mixing ratios of both species should reach
maximum around the equator and decrease with latitude towards the poles
(see Figure [I). The CIRS observations broadly confirm both of these ex-
pectations for CoHy (Guerlet et al., 2009, Sylvestre et al., 2015| |Fletcher
et al., |2020), with the exception of an equatorial peak that could be due
to downwelling associated with Saturn’s quasi-periodic equatorial oscillation
(Guerlet et al., [2009). A similar peak is also seen in the distributions of CyHg
and C3Hg, along with a peak in the retrieved temperatures that supports the
interpretation in terms of localized downwelling around the equator (Guerlet
et al., 2009, |Sylvestre et al.; 2015)). It is possible that this could be related to
Saturn’s quasi-periodic oscillation, which alternates between upwelling and
downwelling near the equator over time.

The meridional distributions of CosHg and C3Hg, on the other hand, vary
less with latitude than expected. While there is no chemical explanation for
the difference between longer-lived CoHg and shorter-lived CoHs, meridional
transport and associated vertical winds have been invoked to explain the
distribution of CoHg (Greathouse et al., 2005| (Guerlet et al., 2009, [Sylvestre
et al., 2015). In this context, it is interesting to note that the distribution
of CyHg, in contrast to CoHy, does show substantial evolution with season
at high latitudes around the polar vortices, decreasing during the fall and
increasing during spring (Fletcher et al., 2020)). This could be consistent
with seasonally changing dynamical drivers at middle to high latitudes. The
situation for C3Hg is perhaps more confusing. (Guerlet et al. (2009) noted
that its distribution appeared to align better with seasonal insolation than
the distributions of the other two hydrocarbons. This, however, was not un-
ambiguously demonstrated by the observed distribution, and the conclusion
seems to have been contradicted by later observations pointing to limited
seasonal evolution for the C3Hg distribution (Sylvestre et al., |2015)).

In the upper stratosphere (0.1-0.01 mbar), the photochemical timescales
are shorter and the hydrocarbon distributions should begin to exhibit clear
seasonal enhancement in the summer hemisphere and lower abundances in
the winter hemisphere. Curiously, the CoHs and CoHg abundances retrieved
from CIRS limb scans at the the 0.01 mbar level do not agree with this
expectation at all. Instead, both distributions included a deep minimum at
latitudes of 25-45°S and a maximum at around 25°N (Guerlet et al., 2009)) in
the winter hemisphere. These features could be explained by upwelling circu-
lation in the southern (summer) hemisphere and downwelling circulation in
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Figure 1: Volume mixing ratios of ethane (red) and acetylene (blue) at 1 mbar as a function of latitude,
including Cassini Infrared Spectrometer (CIRS) limb scans from 2015 (circles, this work and |Guerlet et al.
2015)) and nadir retrievals interpolated from a 2D grid of data observed on May 25, 2017 (squares, [Fletcher|
et al.| |2020). These observations are compared to results from two versions of a neutral photochemical
model: an initial version where the K. at each latitude was adjusted to reproduce the UVIS methane
observations in the mesosphere and which used a constant K,. with latitude in the stratosphere (dotted
lines), and a subsequent version featuring improved fits to CIRS stratospheric observations (thin solid
lines). The latter version provides an improved approximation of the hydrocarbon levels at this pressure
level, especially for ethane. These K., profiles were used in the final iterations of the Neutral and Ion
Models described in Section
24



the northern (winter) hemisphere, which would also explain the lack of a clear
signature of the ring shadow in the temperature observations in the northern
hemisphere (Guerlet et al., 2009,2014)). In subsequent limb scans observed in
2010 and 2012 during early northern spring, |Sylvestre et al. (2015]) noted that
the local minimum at southern low latitudes had remained relatively stable.
However, the local maximum near 25°N was not apparent in these later ob-
servations. These authors highlighted that, in contrast to the temperature
patterns in the spring, winter temperatures were observed to be warmer,
and summer temperatures were cooler than model predictions (Friedson and
Moses|, |2012)). This discrepancy led the authors to suggest that the influence
of dynamics might be more pronounced during winter than in spring. The
evidence from CIRS spanning from late northern winter to early northern
spring points to the possibility of seasonally reversing meridional circulation
in the upper stratosphere. The seasonal evolution of such a circulation cell
would need to include a time lag on the order of one Saturn season to remain
consistent with the observations(Moses et al., 2005, [Sylvestre et al., 2015]).

Several models and other studies are also consistent with seasonally chang-
ing meridional circulation in the stratosphere. For example, Friedson and
Moses| (2012)) used the three-dimensional Outer-Planet General Circulation
Model (OPGCM) to predict that stratospheric circulation at low latitudes
is dominated by seasonally reversing Hadley circulation, characterized by
meridional flows from the summer to the winter hemisphere, with strong
subsidence around 25° latitude in the winter hemisphere. In more recent
work, Bardet et al.| (2022) used the DYNAMICO-Saturn GCM to character-
ize the evolution of the equatorial oscillation and interhemispheric circulation
in Saturn’s stratosphere. They predict an inter-hemispheric (summer to win-
ter) cell under solstice conditions and a single, common, upwelling branch
centered at the equator and two downwelling branches located around 40°
latitude in either hemisphere at equinox conditions. These meridional flows
are consistent with seasonal forcing, which are observed to transition from
one hemisphere to the other around the equinox (Fletcher et al., 2020)). Taken
together, previous observations and models of the stratosphere therefore lead
to the expectation of upwelling near the sub-solar latitude and meridional
flows towards the winter hemisphere and possibly towards the summer pole
at the time of the northern summer solstice.

While meridional flows in the stratosphere can be maintained by season-
ally changing solar insolation, at higher altitudes in the thermosphere solar
heating is negligible and electric currents associated with the aurora appear



to provide the main energy and momentum sources, along with gravity waves
(Miller-Wodarg et al., 2006, 2012, 2019, Sylvestre et al., 2015| Strobel et al.,
2018, Brown et al., |2020, Brown et al. [2022)). Brown et al.| (2020) ana-
lyzed Cassini UVIS stellar occultations obtained during the Grand Finale
tour to map temperatures and pressure levels in the thermosphere and used
the results to infer circulation at around the northern summer solstice. The
temperatures peak at low pressures near the auroral latitudes. Based on the
observed atmospheric structure, they inferred divergent meridional winds at
these latitudes, which are needed to help explain the higher-than-expected
temperatures throughout the thermosphere. The proposed circulation cell
would consist of upwelling near auroral latitudes and subsequent flow towards
the equator and poleward from the auroral region, in both hemispheres. This
circulation is opposite to the meridional flows inferred for the stratosphere
below. At the same time, there is a steep gradient in temperature between
the poles and the equator at pressures greater than the 0.01 ubar level in the
lower thermosphere, with an effectively deeper base of the thermosphere at
the poles than at the equator. This could be consistent with meridional flows
away from the subsolar region in the mesosphere and lower thermosphere, as
long as equatorward circulation exists at lower pressures. In line with this
idea, |Vervack and Moses| (2015)) also suggest the presence of a circulation cell
in the mesosphere with low-latitude upwelling that would be consistent with
a lower-pressure homopause near the subsolar latitude. There are, however,
almost no observational constraints on the circulation in the mesosphere in
previous work that would allow us to firmly connect the dynamics in the
stratosphere to that of the lower thermosphere.

In this work, we use observations from the last two years of the Cassini
mission to give the first comprehensive view of Saturn’s middle and upper
atmosphere around the northern summer solstice. We analyze and interpret
stellar occultations observed by the UVIS instrument in 2016 and 2017, in-
cluding the Cassini Grand Finale occultations obtained during a 6-week time
period in the late summer of 2017, shortly before the end of mission. The 33
occultations span latitudes from pole to pole and include several that probe
high latitudes near the auroral ovals (see Table [I). The density and tem-
perature in the thermosphere from these occultations was already retrieved
by [Brown et al| (2020)). In this work, we present densities of CHy, CyHg,
CyHy, CoHy, and CgHg in the upper stratosphere and mesosphere retrieved
from the occultations. As opposed to the deeper pressure levels in the strato-
sphere, seasonal trends in the hydrocarbon abundances are expected to be



detectable in this region. We also detect CgHg in most occultations and
by comparing the observed CgHg abundances to model predictions, help to
constrain the importance of ion chemistry in producing this molecule in Sat-
urn’s atmosphere. Because the observations span the auroral region, we can
probe the possible impact of auroral processes on the chemistry. In addition,
meridional trends that depart from expectations based on 1D photochemi-
cal models provide some of the only constraints on dynamics in the upper
stratosphere and mesosphere.

We combine the UVIS observations with CIRS limb scans of the strato-
sphere to provide a full picture of the middle and upper atmosphere with
pressure and latitude. The CIRS limb scans used in this work were obtained
between 2015 and 2017 (see Table [2). Some of them were used in previous
work (Guerlet et al., 2018, |[Koskinen and Guerlet} 2018, [Moses et al., 2023)
while others have not been published before. The limb scans can be used to
retrieve the pressure, temperature, and abundances of several light hydrocar-
bons, including those of CoHy and CoHg, which are also retrievable from the
UVIS occultations. Combining the results of both analyses, we create a tem-
perature map of the middle and upper atmosphere and provide constraints on
the CoHy and CoHg abundances as a function of latitude and depth, spanning
from the lower stratosphere to above the homopause level. We also produce
atmospheric structure models that provide pressure, temperature, total den-
sity, and altitude for the occultation locations. These results support physical
models of the atmosphere and future mission planning. We then compare the
retrieved hydrocarbon distributions to results from a seasonal photochemical
model. To emphasize ion chemistry’s influence on hydrocarbon distributions,
we compare models with and without ion chemistry and explicitly include it
in the photochemical model, offering a comprehensive view of its impact on
observable hydrocarbons.

This paper is organized as follows. We begin with a description of the
methods used to retrieve the hydrocarbon distributions from the UVIS data
in Section [2.1] and the temperatures and hydrocarbon distributions from the
CIRS data in Section In order to compare the UVIS results to our photo-
chemical model, which we describe in Section [2.4] we derive an atmospheric
structure model, which we describe in Section [2.3] We present the key results
of this study in Section [3] These include a meridional trend in the location of
the homopause in Section 3.1} a comparison of the observed hydrocarbon dis-
tributions with the photochemical model in Section as well as a separate
discussion of the distribution of C¢Hg and ion chemistry in Section [3.3] We
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then discuss these implications of these results to circulation and dynamics
in Section the seasonal behavior of hydrocarbons in Section [4.2] and the
implications for auroral chemistry in Section [4.3]

2. Methods

As stated above, this work uses temperatures in the stratosphere and the
thermosphere together with hydrocarbon densities in the stratosphere and
mesosphere retrieved from stellar occultations observed by the Cassini UVIS
instrument and limb scans observed by the Cassini CIRS instrument. Below,
we summarize the retrieval methods, describe the methods to create the
atmospheric structure models, and give details of the photochemical model.

