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Abstract

How did the Solar System Giant Planets form and how do they evolve?

We can obtain part of the answers to these outstanding questions with in situ measurements, remote
sensing observations either with telescopes or planetary missions, and modeling. While more and more
exoplanets are discovered every day and while we will better characterize them with new observatories
like JWST, the planets of the Solar System remain our local laboratory for studying formation and evo-
Iution of such bodies. The (sub)millimeter domain, owing to the very high spectral resolution of the
heterodyne technique and to the ever increasing spatial resolution and sensitivity of new observatories
like ALMA, is suitable for determining planetary atmospheric composition and dynamics when coupled
with appropriate radiative transfer, photochemical or thermochemical modeling.

In this habilitation thesis, I summarize 10 years of observations of the Solar System Giant Planets
with ground-based and space-based observatories, like IRAM-30m, JCMT, Odin, Herschel, and more
recently ALMA. With thermochemical modeling of the deep tropospheres of the Giant Planets, I have
participated in trying to establish their deep composition to constrain their formation processes. The next
natural step is the participation in an atmospheric probe proposal for the Ice Giants, and the development
of its mass spectrometer, in preparation for a NASA-ESA joint flagship mission to these distant worlds.
With time-dependent 1D or 2D photochemical modeling, I have contributed to a better understanding of
how the composition and chemistry in the stratospheres of the Giant Planets are altered by seasons and
external sources. With ALMA, it is now possible to measure directly winds in the stratospheres of the
Giant Planets to constrain their stratospheric circulation. Our first Jupiter and Saturn map will contribute
to this effort. In a decade from now, the european JUICE mission to Jupiter and its moons will enable
me to monitor Jupiter’s atmosphere with the SWI instrument, both in terms of chemistry and dynamics,
and with spectral and spatial resolutions and temporal coverage never achieved before.
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“Come on, let’s go space truckin’”
(Deep Purple)

Introduction

My interest for the Solar System started back to my youth and is tied to space exploration and amateur as-
tronomy. I was captivated by the first incredible images of the Outer Solar System taken by the Voyager 2
mission and the new images of Mars when the space exploration of the red planet resumed in the nineties.
I would also be looking for all kind of space conquest documents (books, biographies, documentaries,
movies, etc.). Like many other professional astronomers, I started in amateur astronomy and joined a
local club in the mid-nineties. I was the annoying kid who always wanted to look at planets and who
had a more limited interest for the deep sky... The nineties were incredibly dense in terms of observable
events in the Solar System and space exploration that would keep me thrilled for the years to come: the
Shoemaker-Levy 9 impacts, comets Hale-Bopp and Hyakutake, the 1999 solar eclipse in France, the first
Mars rover, Mars Global Surveyor, and the launch of Cassini-Huygens. All these events have kept me
excited about the Solar System and all amateur observations I made during that time probably explain
my primary interest for observations rather than modeling.

Even if I had no idea until very late in my studies what job I wished to do, I always had space ex-
ploration and planetary sciences somewhere in the back of my head. I remember a day in last year in
middle school when I first had to write down on a form what I wanted to do for a living. I wrote down
“astrophysicist”, even though I had not a clue what it meant... Years later, for my first internship (during
my second year at university), I gave a try at something different from planetary sciences. 1 worked
for a couple of months in the astroparticle group of the CENBG laboratory, observing and analyzing
Cherenkov emissions from the Crab Nebula. This was a confirmation that nothing would get me more
interested in sciences than planets. I was very lucky to find a friendly and enthusiastic group of scientists
at LAB that understood my interest, took me under its wings for two additional undergraduate intern-
ships, and finally proposed me a thesis subject that was different from anything I would have expected in
the first place. Even if observations were a central part of my subject, “nice” images of the planets were
indeed quite rare in the (sub)millimeter domain ten years ago, as a big limitation for planetary observa-
tions was spatial resolution. However, the perspective of working with a space observatory like Herschel
and getting among the first images of the planets with ALMA in a not so distant future was always a
great motivation. For the time being, I would benefit from the very high spectral resolution offered by
heterodyne spectroscopy to characterize planetary atmospheres, in terms of composition and dynamics.

PhD thesis at LAB

I started my PhD in 2005 in the Planetology Team of LAB, under the supervision of Frangoise Billebaud
and Michel Dobrijevic. Anticipating the arrival of the revolutionary observatories that Herschel and
ALMA would be for the (sub)millimeter domain, the Planetology Team wished to develop an observa-
tional counterpart to its photochemical modeling work. My main task was therefore to get prepared for
Herschel and ALMA observations of the Solar System planets. I have developed my observational and
radiative transfer expertise in the (sub)millimeter domain leading several observation projects from the
ground with the IRAM-30m and at the JCMT (Cavalié et al., 2008albj, 2009), and with the Odin space
telescope (Cavalié et al., 2008c). With these observations, I started studying the origin of water in the
stratosphere of Jupiter and obtained the first submillimeter observation of CO in Saturn.In parallel, I have
participated in the preparation of the Herschel HssO Key Program (PI P. Hartogh, MPS) by providing
numerous observation simulations of the Giant Planets. My effort was rewarded when I was offered the
chance to lead one of the science themes of the project. Because my long term goal was to get ready
for spatially-resolved observations of the Giant Planets, I chose the theme: “Spatial distribution of water
in Jupiter and Saturn”. The observations of this theme were the most exciting in my opinion and would
force me to prepare the software tools to simulate and analyze such data.
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Between 2005 and 2008, I have also been a part-time teacher (“Moniteur”) at the Bordeaux Univer-
sity (64hrs/year). During my PhD thesis, I have given lectures in physics and astronomy, and overseen
tutorial and practical classes in physics. I have also supervised three undergraduate students during their
Master 1 and Master 2 internships. I had them work on various topics which are listed in my CV. All of
them completed their work packages. I have continued teaching at the Bordeaux University during my
CNES and 2" MPS postdocs (see below).

Postdoc at MPS

After the completion of my thesis in October 2008, I joined the microwave group of P. Hartogh at MPS
in Lindau (Germany) for a first postdoc, to be in the core of the HssO group and as close as possible
to the HssO data. I started with the coordination of the paper presenting the HssO program (Hartogh
et al.l 2009), additional observation preparation (Sagawa et al., 2010), and with more ground-based
observations with the JCMT (Cavalié et al.,|2010). It was also the time when I joined the Submillimetre
Wave Instrument (SWI) project as co-I in the framework of what would become the JUICE mission
(Jupiter Icy Moons Explorer), and contributed to the instrument design and development study. This
enabled me to fulfill another of my personal goals: to work on a space mission! While I was contributing
to papers on the first results of the HssO program on Mars, Saturn and Neptune (Hartogh et al., 2010cla,b,
2011; Swinyard et al., 2010; [Lellouch et al., 2010) and to the HIFI inflight calibration paper (Roelfsema
et al., 2012), I started collecting the Jupiter and Saturn water maps I was in charge of. In parallel of the
data analysis itself for which I had already developed the relevant radiative transfer tool, and because
there were no spatially-resolved photochemical models that would help me interpret the data later on, I
proposed a new project in the framework of a CNES fellowship with the aim of developing an altitude-
latitude photochemical model for the Giant Planets.

CNES postdoc at LAB

I obtained a CNES postdoc fellowship to return at LAB at the end of 2010 and start the development
of a 2D photochemical model. The choice of the LAB was guided by the already existing expertise
in photochemistry (M. Dobrijevic) and dynamics (F. Hersant). Before putting together the model, we
completed a mandatory first step which consisted in reducing the large chemical schemes of 1D models
to make computational time for a 2D model reasonable (Dobrijevic et al., 2010, [2011). In parallel, I
obtained my first ALMA spatially-resolved map of Saturn (to study Saturn’s 2010-2011 Great Storm)
and this underlined even more the need for such kind of model. I also managed to publish a follow-up
study to my initial observations of water in Jupiter with Odin (Cavali¢ et al., 2012a) and the Herschel
water maps of Jupiter (Cavalié et al., [2013).

Co-supervision of V. Hue’s PhD thesis

In the spring of 2012, M. Dobrijevic and I had co-advised V. Hue, a brilliant student, for his undergrad-
uate internship. Our initial development results, my fresh ALMA data, and the interest shown by V. Hue
(and his excellent results at the university), triggered the start of a PhD thesis. I have been extremely
lucky to co-supervise the thesis of V. Hue on the development of the 2D model. He managed to complete
the development in a very short time (less than a year), such that he could even add a time dimension to
the model to make it seasonal. Despite the lack of spectacular results in the first papers using a simplified
version of this model on Saturn (Hue et al., 2015}, [2016)), the next one on Jupiter (Hue et al., 2018)), only
recently published, paves the way for future research on Jupiter’s dynamics and auroral chemistry.
During his PhD, he won a fellowship to visit a foreign institute and I strongly encouraged him to visit
SwRI as I had started working with T. Greathouse (SWRI) on my Herschel data interpretation. Among
many other projects, T. Greathouse is conducting a long-lasting temperature mapping of Jupiter and
Saturn and he has developed a climate model for Saturn. V. Hue was therefore be able to couple the
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required thermal modeling with his own model. He visited SwRI for 6 months in 2014 and he started a
fruitful collaboration with T. Greathouse. This collaboration, combined with his need to understand the
auroral chemistry of Jupiter, led him to apply for a postdoc position on Juno/UVS data analysis at SWRI.
He got a position at the end of 2015 and he even got promoted Research Scientist in 2018 at SwRI. He
is still analyzing Juno/UVS data and improving his 2D seasonal model.