2.1. UVIS FUV Hydrocarbon Retrievals

The FUV channel probes wavelengths between 1115 and 1912 A where the
light hydrocarbons CH,, CsHg, CoHy, CoHs and CgHg have absorption fea-
tures. These observations probe pressures between 107> and 0.1 mbar, de-
pending on the species and occultation. We summarize the data processing
and retrieval of the hydrocarbons from the FUV channel data below; further
details can be found in the supplementary information to Koskinen et al.
(2016)). Details of the Hy density and temperature retrieval from the EUV
channel data for these occultations are described by Brown et al.| (2020)).
During each stellar occultation, the UVIS detector recorded the spec-
trum of a UV-bright star as the line of sight from the star to the detector
passed through Saturn’s atmosphere. The occultations were observed simul-
taneously in the EUV and FUV channels, probing the hydrocarbons in the
mesosphere and the Hy density and temperature in the thermosphere. The
exposure times varied from 1.75 to 3.125 s in the FUV and from 3.00 to 8.75
s in the EUV, producing altitude resolutions of 2 to 29 km in the FUV and
13 to 53 km in the EUV. The spatial span of a single occultation varied from
0.004° to 9.95° in latitude and from 2.14° to 31.04° in longitude over the
entire altitude span covered by both detectors (about 2,500 km). In most
cases, the latitude span of individual occultations was less than 1° and the
longitude span less than 10° and the path length at the 1 ybar pressure level
near the center of the occultations is less than 5,500 km, which justifies the
treatment of the occultations as vertical scans of the atmosphere at a given
latitude and longitude. In the few cases where this may be questionable,
we still assume that horizontal variations are sufficiently small to justify this
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Table 1: UVIS FUV Stellar Occultation

Occultation ID Date Target Lat|[deg] LST |hrs]|
FUV2016_014 21 05 2016-Jan-14 e On 254 19.2
FUV2016_045 02 15  2016-Feb-13 o Vir 4.4 2.6
FUV2016_045 08 50  2016-Feb-14 a Vir 1.5 14.8
FUV2016_046_23 30  2016-Feb-15 ~Ori  66.1 4.6
TFUV2016_094 18 01 2016-Apr-03 v Ori 0.6 18.7
FUV2016_296_06 40  2016-Oct-22 ¢ Cru  14.4 16.3
FUV2016 339 04 47 2016-Dec-03 8 Cru -6.2 2.2
FUV2016_353 13 13  2016-Dec-18 3 Cru  -6.0 2.1
FUV2017 009 00 55 2017-Jan-08  «a Cru -13.1 3.5
FUV2017 087 21 53 2017-Mar-28  § Cru -5.0 1.7

TFUV2017 139 19 57 58 2017-May-19 « CMa  -65.4 5.7
TFUV2017 146 05 39 00 2017-May-25 o CMa  -73.3 5.7
“FUV2017_175 20 36_24 2017-May-19 ¢ Ori  -82.4 7.5
“FUV2017_176_06_40 50 2017-Jun-25 ¢ Ori  12.2 5.8
IFUV2017_176_11_17_50 2017-Jun-25 ¢ Ori  23.9 5.7
*FUV2017 182 06 15 00  2017-Jul-01 e Ori -85.7 12.4
TFUV2017 182 08 43 29  2017-Jul-01 ¢ Ori -78.8 0.8
“FUV2017_182 20 40 30 2017-Jul-0l ¢ Ori 317 5.7
“FUV2017_183 00 47 29 2017-Jul-01 ¢ Ori 425 5.7
“FUV2017_188 17 43 18 2017-Jul-07 ¢ Ori  -71.9 17.0
*FUV2017 188 20 24 30  2017-Jul-07 ¢ Ori -62.3 17.5
TFUV2017 189 09 54 30  2017-Jul-08 € Ori 49.6 5.5
“FUV2017_194 14 52 10 2017-Jul-13 4 Ori  -34.1 17.0
“FUV2017_195_02_00 00 2017-Jul-13 ~Ori 735 17.4
FUV2017_195 05 17 19 2017-Jul-13 e Ori  -55.4 17.4
“FUV2017_195 08 _53_10 2017-Jul-14 ¢ Ori  -45.2 17.7
TFUV2017 196 00 53 59  2017-Jul-14 ¢ Ori 81.4 5.2
“FUV2017_201 21 41 00 2017-Jul-20 ¢ Ori  -27.5 17.8
“FUV2017 202 09 04 00 2017-Jul-217 ¢ Ori  85.7 0.3
“BUV2017 202 11 31 59 2017-Jul-21 ¢ Ori 747 18.7
FUV2017_202 21 21 50  2017-Jul-2l  x Ori  -80.0 20.5
*TFUV2017_209 09 39 55 2017-Jul-28  k Ori -60.7 18.7
“FUV2017_210 04 22 00 2017-Jul-29 & Ori  61.4 6.7

Local solar time and planetocentric latitude and longitude are taken at the half light point. Latitudes

are planetocentric.

* These observations were used to create latitude-specific 1D models of hydrocarbon abundances using

the Ion and Neutral photochemical models.

1 These occultations lacked a corresponding EUV retrieval. The atmospheric structure cannot be calcu-
lated without these thermospheric temperature profiles. Therefore number densities cannot be converted
to mixing ratios and they are not included in Compf?sons to the photochemical models.



approach. The occultations were observed at a range of longitudes and local
solar times, with many of them near dawn and dusk.

We retrieved the line of sight (LOS) column densities of the hydrocarbons
as a function of tangent altitude by using the Levenberg-Marquardt (L-M)
algorithm (Markwardt, 2009) to fit a forward model to the observed trans-
mission spectrum separately for each LOS through the atmosphere. The
transmission spectra were calculated by dividing the stellar signal transmit-
ted through the atmosphere by the unocculted stellar spectrum, which was
obtained by averaging the unocculted spectra over a range of high altitudes
where absorption by the atmosphere is negligible. Tangent altitudes are de-
fined as the distance along the surface normal to the LOS at the closest
approach from the 1 bar level. We used the shape model from the Saturn
Atmospheric Modeling Working Group for the 1 bar and 0.1 bar levels (Edg-
ington and Maize, [2019). For the gravitational potential in this work, we used
the Cassini fit from |/Anderson and Schubert| (2007). This potential incorpo-
rates the Jo, numerical coefficients, the Py, Legendre polynomials, and the
rotational potential to account for perturbations to spherical symmetry in
Saturn’s gravity field. As shown by Koskinen et al.| (2021), this gravity field
is sufficiently similar to the gravity field with differential rotation based on
the Cassini Grand Finale measurements (Militzer et al., 2019) to be suitable
for our purposes.

Prior to retrieving the LOS column densities, we processed the data and
checked for evidence of pointing offsets and/or background contamination.
For these observations, the image of the star was centered in one or two
spatial pixels of the detector, with residual signal at adjacent pixels. We
summed the signal over four spatial pixels to obtain the transmitted spectra
as a function of tangent altitude and wavelength. Then we investigated the
behavior of the light curves (transmission vs. tangent altitude) in 50 A bins
and looked for evidence of pointing drifts and other artifacts. In agreement
with the pointing information in the telemetry, the light curves are consis-
tent with stable observations without significant pointing drifts. However,
we excluded six occultations that showed evidence of ramp-like behavior at
altitudes between 700 and 3,000 km, likely due to detector adjustment to a
bright star during egress occultations (Koskinen et al., |2016)).

We detected a small amount of background light arising from Saturn shine
and scattered light in the instrument.The background ranged from 0.05% to
18% of the unocculted stellar signal at 1250-1900 A in 50 A wavelength bins
per integration period, with a median value of 0.4%. To correct for this, we
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checked each of the thirteen 50 A wavelength bins between 1250 and 1900 A at
altitudes where the signal was flat and the star was fully occulted. Once the
altitudes with no stellar signal were identified (between 100 and 320 km above
the 1 bar level, with an average extent of 196 km), the average signal in each
individual 0.78 A wavelength band at these altitudes was subtracted from the
signal at all altitudes. We then designated altitude regions for the unocculted
stellar reference spectrum where we averaged signal in each wavelength band
to obtain the reference spectra for transmission.

Finally, we designated ranges over which to retrieve column densities by
finding the altitudes where the observed optical depth was between 0.1 and
10 over a wavelength range of at least 300 A. In addition, the wavelength
calibration depends on the position of the star in the field of view. In order to
correct for any offsets from the true wavelengths of the observed absorption,
we introduced small shifts to the wavelength calibration for each occultation,
on the order of 0.5 A, as appropriate. This constant offset for each occultation
was determined by cross-correlating the model transmission spectrum with
the observed transmission spectrum at altitudes roughly commensurate with
the retrieval altitudes and generally between 300 and 930 km. Because the
pointing was stable during these occultations, we used the same shift at
every altitude. The wavelength calibration is aided by strong CoHy and CoHy
absorption bands in the transmission spectrum, which are clearly evident in
all occultations and are described later in this section.

Observed transmission depends on the optical depth due to gaseous ab-
sorbers and the response function of the detector. We also looked for evidence
of aerosol absorption in these occultations but did not find any. [Koskinen
et al.| (2016) identified evidence for aerosol extinction for one occultation at
73°S latitude and concluded that this was likely due to the condensation
of benzene in a particularly cold location during polar night. However, our
observations in this same shadowed region did not show evidence of such
extinction.

Having retrieved the LOS column densities of the absorbers, we multi-
plied the uncertainties on the column densities based on the L-M algorithm
by a factor of three, guided by the simulated occultation retrieval of Kosk-
inen et al.| (2016). We then inverted the retrieved column densities using
Tikhonov regularization to obtain local number densities as a function of al-
titude (Koskinen et al. 2011)). Tikhonov regularization is a numerical tech-
nique suitable for ill-posed inversion problems, stabilizing solutions against
small changes in initial data by reducing uncertainty and effectively smooth-
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ing densities with altitude (Tikhonov and Arsenin, [1977)). The final altitude
resolutions of our retrieved density profiles depend on the Tikhonov regu-
larization parameter used. While this resolution is lower than the initial
sampling resolution, the altitude resolution of the results is still relatively
good. We used Tikhonov parameters between 0.01 and 2, depending on the
occultation and species, to achieve tolerable error bars while preserving an
acceptable vertical resolution. For example, the altitude resolution for the
CH, retrieval ranges from 6 to 46 km, with an average vertical resolution of
14 km. The altitude resolutions and average values for the other species are
10 km to 22 km, 13 km and CyHy; 10 km to 33 km, 17 km and for CyHy; 9
km to 20 km, 13 km and for CyHg; and 10 km to 36 km and for CgHg.

Prior to the retrieval, we checked every occultation for absorption by each
of the five species and included a species in the final retrieval only if both a) it
improved the fit to transmission at one or more binned 50 km intervals and b)
the fit residual decreased at wavelengths where the species’ absorption cross
section is large. Since the temperature variations in the upper stratosphere
and mesosphere are not large enough to necessitate the use of temperature-
dependent cross sections, our analysis used constant, low-temperature cross
sections for CHy (150 K) (Chen and Wu, 2004), CoHy (150 K) (Wu et al.
2001), CoHy (140 K) (Wu et al., 2004), CoHg (150 K) (Chen and Wul, 2004),
and CgHg (215 K) (Capalbo et all 2016). Owing to the relative abundances
of the hydrocarbons and the characteristics of the cross sections, the vertical
coverage of each occultation is species-dependent. An example of the L-M
fit to the observed optical depth is shown in Figure 2 Here, we binned the
observed transmission at tangent altitudes of 570-620 km for the occultation
of Kappa Orionis at the planetocentric latitude of 61° N in order to clearly
show each of the species present in the transmission spectrum.

The CH, cross section is relatively flat in the 1100-1400A wavelength
region where it dominates absorption; therefore CH4 densities are only re-
trieved over a small pressure range. Lower boundaries of the retrieval for
CH, vary between 0.4 and 15 pbar at different latitudes. Similarly, the CoHg
cross section is only significant at wavelengths shorter than ~1500 A, but the
cross section from approximately 1350 to 1500 A allows the CoHg retrieval
to extend somewhat deeper than the CHy retrieval. Separating the contribu-
tions of CHy4 and CsHg is tricky in stellar occultations by Titan’s atmosphere
(Koskinen et al., |2011) but on Saturn, the separation is clearer, given the
lack of aerosol extinction and additional hydrocarbon and nitrile absorbers
found in Titan’s atmosphere (Koskinen et al., 2016).