Back to MPS

In 2013, i.e. before the end of V. Hue’s PhD thesis, my contract at LAB was coming to an end. I
contacted P. Hartogh to ask him for a new postdoc at MPS, centered on the preparation of JUICE/SWI
this time. At the end of 2013, I returned to MPS to continue working on the Herschel data and to start the
science preparation of SWI. In my two years at MPS, I published the first detection in the submillimeter
range of CO in the stratosphere of Uranus with Herschel (Cavalié et al., [2014), demonstrating it has
an external source, and a photochemical study on the chemical response to the temperature increase in
Saturn’s hot stratospheric vortex following the Great Storm of 2010-2011 (Cavalié et al., 2015). In this
time frame, I also joined the Hera Science Definition Team and co-proposed this mission to ESA for the
M4 mission (Mousis et al.,[2014). It was not selected at this time and we reworked the project (Mousis
et al.,[2016) to submit it to ESA for the M5 slot. I also managed to complete the upgrade of my radiative
transfer code to a new version that accounts for the ellipsoidal geometry of giant planets. This code can
simulate (sub)millimeter observations and maps for any geometry, spectral and spatial resolution. It can
also produce fits files for ALMA mapping simulations with CASA. I use this code routinely ever since
and I managed to win 3 ALMA proposals in Cycle 4 and 5, and contributed to another successful one in
Cycle 5.

After my successful application at CNRS for a permanent position scientist in the Spring of 2015,
I was appointed as co-lead of the JUICE Working Group “Jovian atmosphere” by the JUICE Project
Scientist (O. Witasse).

CNRS position at LESIA

I joined LESIA and its Planetology group on October 1%, 2015. My main research topics are the for-
mation of the Giant Planets, and the chemical, dynamical and seasonal evolution of their atmospheres. 1
continue to use (sub)millimeter observations as a baseline of my work, and I am now involved in ther-
mochemical and photochemical modeling of the Giant Planets. For instance, I have coordinated a study
on the modeling of the deep composition of Uranus and Neptune (Cavalié et al., 2017b). In parallel, I am
deeply involved in the science preparation of the JUICE mission, with the coordination of the “Jovian
atmosphere” Working Group with L. Fletcher (Leicester University), and of SWI. My role in the SWI
consortium during the implementation phase is threefold: observation plan optimization, operational
script development and validation, and ground calibration.

In 2018, I have advised and co-advised several undergraduate students. K. Bermudez (Montpellier
University) has worked on the calibration and analysis of the data from our Odin temporal monitoring
of water in the stratosphere of Jupiter. He was supervised by N. Biver (LESIA) for the data calibration.
S. Cuzacq (Bordeaux University) has successfully adapted my radiative transfer model to Titan. The
ASP Team will now be able to propose and analyze Titan observations and confront observations to its
photochemical model simulations. L. Brouillard (Bordeaux University) has applied our thermochemical
model to Uranus and Neptune with a chemical scheme in which the methanol block has been fully
updated by R. Bounaceur (LRGP). The goal was to compare with our previous results and assess the
impact of the update on our former conclusions on deep water abundances in these planets. Y. Guimard
(Paris Dauphine University) is working (at the time of writing) on the optimization of our photochemical
and thermochemical codes with the aim of parallelizing them.

With this continued will to be involved in space missions, I have been working for several years in
the Hera mission proposal to send an atmospheric probe to Saturn. Unfortunately, and despite a high
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scientific merit, it has recently been declined by ESA for its M5 mission, mostly for programmatic
reasons: there is no foreseen mission that could carry the probe to Saturn and serve as relay in the
timeframe of the M5 mission. Now, the goal of our team is to adapt the concept of Hera to the exploration
of Uranus and/or Neptune in the frame of an anticipated ESA-NASA joint flagship mission. We have
recently published the science goals of a Hera probe adapted to the Ice Giants (Mousis et al., 2018]).
In 2018, and for family reasons, I have asked CNRS for returning to LAB. It has been approved and
should be effective on September 1%, 2018. Following my application and a subsequent decision of the
Paris Observatory Scientific Council, I will remain affiliated to the Paris Observatory at least until the
end of 2020, and plan to as for renewal of this affiliation when required to keep strong ties with the
LESIA Planetology Team. Now, in the frame of my return to Bordeaux, I have proposed a hardware
contribution of the LAB Electronics Team to the Hera Mass Spectrometer that would be led by P. Wurz
(Bern University). LAB would therefore design and produce the electronics and firmware of the mass
spectrometer and I would continue to participate in the science. The mass spectrometer data would
actually provide me with ground truth measurements I could compare with my thermochemical model
predictions (e.g. |Cavalié et al.2017b).

Service to the community

In 2014, I have been nominated as representative of the european ALMA community in the first CASA
Users Committee by B. Glendenning, Director for Data Management and Software at NRAO (Socorro). 1
have served the ALMA and VLA observer communities within this committee for three years, including
as Deputy Chair in 2014 and Chair in 2015. The tasks of this committee were to (i) collect user concerns
and needs, (ii) assess the capabilities, usability, reliability, and performance of CASA, and (iii) propose
development priorities.

As mentioned above, I have been involved in the implementation of the JUICE/SWI instrument since
its selection in 2013. In the Spring of 2015, I have been nominated as “Jupiter atmosphere” Working
Group co-lead for the JUICE mission by O. Witasse, the JUICE Project Scientist. My past, current and
future work regarding the implementation of JUICE and SWI is detailed in Section #.3]

Outreach

Coming from the amateur astronomy community, it has always seemed natural to me to come back to
the public to teach and explain what we do in planetary sciences and present recent discoveries and
future projects. This is why I have regularly visited schools, astronomy clubs, and learned societies
in the past 10 years (details are given in my CV). I also participate in outreach events organized by
my institute/university (public conference for Herschel launch, Café Sciences for the 2015 partial solar
eclipse, etc.).

I have also publicized my results several times through press releases (A&A, ESA, CNRS), radio in-
terviews and I try to maintain a personal webpage (https://sites.lesia.obspm.fr/thibault-cavalie/) in which
I present my results in short posts. The press releases, radio interviews, etc. can be easily accessed to
through this webpage.

I have given lectures in planetary sciences and space exploration, and organized observations on the
Bordeaux Observatory site, for the Université du Temps Libre for more than ten years (2005-2016) and
coordinated its astronomy program for six years (2011-2016). I also often take part in Open Days events
in the places I work. In 2017-2018, I have supervised an astronomy project for the 1% grades at my
town’s ground school, titled “Our Earth, a planet in the Solar System”, in which the pupils have been
introduced to the following concepts: the day/night cycle, the moon phases, the solar and moon eclipses,
gravity, the other planets of the Solar System, etc. They have been awarded with the 2018 SF2A Prize
“Découvrir I’Univers”. I have also proposed and given a series of interactive lectures for all grades.I am
now planning to expand this series of lectures and come back every year to present a new topic to the
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pupils. Next year, I intend to propose this series of lectures to the ground and middle schools where 1
have grown.



Introduction: 10 years observing Giant
Planets... and so many more to come!

A revolution in exoplanetary science in the past two decades has shown that giant gaseous worlds appear
commonplace in our galaxy. To unveil how giant planets form and how they work, we have to measure
their composition, structure, and seasonal evolution. The Giant Planets in our own Solar System now
serve as ideal benchmarks for understanding the origins and evolution of these worlds.

The variety found in these distant worlds raises the question of how planetary systems form. Plan-
etary formation is currently explained by two competing models: the core accretion model (Mizuno,
1980; [Pollack et al., [1996) and the gravitational instability model (Boss, [1997,[2002). In the first model,
a planetary core forms from the accretion of planetesimals. When its mass reaches a critical mass of
~10-15 Earth masses, it captures the surrounding gas from the protoplanetary nebula which is mainly
composed of hydrogen and helium. In the gravitational instability model, a giant planet forms after
the local collapse of the gas in the protoplanetary disk. These two scenarios can be differentiated by
measuring the abundances of heavy elements (Z > 2) in the planets. In the gravitational instability
model, the heavy element abundances should be protostellar unless photoevaporation occurred due to a
nearby OB star. The latter effect would result in a uniform enrichment factor with respect to protostellar
abundances (Boss et al, [2002). In the core accretion model, the heavy element abundances primarily
depend on the way protoplanetary ices condensed and trapped the volatiles bearing the heavy elements.
If ices condensed in amorphous form (Owen et al.,[1999), then a uniform enrichment factor is expected,
possibly similar to the disk instability+photoevaporation model. If ices condensed in crystalline form
(hydrate clathrates) (Gautier et al., 2001} |Gautier and Hersant, 2005), then the O abundance should be
highly superstellar (because of the need for H,O molecules to build the trapping cages), Ar and possibly
Kr and N should be depleted because of their lower clathrate formation temperature compared to other
volatiles (Hersant et al.l |2004; Mousis et al.l 2018)). Alternatives to these two classes of models exist.
Guillot and Hueso| (2006)) proposed that Giant Planets could have formed in a chemically evolved disk in
which the hydrogen and helium gas would already have started being lost because of photoevaporation.
This scenario can explain the low enrichment of noble gases seen in Jupiter. A similar enrichment is
expected at Saturn and a higher one in the ice giants, but these enrichment factors are all supposed to
be smaller than those predicted by accretion of solids containing C, O, N and S. Finally, |/Ali-Dib et al.
(2014) proposed that ice giants formed on the CO snowline. This model results in highly enriched O and
C abundances, moderately enriched Kr, Xe, S and P, and Ar and N only in stellar abundances owing to
their low trapping temperatures. The main issue with this model is the assumption of a stationary disk
during the formation of these planets.