15



120

Reference Signal [counts]

1300 1400 1500 1600 1700 1800
10.0 TNV AN AR AR R R R )
(IR ERTIINL S LN WO LM Fit
‘IWIW,WN “W‘ TR \ ——  Observed
I T CH4
L C2H6
C2H2
C2H4
< C6H6
g 1.0 —
a [ ]
E : _
g n ]
o L |
01— g
Co b b AR ]
1300 1400 1600 1700
10 T ‘ T T T T 1171 1T ‘ T T 1T T T ‘ T T T 1T T 11T ‘ T T T T 1171 1T T T 1T T T 1T ‘ T T T
50
] C
3
z 0 y
g OF V\‘JW il
= C
-5 —
-10 1 L1 ‘ Y Y | ‘ L1 L1 ‘ | I ‘ N Y | L1l L1 ‘ | L1
0 1400 1600 1

Wavelength [A]

Figure 2: Transmission spectrum for an occultation of Epsilon Orionis (FUV2017_182_20_40_30 in
Table [1) probing 32° N planetocentric latitude is shown in the center panel. The observed transmission
was binned between 675 and 725 km altitude and converted to optical depth. The observed optical depth
is shown in grey with error bars and the forward model fit is shown in blue (center). The contributions
to optical depth from each species are shown separately (CH4 green, CoHa gold, CoHy red, CoHg pink,
C¢Hg purple) based on the best fit column density and molecular cross sections. The top panel shows the
stellar reference spectrum. The bottom panel shows the residuals to the fit.
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The strong absorption bands of CoH, near 1500 A are easily fit at equa-
torial altitudes between 700 and 900 km. Absorption by these two bands
saturates at lower altitudes but other spectral features at 1600 to 1900 A are
still detectable. Thus, CoHy is observable over a relatively large pressure
range (approximately 200 to 0.01 pbar, see Figure . Ethylene was ob-
served over a similar pressure range (100 to 0.04 pbar), due to its strong
absorption bands longward of 1550 A. Benzene has a large cross section near
1800 A, which allows it to be distinguished from CoH, and CyHs, even though
those molecules are present in much larger quantities (Koskinen et al., 2016)).
Benzene is detected in 29 of 33 occultations; between 15°S and 86°N plane-
tocentric latitudes, it is detected between 1 x 10® and 1 x 10~ bar. Benzene
is not detected at 12°N planetocentric latitude or in three occultations prob-
ing the atmosphere between planetocentric latitudes of 27°S and 45°S. In
the southern (winter) hemisphere, we detect CgHg between 55°S and 86°S
planetocentric latitudes over a smaller range of pressures than in the north,
between 600 to 2 pbar, due to the deeper homopause pressure in the south
(see Section [3.1)).

In some transmission spectra, we observed an unusual feature near 1544 A
(see Figure that was not well-matched by our model. We considered
the possibility that a previously unnoticed species could be contributing to
the absorption at this wavelength. The most plausible absorber that we
found is carbon monoxide (CO); the CO fourth positive system has a strong
absorption feature around this wavelength. Including CO in our simultaneous
fits, however, led to the prediction of a second strong line, the (1-0) band
of the CO fourth positive system, near 1510 A, which is not observed in the
data. It is possible that the feature near 1544 A in the occultation data is an
artifact caused by a strong absorption feature in the stellar spectrum. There
is a deep and broad absorption feature centered near 1544 A in the spectrum
of the supergiant stars Epsilon Orionis, Kappa Orionis and Zeta Orionis,
used for occultations in which this feature is strongest. The stellar flux in
the spectrum of Epsilon Orionis, in particular, drops to near zero around
1544 A (see Figure . In this case, the wings of the line spread function of
the instrument distribute the signal from other wavelengths to this feature.
The retrieval of column density from transmission would ideally be performed
with a stellar signal that is constant with wavelength. When the stellar signal
is very close to zero, the calculation of transmission is confounded and may
result in artifacts that mimic absorption features, as observed here.
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2.2. CIRS Limb Scans

A total of 25 CIRS limb scans were included in this work, covering a pe-
riod from June 2015 to August 2017 and spanning planetographic latitudes
from 77° S to 77° N (see Table 2). Among these scans, temperature profiles
retrieved from the 2015 observations were previously published by |Guerlet
et al.| (2018) and Koskinen and Guerlet| (2018)). The remaining limb scans,
obtained between November 19, 2016, and August 26, 2017, are analyzed
and presented in this study for the first time along with previously unre-
leased hydrocarbon profiles from all the 2015 observations. The methods
used to retrieve the temperature profiles are described in detail by |Guerlet
et al| (2009) and Sylvestre et al. (2015)), and only a brief summary is pro-
vided here. CIRS is a Fourier transform spectrometer that has three focal
planes, of which we used two: the FP3 and FP4 focal planes. The FP3 focal
plane covers the wavelengths of 9 to 17 um and probes the Ho-Hs and Hs-
He collision-induced continuum emissions (probing temperatures at pressures
from about 1 to 10 mbar) as well as the v9 emission band of CoHg and the
vs emission band of CoH,. The FP4 focal plane covers wavelengths of 7 to
9 pm, including CH4 emissions that probe temperatures at pressures lower
than ~5 mbar and up to a few pybar. During limb scans, the parallel arrays
of FP3 and FP4 were set approximately perpendicular to the limb of the
planet. The ten square detectors were arranged linearly in a rectangular ar-
ray, with individual projected fields of view of approximately 60 kilometers,
which correspond to about 1 to 1.5 atmospheric scale heights.

A radiative transfer model and a Bayesian retrieval algorithm are used to
retrieve the vertical temperature profile from the scans. The algorithm also
applies a correction to the a priori LOS tangent altitudes to obtain a better
fit to the data (Guerlet et al. 2009). The altitude correction is necessary
because the a priori altitudes are affected by the CIRS pointing uncertainty
and are based on the NATIF reference ellipsoid that differs substantially from
the true 1 bar level shape (Koskinen and Guerlet, 2018). The limb scans
record simultaneous spectra at different tangent altitudes and include the
saturation (peak) altitude of the emission profile that depends strongly on
the pressure along the LOS. Therefore, they constrain the altitudes of the
pressure levels in the atmosphere, in addition to the temperature.

The analysis begins with the retrieval of a vertical temperature profile
from the 4 band of CH, (from 1200 to 1370 cm™!) that probes the middle and
upper stratosphere and from the Hy-Hy and Hp-He collision-induced emission
(from 590 to 660 cm™!) that probe the lower stratosphere. The analysis
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Table 2: CIRS Limb Scan Data

Date Planetographic Latitude [°]
16/16/2015 778, 40S, 258, 15S, 2N, 15N, 40N, 77N
t9/30,/2015 60, 508, 308, 208, 10S
t11/24/2015 10N, 20N, 30N, 45N, 60N
11/19/2016 158, 0
01/16/2017 5S
03/07 /2017 108, 10N
08/13/2017 5N
08/26/2017 0

1 Temperature profiles observed on these dates were previ-
ously published in |Guerlet et al. (2018)) and [Koskinen and
Guerlet| (2018]). All hydrocarbon retrievals from these obser-
vations presented here are new results.

uses regularization to smooth the profiles to filter out spurious small-scale
oscillating patterns (smaller than one scale height, unresolved by the limb
data) and an a priori constraint (see Guerlet et al.; 2009, for a description of
the retrieval algorithm). For a given data set, the best-fit solution is chosen
among several retrievals that start from two different a priori temperature
profiles and typically four sets of regularization parameters. At pressures
greater than 20 mbar, the limb temperature retrieval converges to the a
priori profile derived from Voyager radio occultations (Lindal et al., [1985),
setting the high-pressure extent of the observation.

The upper boundary of temperature retrieval using CH, emissions is de-
termined by the signal-to-noise of the spectra and varies across observations.
The observed emissions may also be affected by non-LTE conditions. In
previous CIRS analyses (e.g., Guerlet et al., 2009, 2011, 2018), the Planck
function provided a good approximation to the source function up to the 1
pbar level for the 7.7 um CH, band, as was suggested by Appleby]| (1990).
However, in five of the dayside limb scans presented here, we observed spec-
tral features in the CH,4 band that could not be fitted by our LTE radiative
transfer model at tangent altitudes corresponding to pressures of 10 or even
100 pbar, indicating possible non-LTE emissions. We therefore limited these
observations to pressures greater than 0.3 mbar, despite good SNR ratio. As
a result, the lower pressure boundaries for the CIRS temperature retrieval
across all latitudes varies from about 0.3 to 0.005 mbar. The high-pressure
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Figure 3: Atmospheric structure model for an occultation of Zeta Orionis that probed the atmosphere
at 42° N planetocentric latitude (FUV2017 183 00 47 29 in Table . Pressures shown at right and
altitudes above the 1 bar level shown at left are for both panels. Left: Model atmospheric temperature
profile. Temperatures in the thermosphere retrieved from stellar occultations (Brown et al., [2020) are
shown in yellow and temperatures retrieved from CIRS limb scans observed in 2015 in the stratosphere
(Koskinen and Guerlet} [2018)) are shown in red. In the vertical region not covered by these two observations,
temperatures are modeled by a spline interpolation with a pivot pressure to set a temperature maximum
in order to produce a fit to the observed Hy densities in the thermosphere (see text). Right: Model volume
mixing ratios are shown for four key neutral species: Ha, He, CH4, and H. Blue and green diamonds show
the VMRs based on observations by the UVIS EUV (Hz) and FUV (CH4) channels, respectively, using
the atmospheric structure model as a total density reference.

limit of the UVIS temperature profiles, on the other hand, extends down to
the 0.01 pbar level near the equator and the 1 pbar level near the poles.
Hydrocarbon volume mixing ratios (VMRs) are retrieved using a similar re-
trieval algorithm by setting the temperature to that previously retrieved and
by fitting the vy emission band of CyHg centered at 822 cm™! and the vs
emission band of CyH, centered at 730 cm ™! in FP3.

2.3. Atmospheric Structure Model

We constructed atmospheric structure models for each occultation location
to establish a pressure-altitude reference for our results by using the proce-
dure established by Koskinen and Guerlet| (2018). These models require a
profile of temperature, which is not available in the coverage gap between
CIRS and UVIS in the mesosphere. To address this, we construct a model
temperature profile based on observations of the thermosphere and strato-
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sphere. For each occultation latitude, we combined the CIRS temperature
retrievals in the lower stratosphere and UVIS temperature profiles in the
thermosphere. Specifically, we use the forward-model temperature profiles
determined by |Brown et al.| (2020), fitted to the EUV occultation data. We
interpolated the stratospheric temperatures retrieved from the CIRS data to
the latitude of the UVIS occultations. We used one of three methods to fill in
the temperatures for the pressure coverage gap between the CIRS and UVIS
observations with the requirement that the model density profile matches the
observed Hy profile in the thermosphere (Koskinen and Guerlet, 2018). The
method selected in each case depended on the best fit to the Hy density pro-
files in the thermosphere from Brown et al. (2020)). The first method used a
simple cubic spline interpolation and the second a spline interpolation with a
pivot pressure to set a temperature minimum or maximum in the gap region
when necessary. The third method modeled the temperature profile with a
classic Bates profile in the thermosphere, similar to that used by Brown et al.
(2020) to fit the UVIS EUV occultations. In some cases, a good fit to Hy re-
quires a local minimum or maximum in the atmospheric model temperature
profile, as shown in Figure 3] The presence of a maximum in the gap region
should not be taken as a literal representation of the atmospheric conditions.
In some cases, such a profile is necessary to fit the observed H, profiles. This
need can arise due to both variability and uncertainty with the CIRS tem-
perature profile as well as uncertainties in the shape of the 100 mbar surface,
which are expected to be on the order of 15 km. A further discussion of the
connection of these uncertainties to the overlying atmospheric structure in
similar models can be found in Koskinen and Guerlet| (2018)). The creation
of the atmospheric temperature profile allowed us to join the observed CIRS
and UVIS temperatures smoothly and create a full atmosphere profile of
temperature at each of our occultation latitudes. Our photochemical models
also use these temperature profiles.

Based on the pressure-temperature profiles obtained above, we calculate
the altitudes above the 0.1-bar level assuming hydrostatic equilibrium. This
requires knowledge of the mean molecular weight profile that primarily de-
pends on the relative abundances of Hy, He, CHy, and H where Hy and He
are most important. Having calculated trial altitudes based on constant mix-
ing ratios for these species, we use equation (10.63) from [Schunk and Nagy
(2000) for partial pressures and thus volume mixing ratios of these species
in diffusive equilibrium. Here, we fixed the volume mixing ratio of He below
100 mbar to 0.11 (Koskinen and Guerlet, 2018) and of CHy to 4.7 x 1073
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(Fletcher et al.l 2009). Then we recalculate the altitudes of the pressure
levels and iterate to convergence. During this procedure, we ensure that our
diffusive model profile for H agrees with the solar occultation upper limit of
about 5% at the top of the thermosphere (Koskinen et al., [2013|). The result
depends on the molecular diffusion coefficients and the eddy diffusion (K.,)
profile. Mutual diffusion coefficients for He-H, He-Hs, H-H,, Hyo-CHy, and
He-CH, pairs are given by Marrero and Mason (1972) and for the H-CH,
pair by Banks and Kockarts| (1973). We varied K,, with a profile that was
either constant with pressure or followed a parameterized profile using equa-
tion (4) from |[Koskinen and Guerlet| (2018) in order to fit the methane profile
observed by UVIS. Figure |3| shows the atmospheric structure model for an
occultation of Zeta Orionis that probed the atmosphere at 42.5° N planeto-
centric latitude. With a structure model for each occultation location, we
can calculate volume mixing ratios (VMRs) and compare the observed hy-
drocarbon abundances to predictions by our seasonal photochemical model
and the VMRs retrieved from the CIRS data.

2.4. Photochemical Model

We investigate the chemistry of Saturn’s atmosphere at northern summer
solstice by comparing the results of a photochemical model with the ob-
served hydrocarbon abundances. We employ the Caltech/JPL KINETICS
code (Allen et all (1981} [Yung et all [1984) to solve the time-dependent 1D
continuity equations, employing orbital properties, ring shadowing, and inci-
dent solar flux that varies with season (e.g., see Moses and Greathouse,, 2005)),
as well as an updated chemical-reaction list (Moses et al. [2023)). We start
with fixed conditions for the equinox (Ls; = 0°) until steady state is reached,
after which time-dependent conditions are introduced to incorporate season-
ally changing solar insolation. The model produces vertical profiles spanning
from the troposphere to the thermosphere for hundreds of species containing
C, H, N, and O, including each of the five hydrocarbons observed by UVIS.
The absorption cross sections and reaction rate coefficients for the neutral
hydrocarbon and oxygen species are from |[Moses and Poppe| (2017) and Moses
et al. (2018). For the neutral nitrogen species, they are predominantly from
previous exoplanet and Titan models (e.g., [Moses et al., [2011} |2013} |Vuitton
et al., 2012, 2019, [Loison et al., 2015).

The Neutral Model includes 164 species and about 1100 reactions on a
grid containing 260 pressure levels, ranging from 5 bar to 10 8ubar. The
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Ion Model uses the same pressure grid, including solar-driven coupled ion-
neutral photochemistry with a total of 321 species and over 2,500 chemical
reactions. The ion reactions are from various sources, including models of
interstellar chemistry (Loison et al., 2017), dissociative recombination re-
views (Florescumitchell and Mitchell, 2006|) but primarily from Titan work,
including laboratory work (McEwan and Anicich, 2007) and models (Vuit-
ton et al., [2019). We updated the rate coefficients for reactions involving the
LCH, radical, using results from Douglas et al.| (2018)). This improved the
agreement between the model and the observations whereas the previous rate
coefficients from |Moses and Poppe| (2017) led our model to underestimate the
abundance of CoHy at all latitudes. The models also include condensation
of water, iso-butane, and n-butane (C4H;o) as well as diacetylene (C4Hs) in
Saturn’s lower stratosphere.

As is typical for 1D photochemical models, transport was assumed to oc-
cur solely by vertical eddy and molecular diffusion, as described below. Mu-
tual diffusion coefficients for H, He, CH4, CO and CO5 with Hy come from
laboratory data (Marrero and Mason| 1972)). Unfortunately, apart from CHy,
laboratory measurements of hydrocarbon molecular diffusion coefficients in
Hy atmospheres are not currently available. Previous models of Saturn’s up-
per atmosphere relied on a simplistic approach, linking the CyHy molecular
diffusion coefficients to that of CHy (Moses, 2000, |Moses and Greathouse,
2005, [Moses et al., [2018). However, the current analysis of UVIS data re-
vealed that these assumptions were inadequate, highlighting the need for
improved diffusion coefficients. To address this, we conducted theoretical
calculations of the CoH, diffusion coefficients using Lennard-Jones potentials
(Reid et all, 1987). The molecular diffusion coefficients for various species
are determined using the following equations:

CyHy : D = (5.26 x 10" x T°%)/n (1)
CyHy : D = (5.09 x 10'7 x T°%)/n (2)
CoHg : D = (4.74 x 10" x T°%) /n (3)

where, D represents the molecular diffusion coefficient in cm? /s, T is the tem-
perature in Kelvin, and n is the atmospheric number density in cm™, all of
which vary with altitude. Nevertheless, there remains a need for new labora-
tory measurements of Hy-CyxH, molecular diffusion coefficients, particularly
for CoHo, CoHy, CoHg, and CgHg, to facilitate more accurate comparisons
with Cassini observations.
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Note that uncertainties in chemical rate coefficients, photolysis cross sec-
tions, diffusion coefficients, and other model input parameters will translate
to uncertainties in the final constituent mixing ratios predicted by the model.
Although we do not formally or explicitly track model uncertainties in this
paper, we note that previous photochemical models that have included rate-
coefficient uncertainty propagation via Monte Carlo techniques for Saturn
(e.g., Dobrijevic et al., 2003)) suggest that model uncertainty factors are less
than 2 for CoHy and CyHg and less than 3 for CoHy but typically increase
with increasing molecular weight, becoming as much as an order of magni-
tude for species with four or more carbon atoms. Although benzene was
not included in the Dobrijevic et al.| (2003)) study, similar investigations that
include ion chemistry for Titan and Neptune suggest that model-predicted
mixing ratios for benzene have significant uncertainties (e.g., |[Loison et al.,
2019, Dobrijevic et al., [2003)).

A set of 1D time-variable seasonal models for different latitudes con-
current with some of the UVIS observations were run. The Neutral Model
covers 19 occultation latitudes, spanning from 85.7°N planetocentric latitude
to 85.7°S planetocentric latitude. Initial conditions were set to a fully con-
verged, fixed-season, steady-state solution at Ly=0 (northern spring equinox).
Subsequently, the model evolved with time, considering incident solar flux
variations due to seasonally varying planetary geometry, orbital position, and
ring shadowing relevant to each latitude (see Moses and Greathouse, [2005,
for further details). We assumed a constant solar-cycle average flux for the
calculations and ran the neutral model for multiple Saturn years, repeating
conditions relevant to the current Saturn year from L, = 0° in August 2009
to Ly = 360° in January 2039. To account for seasonal changes in insola-
tion, we updated the incident solar flux every two days in accordance with
Saturn’s changing heliocentric distance and seasonally changing axial tilt.
The effect of the ring shadow is included in plane-parallel geometry where
the rings are divided into five broad regions with averaged optical depths
derived from Voyager data (Sandel et al. 1982, Holberg et al. [1982); see
Moses and Greathouse (2005) for further details. The model includes an
isotropic Lyman « source with a brightness of 210 R from the scattering of
solar Lyman « by hydrogen in the interplanetary medium (e.g., Koskinen
et al., 2020). The Neutral Model is run in time-variable seasonal mode for
six Saturn years, with year 6 showing no notable differences compared to
year 5.

The K., profile in the photochemical model was adjusted at each latitude
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to achieve a reasonable agreement with both the CH, retrievals from the
UVIS data as well as the CyHg and CoHy retrievals from Cassini CIRS limb
and nadir observations (e.g., Guerlet et al., 2015| [Fletcher et al., 2015, 2018,
2020)) (the functional form of the eddy diffusion coefficient, K., is given in
Appendix A). Initially, we adjusted the K, profiles to match the CH, profiles
retrieved from the UVIS data and assumed a constant K., with latitude at
deeper pressure levels in the stratosphere. This approach, however, failed to
match the meridional distributions of CoHg and CoH, in the stratosphere (see
Figure . Subsequently, we developed an alternative K, distribution with a
latitude-dependent K., in the lower stratosphere where the value of K, varies
by about an order of magnitude from equator to poles, with weaker mixing
at the poles. For example, at the 1-mbar level our K., coefficient varies
from about 6 m? s~! around the equator to 0.2-1 m? s~! at high latitudes.
This revised K, profile resulted in an improved agreement of the model with
the CIRS data for CoHy and CyHg, and we adopted it for both the Neutral
and Ion Models. We note that the change in K,, values in the stratosphere
does not substantially affect the pressure-altitude relation in the atmospheric
structure models or our determination of the homopause pressure.

The Ion Model was run on the same pressure grid and at the same lati-
tudes as the Neutral Model, with the exception of the highest planetocentric
latitudes of 81.4° N and 85.7° N, where the model running time increased
significantly. This is because the large seasonal changes to insolation at high
latitudes lead to much longer convergence times, compared to the equatorial
regions where the overhead solar illumination is more consistent. The Ion
Model run (using the revised K., profile described above) lasted approxi-
mately three-quarters of a Saturn year, starting from Lg = 0° and extended
to the fall equinox, with specific outputs used in this work for Ly = 90°,
corresponding to the northern summer solstice. The inclusion of ion chem-
istry generally led to unfeasible running time even at low latitudes. Due to
computational limitations, it was therefore not possible to run longer simula-
tions with the Ion Model. Despite the truncated run, the results in the upper
stratosphere and mesosphere can still be compared with the UVIS data be-
cause chemical time constants for the hydrocarbons in the homopause region
where the observations are sensitive are much shorter than a Saturn season.
As a result, it is expected that the abundances would not significantly differ
during subsequent years of the simulation. One exception is for CH; and
CyHg at high latitudes in the winter hemisphere, where chemical loss time
scales approach a Saturn season. Because the chemical time constants be-
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come large in the middle stratosphere, however, the results for this region
are still influenced by the initial conditions, which were for Ly = 0 °, and
direct comparisons of the Ton Model results with the CIRS data should be
avoided. In this way, the Neutral Model comprises a robust framework for
comparison to both the CIRS and UVIS datasets and the Ion Model allows
for inferences to be made about the impact of ion chemistry on hydrocar-
bon abundances in the upper stratosphere and mesosphere. An improved
ion chemistry model that also includes auroral particle precipitation will be
pursued in future work.

3. Results

In this section, we present the findings from the UVIS and CIRS retrievals
and compare them to the photochemical model results, beginning with the
UVIS hydrocarbon retrievals. First, we describe the distribution of CHy
and locate the homopause at different latitudes. We then investigate the
2D distributions of CyHg, CsHy, and CyHsy retrieved from the UVIS data,
highlighting a clear seasonal trend in their distribution at northern summer
solstice. We also analyze vertical profiles of all observed species near 30°, 60°,
and 70-75° latitude in both hemispheres to compare regions with different
photochemical conditions, including the low latitudes near the subsolar point,
middle latitudes affected by shadowing from the rings, and auroral regions
with unique auroral processes. Furthermore, we compare the UVIS and CIRS
observations with the predictions of the photochemical model. Lastly, we
analyze the distribution of C¢gHg, which is expected to be significantly affected
by ion chemistry, and compare it with the photochemical model predictions.

3.1. Methane: An unexpected meridional trend in homopause depth

As the most abundant hydrocarbon, the photochemical lifetime of CHy is
sufficiently long for its distribution to be primarily controlled by dynamical
mixing. In particular, the CHy profiles can be used as a tracer of the ho-
mopause. The homopause marks the altitude or pressure level below which
the atmosphere is dominated by eddy diffusion and is therefore well-mixed
and above which molecular diffusion dominates and the abundance of species
with height is dictated by their individual mass-dependent scale heights. The
abundance of CHy decreases rapidly with altitude above the homopause.
While dynamical mixing is represented by the eddy diffusion coefficient in
1D photochemical models, the pressure of the homopause is also affected
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Figure 4: Trends in the homopause level as a function of latitude. The upper panel shows the homopause
reference level as a function of latitude from the atmospheric structure model (plusses, 2016 in green and
2017 in black) and from the photochemical model (pink circles), defined here as where the CH4 volume
mixing ratio equals 1075, We also show the corresponding homopause pressures retrieved from Voyager
solar and stellar occultations by [Vervack and Moses| (2015) in blue (boxes for Voyager 1 and diamonds for
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the 1-bar level is shown in red. The differences in altitude exceeds 150 km at the north pole and 200 km
at the south pole.
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by global circulation (e.g., Miiller-Wodarg), 2003)). For example, upwelling
moves the homopause to lower pressures (higher altitudes) by transporting
methane-rich air from below. Conversely, downwelling brings methane-poor
air down, leading to a higher homopause pressure (at lower altitudes).

Our analysis of the Grand Finale UVIS occultations confirms earlier in-
dications that the depth of the CH, homopause is deeper at the poles than
at the equator (e.g., |Gérard et al. [2009). The extent of the difference that
we observe, however, is large and systematic with latitude. The upper panel
of Figure 4| shows the homopause reference level (see Section [1]) from our at-
mospheric structure models (see Section and the neutral photochemical
model (see Section [2.4). The reference level increases by about two decades in
pressure from the subsolar latitudes to the poles. There is a relatively good
agreement between our results and the Voyager 1 observations, while the
Voyager 2 retrievals indicate a somewhat lower-pressure homopause around
the equator. We note that more subtle changes in the homopause level can
be found on smaller spatial scales, with, for example, somewhat lower ho-
mopause pressures near 70°N and 70°S. While CH4 cannot be observed in the
UVIS data to the same depth at all latitudes, the variation in CHy density
with latitude extends down to about the 10 pbar level, below which the den-
sity contours flatten out and become approximately constant with latitude
(see Figure [6).

We note that this homopause trend cannot be caused by Saturn’s oblate
shape. The observed trend is significantly greater than the expected vari-
ation in density with latitude based on the oblate shape. To demonstrate
this, the lower panel of Figure [4] compares the altitude above the 1 bar level
of a CHy constant density surface that is close to the homopause with a sur-
face of constant gravitational potential. The altitude of the constant density
surface is up to 150 km deeper than predicted by the surface of constant
gravitational in the northern hemisphere and up to 220 km deeper in the
southern hemisphere. We note that the shape of the atmosphere at the 100
mbar level based on the |Anderson and Schubert| (2007) gravitational poten-
tial that we use agrees reasonably well with radio occultations and has an
uncertainty of about £15 km (e.g., Koskinen and Guerlet|, 2018)). The shape
at the lower pressures considered here depends largely on the underlying tem-
perature structure. The variation in altitudes of the pressure levels at the top
of the mesosphere, however, is only about 30 km and this includes seasonal
changes in temperatures as observed by CIRS (Koskinen et al.} |2015). Thus,
changes in temperature in the stratosphere and mesosphere cannot explain
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Figure 5: The modeled K., at 2 ubar. Fits from the atmospheric structure model are represented by
plusses (models for observations from 2017, encompassing the Grand Finale tour, are show in black and
those from 2016 in green). Fits to the data from the ion-neutral photochemical model are represented by
pink circles.

the observed trend. Finally, this trend is not driven by dissociation or pho-
tochemistry. The homopause is found at lower pressures around the subsolar
point and higher pressures at high latitudes, in contrast to the expectations
based on seasonal insolation. Also, our photochemical model obviously in-
cludes photolysis of CH, and still requires a latitude-dependent K., profile
to accurately reproduce the observed CHy distribution.

Thus, the observed homopause trend indicates that mixing is weaker at
high latitudes than around the sub-solar point. Figure [f illustrates this
by showing K., from our models as a function of latitude at the pressure
of 2 pbar i.e., near the homopause at high latitudes. We note that the
atmospheric structure model and photochemical model K., values are not
identical, but are reasonably similar around the homopause level (see Figure
. In many applications, K., is assumed to represent mixing by turbulence
and breaking atmospheric waves. Our results could indicate that turbulence
and /or wave propagation is suppressed around the poles. Alternatively and
perhaps more likely, the homopause trend could be due to global circulation.
This would imply that at high latitudes, there is a transport of air from
higher altitudes, where CH4 concentrations are lower, towards lower altitudes,
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resulting in a decrease in CH4 abundance with altitude. Correspondingly, we
might expect there to be upwelling near the subsolar point that would have an
opposite effect. Intriguingly, the 2016 occultations are consistent with slightly
lower values of K., around the equator than the Grand Finale occultations.
This could indicate that upwelling around the equator strengthened towards
the solstice in 2017. We discuss these possibilities further in Section [4.1]

3.2. Meridional and vertical profiles of the photochemical products

The meridional trend in the homopause reference level is clearly reflected
in the distributions of the photochemical products. This is illustrated by
Figure [0, which shows the 2D distribution of volume mixing ratios for CHy,
CsyHg, CoHy and CyHy as a function of latitude and pressure based on the
UVIS observations. Note that we did not detect CgHg at southern mid-
dle latitudes, and hence it is not shown in the figure. In broad agreement
with the photochemical model, the abundances of CoH,, CoH, and CyHg
below the homopause are generally higher at low latitudes and in the north-
ern (summer) hemisphere. Interestingly, the abundances peak at slightly
lower pressures/higher altitudes than at surrounding latitudes near 30° N
planetocentric latitude (close to the subsolar point at 26.9° N planetocentric
latitude). There is also a local maximum in the abundances of CoHg, CoHa,
and CoHy at 75° N at about 10 pbar. This maximum roughly coincides with
auroral latitudes (Lamy et al. |2018) where hydrocarbon production could
be enhanced by electron and ion precipitation (Gérard et al. 2009, |Galand
et al., 2011). It is not predicted by our photochemical models because the
models do not include these processes. In the winter hemisphere, there is a
local minimum in the abundances of CoHg and CoHy centered around 60°S
planetocentric latitude at pressures spanning ~1 to ~10 pbar that is not
seen in either of the photochemical models. It is possible that downwelling
in this ring-shadowed region could be playing a role.

Vertical profiles of the hydrocarbons constrain photochemistry and dy-
namics at different pressure levels and facilitate a deeper analysis of the
results. Combining the UVIS results with the profiles retrieved from CIRS
significantly extends the scope of these constraints. In Figure[7], we compare
the UVIS hydrocarbon mixing ratio profiles with CIRS profiles for CoH,
and CyHg as well as the results from our two photochemical models. For
this comparison, we chose representative latitudes near 30°, 60° and 70-75°
planetocentric latitudes in both hemispheres. Starting with northern middle
latitudes, we examine the profiles at 31.7°N. Here, the observed profiles of
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Figure 8: Meridional trends in hydrocarbon volume mixing ratio with latitude. The left hand side shows
C2Hg and C2Hg at 0.01 mbar and the right shows CoHy and CgHg at 0.0005 mbar. Data collected by
UVIS during 2016-2017 are represented by black hexagons (with a vertical grey dotted line indicating
latitudes beyond UVIS’s measurement range at this pressure level), while points observed by CIRS in
2015 are denoted by squares. These are compared to outputs from photochemical models, with the solid
line representing the Neutral model and the dashed line representing the Ion model.

CoHy4 and CyHs are reproduced reasonably well by both the Ion and Neutral
Models. The CyHy profile is well-fit below the 2 pbar level, but the models
overpredict the peak abundances at lower pressures. The CgHg is better fit
by the Ion Model and the agreement is good below the 1 pbar level, however,
at lower pressures the observed CgHg mixing ratios exceed the model predic-
tions. As expected, the Neutral Model predicts CgHg abundances that are
much lower than those predicted by the Ion Model (Koskinen et al., 2016).
The CIRS observations of CoHs align well with both the model predictions
and the UVIS observations at this latitude. This level of agreement between
the instruments is remarkable, considering the different methods that are
used to retrieve hydrocarbon abundances from the UVIS and CIRS observa-
tions, and provides a confirmation of both approaches.

Moving farther north to 61.4°N, we find that the CoHg abundance pre-
dicted by the photochemical models is too high by a factor of 1.2 to 3.2 few
at pressures lower than 7 x 10~7. Both the Ion and Neutral Models agree
well with the observed CyHy abundances between 2 x 1077 and 5 x 1077
bar, near the homopause. However, at pressures higher than 6 x 10~7 bar,
the models underestimate the observed abundances by a factor of 1.5 to 3.
The models achieve a relatively good fit to the CyHy profile at this latitude,
although they tend to slightly overpredict the peak abundance. The CgHg
profile is better fit by the Ion Model than the Neutral Model, although the
observed profile is more constant with pressure than predicted by the model
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and exceeds the Ion Model abundances by up to a factor of about five.

At southern middle latitudes, in the region shadowed by the rings, we
begin by examining the results for 27°S planetocentric latitude. Here, the
observed abundances of CoHy and CsHg are larger than predicted by the
models. Specifically, we observe a CoH, profile that more closely follows the
Neutral Model but which still exceeds the predicted abundances above the
10 pbar pressure level, especially around the peak at 0.2 pbar where the
observed mixing ratios are higher by a factor of 5 than the Neutral Model
prediction. Similarly, the CoHg profile is better fitted by the Neutral Model
but the observed mixing ratios still exceed the model prediction by approx-
imately a factor of two. As in the north, the abundance of CsHy is lower
than the model predictions by almost an order of magnitude at the pressures
where the mixing ratio is expected to peak. Due to the reduced insolation
arising from ring shadowing, the photochemical model predicts less CoHx at
these latitudes. However, the observations do not indicate the same impact
from ring shadow as the models suggest. This discrepancy may be attributed
to either the rings being more light-permeable than the model parameterizes
possibly due to the "Venetian blind’ effect (a phenomenon arising from ring
dynamics, which leads to many small-scale regions of underdense material),
or to the influence of dynamics on the abundances of these species. At pres-
sures higher than 5 pbar, the observed CoH, abundance follows the trend
predicted by the Neutral Model reasonably well but exceeds the abundance
predicted by the Ion Model. CgHg is not detected at this latitude, indicat-
ing a lower mixing ratio than at similar latitudes in the north. Finally, the
agreement between UVIS and CIRS CyH, retrievals at this latitude is excel-
lent, with the observations from these two instruments again providing more
comprehensive vertical coverage. We note that differences in the CH, profile
between the Ion and Neutral models arise from differences in the K., profiles
implemented for those two models.

At 62°S, just inside the latitudes confined to the permanent night in the
winter hemisphere, the CHy profile has an unusual shape that does not agree
well with the model profiles. This is because the observed profile cannot be
precisely fit with the functional form for the K., profile that we have adopted,
indicating that more complex dynamics is required to explain the observed
CHy4 profile at this location. The CyHy profile here exhibits a similar shape
to the CHy profile, including a local minimum at a pressure level where the
models predict a peak, again suggesting the presence of physical drivers not
accounted for in the model. This is confirmed by the CIRS observations that
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agree exceptionally well with our retrieval at pressures where they overlap.
The CoHy profile is not well-matched by the photochemical models either. In
contrast, the observed CyoHg profile shows good agreement with both the ITon
and Neutral Models but this may be coincidental, given the disagreements of
the models with the observed profiles for the other species. Given that en-
hanced mixing could flatten the abundance profiles with pressure, smoothing
out the predicted peaks, it is tempting to assign the differences between the
models and the observed CoHy, and CyHy profiles to the presence of down-
welling that could also explain the CH, distribution. CgHg is observed at
this latitude with mixing ratios that far exceed those predicted by either
model, with a difference of approximately two orders of magnitude. There is
no prospect for enhanced production of CgHg at this latitude in the winter
hemisphere that is also remote from auroral production (approximately 70°
to 80° latitude [Lamy et al. 2018). Meridional transport and downwelling
could potentially also explain the CgHg abundances.

Turning now to the auroral profiles, at 74.7°N, the photochemical models
accurately predict the CoHg profile. The abundance of CsHy, however, is
underpredicted by the models by almost an order of magnitude at all but the
lowest observed pressures. The observed CoH, mixing ratios are comparable
to those of CyHg, indicating that the CoHy/CoHg ratio is enhanced at auroral
latitudes. The observed CoH, mixing ratios roughly agree with the models.
The observed CgHg profile is better fit by the Ion Model, but the observed
mixing ratios still exceed predicted values by up to an order of magnitude,
which could be an indication of enhanced production in the auroral region.

At 71.9°S, the observed CyoHg profile is not well-fit by the models except
near 6 pbar; the models predict abundances that are too low by up to a factor
of five. The remaining species bear much stronger similarities to the profile at
62.3°S, than to those at 74.7°N. The CoH, abundances increase with pressure
down to the bottom of the profile where they exceed those measured by CIRS
by a factor of a few (although within error bars at some points). Given the
good agreement between UVIS and CIRS at other latitudes, the difference
in this case could be due to temporal variability based on the 2-year time
difference between the CIRS and UVIS observations. With similarities to
62.3°S, the observed CyHy profile is relatively constant with pressure and is
not well-fit by the models. The CgHg profile is also near-vertical and exceeds
the abundances predicted by the models by two or more orders of magni-
tude. Again, the observed hydrocarbon abundance profiles being relatively
constant with pressure could be the result of downwelling at high southern
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latitudes.

In addition to the vertical profiles and contour plots, it is useful to explore
the meridional mixing ratio profiles at select pressure levels. This exercise,
however, is limited by the fact that not all species are detectable at all pres-
sures, especially because of the homopause trend at low pressures. On the
left hand panels of Figure |8, we compare the UVIS, CIRS, and model re-
sults for CoHy and CyHg at 0.01 mbar where both UVIS and CIRS results
are available. We see that the agreement between UVIS and CIRS results
is relatively good, given the uncertainties and possible temporal variability
between observations. Both species show higher abundances in the summer
hemisphere, with a clearer trend for CoHs, as expected based on the models.
On the right hand panels of the figure, we show meridional trends at 0.0005
mbar for CoH, and CgHg, which are only routinely detected by UVIS. The
mixing ratio of CoHy decreases with latitude from the summer to the winter
hemisphere, with a gradient that is not reproduced by the models in the
winter hemisphere. The Ion Model matches the CgHg abundances relatively
well in the summer hemisphere, albeit falling short at high latitudes. The
models predict undetectable abundances for C¢Hg in the winter hemisphere
at this pressure, an expectation confirmed by the observations.

Overall, the model predictions show varying degrees of agreement with
the observations across different latitudes, with generally better agreement
at northern (summer) middle latitudes than at corresponding latitudes in
the southern (winter) hemisphere. This is perhaps not surprising, given that
production peaks in the summer hemisphere whereas dynamics and other
processes are more important in the winter hemisphere. The Ion and Neu-
tral Models show relatively small differences with each other, especially in
the northern hemisphere and at higher latitudes, with the notable exception
of CgHg. As expected, the Ion Model comes much closer than the Neutral
Model to reproducing the observed C¢Hg abundances considering the more
efficient production of polycyclic hydrocarbons by ion chemistry (e.g., Kosk-
inen et al., 2016). At auroral latitudes, the abundances of CoHg, CoHs, CoHy
and CgHg all exceed the model predictions at nearly every pressure level. The
auroral abundances also generally exceed those near 60° latitude in the cor-
responding hemisphere, suggesting that auroral chemistry is enhancing the
production of these hydrocarbons. The difficulty in fitting the CH, profile at
62°S with our functional form of K,,, however, suggests that dynamics may
also play an important role at this latitude and at southern auroral latitudes.
Additionally, the peculiar abundance profiles of CoHy and CoHy at southern
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(winter) high latitudes (and to some extent the abundance profile of C¢Hg),
where their abundances do not decrease with depth as expected, might be
indicative of a middle to high latitude downwelling cell that would also be
consistent with the meridional trend in the homopause reference level.

3.8. Benzene and Ion Chemistry

We detected CgHg in all the stellar occultations except three occultations
observed in the southern hemisphere between 20°S and 50°S planetocentric
latitude. These latitudes fall within the region of the ring shadow where solar
insolation is either blocked or reduced. The vertical extent of the observable
CgHg profile at other latitudes exhibits some variations, with the observa-
tions probing higher pressures in the south (between 100 and 1 pbar) and a
broader range in pressure in the north (between 40 and 0.01 ubar, varying
with latitude), following the trend observed in the other hydrocarbons that
is set by the CH, homopause variation with latitude. We find that the ob-
served CgHg abundances peak near 75° N planetocentric latitude between 1
and 0.1 pubar. Given the greater efficiency of ion chemistry and auroral pro-
cesses in generating CgHg and other polycyclic hydrocarbons (Wong et al.|
2003, [Vuitton et al., |2008)), the presence of this peak within the auroral re-
gion is expected. However, it is worth noting that a minor contribution to
production rates occurs during polar winter due to the scattering of Lyman
a photons from the local interplanetary medium. An interesting result is the
presence of CgHg in the southern hemisphere between about 60°S and 70°S
planetocentric latitude, outside of the auroral region between roughly 70°S
and 80°S latitude. At the time of these observations, this region had been in
permanent shadow for at least 624 Earth days, pointing to auroral processes
as drivers of CgHg chemistry at these latitudes.

The distribution of CgHg in the upper atmosphere was previously charac-
terized by |[Koskinen et al.| (2016) based on observations made between 2005
and 2015. They found that the peak CgHg/CH4 volume mixing ratio in-
creases with latitude in the northern hemisphere during spring (Figure 3 of
that work). For comparison, we extract the peak C¢Hg/CH,4 volume mixing
ratio from our observations and compare the observed ratios with the photo-
chemical model results in Figure[0} In agreement with Koskinen et al| (2016,
the peak CgHg/CH,4 ratio increases from the equator to the northern auro-
ral region during the closely-following northern summer solstice time period.
Notably, this increase in the peak C4Hg/CH, volume mixing ratio appears to
closely track the daily mean solar actinic flux input for the season. While the
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inclusion of solar-driven ion chemistry in our photochemical model enhances
the predicted peak CgHg/CH, ratio compared to the Neutral Model, the
Ion Model predictions remain too low at all latitudes except in the vicinity
of approximately 60°S. The disagreement between model and the observa-
tions is greatest at latitudes poleward of 60° S planetocentric latitude in the
permanent night region of the winter hemisphere where we observe a large
local maximum in the peak CgHg/CH,y ratio. There is no solar insolation
to drive the photolysis of CH, at these latitudes. Therefore, the results for
CgHg at southern high latitudes provide perhaps the strongest evidence for
the influence of auroral processes that are not included in our photochemical
models.

4. Discussion

In this section, we revisit several open questions raised in Section [3| and dis-
cuss them in more detail. Maintaining a similar order, we start with an
examination of the observed CHy distribution and explore potential mecha-
nisms that could give rise to the meridional trend in the homopause reference
level. Then, we investigate the behavior of the observed minor hydrocarbon
distribution and further discuss the possible origin of the discrepancies be-
tween the observations and the photochemical models. Lastly, we focus on
the high latitude results, with a particular focus on CgHg.

4.1. Methane As a Tracer of Dynamics

In Section [3.1, we presented evidence of a significant variation in the ho-
mopause pressure level with latitude, where the pressure level corresponding
to a constant CH, mixing ratio differs by two orders of magnitude between
the equator and the poles. Effectively, the homopause trend leads the abun-
dances of the minor hydrocarbons in the mesosphere to rapidly decrease with
latitude away from the equator at pressures lower than about 10 pbar. At
pressures higher than 10 pbar, this trend is no longer apparent and the CHy
abundance becomes roughly constant with latitude. To accurately repre-
sent this meridional homopause trend, our photochemical model has been
modified to incorporate a latitude-dependent K., profile. This adjustment
involves higher K., values at low latitudes and lower values at high latitudes,
especially in the southern hemisphere, similar to the atmospheric structure
model K, values depicted in Figure[I] Previous photochemical models have
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assumed a constant homopause pressure level with latitude, effectively im-
posing the same K, profile at all latitudes, and therefore have not been able
to capture this behavior.

Recent observations of Saturn’s northern hemisphere by JWST revealed
a depletion of CHj at high latitudes near the polar vortex (Fletcher et al.|
2023). |[Fletcher et al.| (2023) suggested that the low abundances of CHj
at high latitudes could be attributed to downwelling in the upper strato-
sphere and lower thermosphere, resulting in the depression of the methane
homopause to deeper pressures. This discovery establishes a possible link
between our findings regarding the homopause level and novel findings in the
infrared from JWST. Our observations of the methane homopause level also
align well with Voyager 1 UVS observations analyzed by |Vervack and Moses
(2015)), while the Voyager 2 UVS results from that study indicate a some-
what lower-pressure homopause (Figure [4). The Voyager observations were
made in early northern spring, with the Voyager 1 observations made when
the sub-solar latitude was at 3.9°N and the Voyager 2 occultations approxi-
mately 285 Earth days later when the sub-solar latitude was 8.1°N. Vervack
and Moses (2015) suggested that the decrease in the observed homopause
pressure between the Voyager flybys could have a seasonal origin but it is
not clear if the timescale between the flybys is sufficient to facilitate such
a substantial change in the pressure level of the homopause. In any case,
the homopause pressure levels retrieved from the Voyager observations show
a similar meridional trend to our present results, with the lowest pressure
homopause observed near the subsolar point.

We find that the base of the thermosphere coincides with the homopause.
This is clear in Figure 10} which shows the 2D distribution of temperature in
the stratosphere, mesosphere, and thermosphere based on our results. In this
figure, we also show the pressure level of the homopause at each occultation
latitude. The base of the thermosphere is associated with a corresponding
shift in composition. Methane and the photochemical products are largely
confined to pressures greater than the homopause that coincide with tem-
peratures less than about 225 K and in most cases below the region of the
thermospheric temperature gradient. While the absorption of near-IR solar
light by CH4 bands heat the stratosphere, CH; and the hydrocarbons CyHg
and CyHy are important radiative coolants in the mesosphere (Yelle et al.
2001). Since the abundance of CH, falls rapidly with altitude above the ho-
mopause, the lack of radiative cooling in the thermosphere could explain the
coexistence of the homopause and the base of the thermosphere, as it does

40



on the Earth.

On the other hand, because of the influence of strong temperature gra-
dients on wave propagation, it is possible that the steeply rising tempera-
tures at the base of the thermosphere and associated steep increase in the
molecular diffusion coefficients could give rise to the observed shape of the
homopause level. Vertically propagating waves tend to break or dissipate
in regions where molecular diffusion and thermal conduction increase rapidly
with altitude (e.g., Medvedev and Yigit}, 2019). If the meridional distribution
of Joule heating, circulation, and other factors in the thermosphere drive the
base of the thermosphere to deeper pressure levels at the poles, that could
confine wave breaking at those latitudes to deeper pressure levels and inhibit
vertical mixing of CH, and other hydrocarbons to the thermosphere. This
would mean that along the isobars above the polar base of the thermosphere,
we would expect greater vertical eddy mixing at low latitudes relative to the
high latitudes, which could be contributing to or causing the larger values
of K., that are necessary for us to fit the data at low latitudes. In an ap-
parent contrast to this idea, Brown et al. (2022)) characterized gravity waves
based on the temperature and density profiles retrieved from the Grand Fi-
nale occultations. While wave activity was not sampled near the equator, the
results indicated that wave breaking is occurring at middle and high latitudes
above the homopause. However, this doesn’t necessarily negate the hypothe-
sis of weaker mixing driven by the base of the thermosphere at high latitudes
because it is known that some waves can propagate past such temperature
gradients to higher altitudes (e.g., Medvedev and Yigit|, 2019).

The eddy diffusion coefficient K, profile that we use to match the obser-
vations simply parameterizes the extent of vertical mixing in the atmosphere
and is agnostic to the source of vertical mixing. The alternative to the above
scenario of weaker mixing induced by the base of the thermosphere is that
the trend that we observe is caused by advection and in particular, vertical
winds associated with global circulation. Indeed, vertical transport is con-
sidered the primary factor in determining observed abundances at a given
location and is typically assumed to be the dominant factor in 1D models.
However, meridional advection plays a crucial role in supporting vertical ad-
vection by sustaining the large-scale convection cells and can also play a role
in controlling the meridional distribution of tracers (For a detailed discus-
sion of the theoretical background of tracer transport and circumstances in
which advection produces different and similar outcomes to eddy diffusion,
see |Zhang and Showman) 2018). This would mean that relative upwelling
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Figure 10: Contour plot of temperatures from the atmospheric structure model, using CIRS observations
from 2015 and 2017 at pressures higher than 10~ bar to 3 x 10~% bar and UVIS observations at pressures
lower than 106 to 2 x 1078 bar, where the quoted pressure limits depend on latitude. The temperatures
in the coverage gap between the instruments were filled in to match the Ho density vs. radius in the
thermosphere. The black diamonds show the location of the CH4 homopause, taken where CHy volume
mixing ratio equals 5 x 1075. A cartoon illustrating speculated low-latitude upwelling is depicted with
dashed arrows near the high-altitude homopause levels.
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takes place near the subsolar region and relative downwelling occurs at high
latitudes that is enhanced in the winter hemisphere. This is currently our
preferred explanation for two reasons. First, we required a similar variation
in the K, values in the stratosphere at 1 mbar level to match the observed
CoHy and CoHg distributions (see Section . It is hard to see how weaker
mixing would persist over several decades in pressures at middle to high lat-
itudes unless it is effectively due to downwelling associated with circulation.
Second, observations of the stratosphere point to the existence of seasonal
meridional circulation in the stratosphere that is also predicted by models
(see Section . This type of a circulation cell, however, would be limited
to pressures greater than about 0.01 pbar. At lower pressures, equatorward
winds are needed to redistribute energy from the poles to the equator and
explain the observed temperatures throughout the thermosphere.

In order to crudely estimate the relative magnitude of the velocities that
would be required to match the observations by invoking vertical winds, we
assume a constant K., with latitude and use a simple timescale argument
to constrain the relative downwelling and upwelling speeds. For example,
we consider the 2 pubar level (where we have coverage of CHy at all sampled
latitudes) and set K., = 100 m? s™! for all latitudes. This value falls roughly
half-way between the maximum and minimum values of K, in the latitude
space at this pressure level. The timescale for eddy diffusion is H?/K., and
the vertical transport timescale is H/v,, where H is the atmospheric scale
height and v, is the vertical wind speed. Thus, we can crudely estimate the
required vertical wind speed from:

v & (KD — K [H (4)

where K¢/7 is the value of K., fitted to the data in our atmospheric structure
models and K™ = 100 m? s~!. Figure |11 shows the resulting estimates
of the vertical wind velocity as a function of latitude. In this case, positive
upward velocities are required between 45° S and 60° N while downwelling
occurs at higher latitudes. We note that the boundaries between upwelling
and downwelling regions in our calculation are entirely dependent on the
choice of K", Furthermore, the upwelling at low latitudes and pressures
greater than approximately 0.1 pbar should be regarded with caution since
the K., is poorly constrained below the homopause level. A coupled model
of meridional circulation and photochemistry, fitted to the CH; and minor
hydrocarbon profiles could be used to constrain the required K., coefficient
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values and wind pattern simultaneously because vertical winds have a distinct
signature on the observed profiles (Moses et al., 2015). This is beyond the
scope of the current work and will be pursued in future work.

The vertical wind speeds that we infer have an average magnitude of
about 3 mm s™!, with a range from -4 mm s! to 17 mm s~!. These wind
speeds are faster than previous analyses of Saturn’s stratosphere have inferred
from stratospheric temperature profiles observed by CIRS in the nadir mode
(0.1 mm s71) (Flasar et al. 2005)), the distribution of light hydrocarbons in
the stratosphere from CIRS limb scans (0.25 mm s™1) (Guerlet et al., 2009),
and from polar CyHy and CyHg abundances observed in the stratosphere (a
fraction of a mm s™!) (Fletcher et all 2015). However, our derived maxi-
mum wind speeds are of the same order as the vertical speeds in Saturn’s
northern storm beacon region (Moses et al., 2015). In addition, the winds
speeds inferred from observations of the stratosphere referenced above apply
at deeper pressure levels and there are no other observational constraints on
the mesospheric wind speeds than our results here.

The interpretation of the homopause trend that relies on global circulation
suggests the possibility of two circulation cells in the upper stratosphere and
mesosphere, one in each hemisphere, characterized by upwelling near the
subsolar point, meridional transport towards the poles, and downwelling at
high latitudes that is strongest in the winter hemisphere. The stratospheric
circulation model of Bardet et al.|(2022) predicts that this type of circulation
should occur in the stratosphere near solstice while equatorial upwelling with
downwelling at middle latitudes occurs at equinox. Our findings suggest that
the predicted circulation may extend to lower pressures, reaching up to the
0.01 pubar pressure level. The distribution of upwelling and downwelling zones
that we observe could be seen as transitional between these two patterns
given that there could be a time lag in the response of the atmosphere to
seasonal forcing. As we note above, the presence of such seasonally reversing
meridional circulation in the stratosphere is also supported by several other
observations (e.g., Fletcher et al.l 2020)).

We conclude that upwelling in the summer hemisphere and downwelling
in the winter hemisphere is a plausible explanation of the homopause trend
that we observe in the Cassini/UVIS data. A secondary circulation cell in
the northern hemisphere and associated downwelling at high latitudes could
then explain the deeper homopause at northern summer latitudes. This
would mean that the distribution of the hydrocarbons is also influenced by
seasonally changing dynamics, in addition to changes in insolation. While
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the concerted EUV and FUV datasets observed by Cassini before and dur-
ing the Grand Finale mission make this detailed view of the mesosphere and
thermosphere possible at northern summer solstice, comparisons to other
seasons would provide valuable insights. To investigate the annual behavior
of Saturn’s mesosphere, a model of meridional transport consistent with the
predicted circulation could be developed and then applied to other seasons.
The predictions of the model could be compared to, for example, Cassini day-
glow observations (Shemansky et al., 2009, Koskinen et al., [2020) to monitor
seasonal variations and their effect on the depth of the homopause.

Interestingly, recent work by Sinclair et al.| (2020)) presented contrasting
findings regarding the homopause on Jupiter that could point to significant
differences between the two planets. Using IRTF/TEXES, they observed
CH,4, CH3 and Hy S(1) quadrupole emissions from the northern and southern
hemispheres at latitudes ranging from 44° to just below 90°. They used a
family of photochemical model profiles with different K., profiles to constrain
the CH3/CH, ratio and found that the data are best fit with a homopause
that lies at higher altitudes inside the auroral oval than at other latitudes.
In these retrievals, however, temperature and abundances are degenerate
and a higher CH3 abundance, for example due to auroral chemistry, could
fit the observations with a lower homopause altitude. In contrast to their
results, Kim et al.| (2017) analyzed the north polar bright spot (NPBS) of
Jupiter by fitting CH, emission models to 8 micron spectra observed with
IRTF/TEXES and Gemini/GNIRS. Using a radiative transfer model, they
compared the observations with mixing ratio profiles from the photochemical
model of Moses et al. (2005) and the temperature-pressure profile retrieved
from the Galileo probe data by Seiff et al.|(1998)). By assessing the goodness
of fit across multiple iterations of the Moses and Greathouse| (2005) model
featuring different homopause levels, they found that the homopause altitude
within the NPBS was similar to the one retrieved with similar methods by
Kim et al.|(2014)) for equatorial regions. Ultraviolet occultations by Jupiter’s
middle and upper atmosphere at different latitudes, expected for example
from the Jupiter Icy Moons Explorer (JUICE) mission, would help to resolve
the differences between these different interpretations.

4.2. Seasonal Behavior of Hydrocarbons

In this study, we retrieved hydrocarbon abundances, including CoHg, CoHa,
CoHy, and CgHg, in the upper stratosphere and mesosphere, below and near
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the homopause. The most obvious trend in the minor hydrocarbon abun-
dances is driven by the meridional trend in the homopause depth. Photo-
chemistry is initiated by the dissociation of CH4 by solar UV radiation, and
subsequent hydrocarbon chemistry is constrained to pressure levels below
the homopause. The trend observed in the retrieved occultation data reveals
a rapid decrease in the concentrations of minor hydrocarbons with latitude
away from the equator along isobars in the mesosphere at pressures lower
than a few pbar.

Beyond the trend in the depth of the homopause, our seasonal photo-
chemical model predicts enhanced abundances of CoHg, CoHs, and CoHy
in the summer hemisphere due to the higher solar insolation and relatively
short chemical timescale in the upper stratosphere and mesosphere. This
trend is clearly seen in our observed hydrocarbon distributions, confirming
the expectation that the abundances of photochemical products in the upper
stratosphere and mesosphere vary strongly with season. The agreement be-
tween the observed hydrocarbon abundance profiles and those predicted by
our photochemical model is relatively good at low and middle latitudes in
the summer hemisphere, although the models tend to slightly overestimate
the peak abundance of CoHy (this is the case at all latitudes except those
poleward of 65° N). The abundances of CyHg, CoHs, and CoHy predicted by
the Ton Model tend to be somewhat lower than those predicted by the Neu-
tral Model, but the comparison with the observations remains qualitatively
similar for these species.

The most obvious indication of the importance of ion chemistry in the
observations are the retrieved CgHg profiles. In the summer hemisphere, the
CgHg abundance predicted by the Ion Model is about an order of magni-
tude higher than the abundance predicted by the Neutral Model. As such,
it provides a much better fit to the observations at northern low and middle
latitudes than the neutral chemistry model. In the southern (winter) hemi-
sphere at low and middle latitudes where the photon flux is lower, the model
predicts an abundance too low to be detected in the occultations and indeed,
we do not detect CgHg in any occultation at latitudes between 20°S and
50°S. At the same time, the ion chemistry in the model is clearly not com-
plete because the model underpredicts the observed peak C¢Hg/CH,4 volume
mixing ratio at most latitudes, although simplifications in the C¢Hg molecu-
lar diffusion coefficient assumptions also likely play a role (see [Moses et al.,
2023, and discussion above in Section . In general, the CgHg abundances
peak in the summer hemisphere (with local maxima near auroral latitudes
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in each hemisphere), exhibiting a strong seasonal trend, along with the other
hydrocarbons.

In the winter hemisphere, the agreement between our models and the
observed profiles is notably worse than in the summer hemisphere. At low
latitudes, the observed peak abundances of CoHg, CoHs, and CoHy are higher
than the model abundances. However, the observed profiles still exhibit a
peak indicative of in situ production by photochemistry. The presence of
the ring shadow appears to impact the low-latitude winter models while not
exerting a discernible influence on the corresponding observational data. At
higher latitudes in the ring shadow and permanent night, even the shape
of the observed profiles differs qualitatively from the photochemical model
predictions. This is not surprising given the lower photon flux in the winter
hemisphere where meridional and vertical transport by circulation that are
not included in our photochemical model are expected to play a more impor-
tant role. In the ring shadow region (between 17°S to 31.20°S, depending on
the time of day, and extending into the permanent night at northern summer
solstice), the functional form of the K,, profile imposed in our atmospheric
structure model (equation 4 in |[Yelle et al.|2008) struggles to reproduce the
CHy profile and this enhances the discrepancy between the models and the
observations for other species. The observed profiles of CoHy and CoHy ap-
pear flatter with pressure than predicted by the models and in contrast to the
summer hemisphere, the abundance of CoHy decreases with altitude between
100 and 1 pbar. These characteristics could arise from vertical transport as-
sociated with global circulation, although the feasibility of this explanation
would need to be verified by coupled models of circulation and photochem-
istry.

4.8. Chemistry at Auroral Latitudes

At high latitudes near and around the auroral ovals in the summer hemi-
sphere, there are more significant differences between our photochemical
models and the observations. These differences are likely due, at least in
part, to the lack of production initiated by auroral electron and ion precipita-
tions in our models, although they could also be related to missing transport
processes. At low latitudes, the observed abundance of CyHg is clearly higher
than the abundance of CoHs, however, at higher northern latitudes the abun-
dance of CoHy begins to catch up to the CoHg abundance; between 0.3 and
0.5 pbar, CoHg is four times more abundant than CoHs at 31.7°N, whereas
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at 61.4°N and 74.7°N, CyHg is about twice as abundant as CoHy. This be-
havior disagrees with the model predictions for the relative abundances of
these species. This is demonstrated in Figure [§, where the northernmost
CyHg point at 85.7°N is approximately equal to the northernmost observable
CoHs point at 42.5°N. Thus, the observed abundance of CoHy around the
northern auroral oval is significantly larger than the abundances predicted
by the model, and the inclusion of solar-driven ion chemistry does not help
to resolve this discrepancy. Retrievals of CoHy and CoHg on Jupiter from
mid-infrared data indicate that CoHs is enriched in auroral regions relative
to quiescent regions while CyHg is depleted (Sinclair et al., 2017)). They point
to the role ion-neutral and electron recombination chemistry in the auroral
region in forming unsaturated hydrocarbons like CoHs, which may explain
the increased abundance of this molecule present in our high latitude ob-
servations. To explain their observed distribution of CyHg, they note that
if unsaturated hydrocarbons are transported outside of the auroral region
by winds, they could then be converted to CoHg by neutral photochemistry,
enriching the CyHg abundance observed outside of the auroral ovals. Our
results on Saturn, however, indicate that the relative abundances of CyH,
and CyHg begin to change at latitudes higher than about 60°N, in a region
well outside of the auroral ovals. The solution to this problem may there-
fore be more complicated than the simple inclusion of auroral chemistry or
ion chemistry in the model. Given the deeper homopause at high latitudes,
mixing and transport could also play a role in shaping the observed profiles.

The observed CgHg abundances provide the clearest evidence available
for additional production at high latitudes near the auroral ovals. In the
northern auroral region, the observed CgHg abundances exceed our model
predictions by 1 to 2 orders of magnitude. The discrepancy in the south-
ern hemisphere is even worse, with the observed CgHg abundance exceeding
our model predictions by more than two orders of magnitude in the region
of permanent night. Some caution, however, is required to interpret this
result. CgHg appears in the southern hemisphere at latitudes higher than
about 55°S, well outside of the auroral oval, indicating that transport also
plays a role in controlling the distribution of hydrocarbons in the winter
hemisphere. In addition, it is not clear what fraction of auroral electrons or
ions are sufficiently energetic to penetrate past the deep homopause. Naively,
one might assume that their impact is limited below the base of the ther-
mosphere (assuming that they also heat the auroral thermosphere), in which
case the direct impact of auroral particle precipitation could be more limited
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than anticipated. Our results clearly call for new models of Saturn’s middle
and upper atmosphere that include auroral chemistry and transport by at-
mospheric circulation. These results provide some of the best constraints on
such models available for any giant planet, enhancing the already remarkable
legacy of the Cassini mission.

5. Summary and Conclusions

This study provides the first 2D maps of the CHy, CoHg, CoHy, CoHy, and
CgHjg distributions in Saturn’s upper stratosphere and mesosphere for a fixed
season retrieved from stellar occultations observed by the Cassini UVIS in-
strument. Temperature profiles retrieved from the same occultations and
CIRS limb scans, along with the abundances of CoHg and CoHy retrieved
from the CIRS data, are used to inform atmosphere structure models that
permit for the observed densities to be converted to volume mixing ratios as
a function of pressure. This allows for the comparison of the observations
with photochemical model predictions over a wide range of pressures. A key
finding of this study is a pronounced meridional variation in the observed
homopause pressure level, with a much deeper homopause around the poles
than around the subsolar point. This is observable as a large and clear varia-
tion in CH,4 mixing ratio along isobars at pressures lower than about 10 ubar
and it necessitates the introduction of a latitude-dependent K., profile to
accurately model the CH, abundances. These results indicate weaker mixing
at high latitudes than near the subsolar point at pressures between 10 and
0.01 pbar. The homopause reference level coincides closely with the base of
thermosphere i.e., the pressure where temperature begins to rise rapidly with
altitude. The base of the thermosphere is deeper around the poles and it is
possible that dynamics and Joule heating in the deeper thermosphere drives
the observed hydrocarbon distributions by inhibiting the mixing of CH, up
along the steep temperature gradient.

Our preferred explanation for the homopause trend, however, is a global
circulation pattern consisting of upwelling near the subsolar latitude and
downwelling at high latitudes that is more robust in the winter hemisphere.
We prefer this interpretation because of the similarity of the K., profiles
inferred from the UVIS data to the ones that are needed to match the hy-
drocarbon distributions deeper in the stratosphere where seasonally reversing
meridional circulation is predicted by models and supported by observations.
Using a simple timescale argument, we find that an average vertical wind
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speed of 3 mm s™!, with a range from -4 mm s! to 17 mm s~! would be

required to reproduce the observed trend. These vertical wind speeds are
larger than the values inferred from observations of the stratosphere (0.1
mm s~ Flasar et al. (2005), 0.25 mm s~ Guerlet et al. (2009), 1 mm s~
Friedson and Moses| (2012), fractions of a mm s~ [Fletcher et al. (2015)), but
consistent with the higher wind speeds expected at lower pressures in the
upper stratosphere and mesosphere of Earth (to 10s of m s™!, Larsen and
Meriwether| 2012), (2 cm s™!, Swenson et al.; 2019).

Consistent with the predictions of the photochemical models, we detect a
clear seasonal trend in the observed abundances of the photochemical prod-
ucts at pressures lower than about 0.01 mbar, with higher abundances overall
in the summer hemisphere than in the winter hemisphere. One exception is
the abundance of CoHy near 20°S latitude, which exceeds model predictions.
As in (Guerlet et al| (2009)), the existence of increased levels of this short-
lived molecule in the winter hemisphere at 0.01 mbar, could point to summer
to winter transport. The greater seasonal trend observed at low pressures
differs from deeper pressure levels in the stratosphere where photochemical
timescales are long enough to suppress seasonal trends in the abundances of
CyHy, CoHg, and other long-lived hydrocarbons. To our knowledge, this is
the first time that a clear seasonal trend has been detected, due to the more
comprehensive coverage of the photochemical production region provided by
the UVIS instrument during a fixed season. In general for this pressure range,
photochemical models that do not include mixing by circulation agree better
with the observed abundance profiles in the summer hemisphere than in the
winter hemisphere. This is expected because of the higher solar insolation
in the summer hemisphere that drives the profiles closer to seasonal photo-
chemical equilibrium. Dynamics is expected to play a more important role
in shaping the abundance profiles in the ring-shadowed winter hemisphere,
and this expectation is borne out by the UVIS observations.

Out of the species that we detect in the UVIS observations, CgHg is the
clearest tracer of ion chemistry. Photochemical models that only include
neutral chemistry underpredict its abundance by several orders of magni-
tude. [Koskinen et al.| (2016) used simple calculations based on a few of the
key reaction rates to argue that ion chemistry would improve the fit to the
previously available occultation results on CgHg. Here, we incorporated the
solar-driven ion chemistry explicitly in our photochemical model, and more
than doubled the number of reactions that it includes as a result. The new
model leads to a much better agreement with the observations, although the
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predicted abundances still remain somewhat lower than the observed abun-
dances at most latitudes. The differences between the ion chemistry model
and the observed CgHg are particularly notable at high latitudes in the winter
hemisphere and at high latitudes near the northern auroral ovals where au-
roral electron and ion precipitation may contribute to the production rates.
The agreement between the model and the observations is most reasonable
at northern low and middle latitudes. At southern middle latitudes in the
ring shadow region, the model predicts low abundances of CgHg that are
not detectable in the occultations and this expectation is borne out by the
observations that show no evidence for absorption by C¢Hg at these latitudes.

In the northern auroral oval we also observe a pronounced increase in
the abundance of CoHy over values predicted by our photochemical model
in the production region between 1 and 10 pbar. The observed CoHy/CyHg
abundance ratio also increases with latitude towards the poles, while the
abundances of CoHy and CoHg (see Figures[6and[7) are also generally higher
than expected at these latitudes and pressures. These discrepancies are not
resolved by the inclusion of ion chemistry. Our results therefore indicate
that auroral chemistry may play an important role in both hemispheres. At
the same time, it seems clear that transport is also affecting the observed
profiles, particularly in the winter hemisphere. Taken together, these find-
ings emphasize the need for comprehensive models that incorporate both
auroral chemistry and atmospheric circulation to provide a more complete
understanding of Saturn’s middle and upper atmosphere dynamics. The ob-
servations described in this work provide critical constraints for such models,
contributing to our growing knowledge of middle and upper atmosphere pro-
cesses on this intriguing giant planet as well as enriching the legacy of the
Cassini mission.
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tem, https:// pds-imaging.jpl.nasa.gov/portal/cassini mission.html. CIRS
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the year 6 of the Neutral model at 10 degree increments of L s are available

in Mendeley Data, V2, https://doi: 10.17632/hhx6hytkj2.2.

Appendix A. The Functional Form of K., in the Photochemical
Model

In our photochemical model, the eddy diffusion coefficient K., is param-
eterized as a function of pressure and latitude using the following equations:

Kealp) = 5o (280) 7 < gy (A1)
Ko = 500 (280) << (4.2)
Kalp) = 1) (250) o << (4.3)
Ko = Ka) (280) << (A.4)

Here, K through K3 and pg through ps represent reference values of Kzz and
pressure, respectively, with both varying with latitude, A\, and applicable
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in subsequent pressure regimes. These K, and p, values, along with the
parameter «, are adjustable constants in each fit. They are selected to align
with the CyHg profile derived from CIRS in the lower stratosphere and the
CHy profile from UVIS in the upper stratosphere. In most cases, K., is set
to a constant value above a defined pressure level. In the troposphere, it
is set to another constant value to account for potentially increased mixing
from convection. The functional form of K., along with the reference values
po and Ky may vary with latitude to better fit observations from CIRS and
UVIS.
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