Each heavy element abundance measurements, as well as isotopic ratios (although not detailed in
this introduction), are crucial to shed light on the giant planet formation processes. A good example is
O in water, which plays a central role in the trapping of volatiles either by adsorption on amorphous ice
or in clathrates during the formation of planetesimals. Depending on the condensation process and the
heliocentric distance of formation of the ices, the enrichment in O could range from protostellar to highly
superstellar. The O abundance is thus one of the main measurement that can help differentiate models.
Unfortunately, the Galileo probe probably failed at measuring the deep O abundance in Jupiter by enter-
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ing dry zone and thus not reaching the levels where H,O is well-mixed (Wong et al., 2004). It is one of
the Juno mission goals to derive Jupiter’s deep O abundance from microwave observations (Matousek),
2007). For other planets, and in the absence of Galileo-like probes, heavy element abundances must be
deduced from the composition of the observable part of their atmospheres.

Yet, Lellouch et al.|(1995) and Feuchtgruber et al.| (1997) have discovered that a number of species,
including H,O, are delivered to the Giant Planets by external sources, like interplanetary dust particles
(IDP), icy rings/satellites, and large comet impacts. It is thus essential to measure and model the in-
teractions existing between planets and their local/distant environment, with the aim of quantifying the
effect of these external sources on composition. Doing so, it is then possible to disentangle external from
internal sources in atmospheric composition and thus better understand giant planet formation. These
studies, still limited to Solar System Giant Planets, are important in the perspective of exoplanet atmo-
spheric characterization, since external sources are likely to exist in extrasolar systems (Kiefer et al.,
2014alb).

The Solar System is the only local laboratory we have within our reach to study the origin and
evolution of giant planets and their atmospheres, by means of ground-based and space-based telescopes,
and planetary missions. It is thus essential to better understand how our Solar System formed and works
to be able to transpose this knowledge to exoplanetary systems. The latter in return, owing to their
diversity, can broaden our views on planetary formation and evolution, even if the data remain limited
for now. However, Giant Planets have only been visited by a limited number of space missions, and
even fewer orbiting probes (Galileo, Cassini, and now Juno). This is even truer for the Ice Giants Uranus
and Neptune which have only been flown-by once each by the Voyager 2 probe. As a consequence,
their temporal and meridional coverage is quite poor and little is known about their composition and
dynamics. Remote sensing thus remains our best option for studying these worlds.

The (sub)millimeter domain is an ideal observation window for measuring the composition of plan-
etary atmospheres as numerous molecules have rotational lines in this wavelength range. Observations
with the very high spectral resolution enabled by the heterodyne technique, and the high spatial resolution
enabled by large telescopes (e.g. IRAM-30m) and interferometers (e.g. NOEMA and ALMA), are key in
deciphering not only composition, but also dynamics (i.e. winds) of these atmospheres. (Sub)millimeter
observations coupled with thermochemical modeling of tropospheres are powerful tools for deep com-
position determination, until in situ measurements can be carried out by Galileo-like atmospheric probes.
When coupled with photochemical modeling of upper tropospheres and of stratospheres, (sub)millimeter
observations help us to better understand the chemical complexification of giant planet atmospheres.
Eventually, wind measurements from line Doppler shifts are key constraints for the GCMs in develop-
ment for giant planets (Medvedev et al.l 2013} |Guerlet et al., [2014).

In the past 10 years, I have observed the atmospheres of the Giant Planets in the submillimeter do-
main with facilities that have enabled me to ever increase spatial resolution: I have started with large
ground-based single dishes (JCMT and IRAM-30m), continued with the Herschel Space Observatory,
and eventually started using the more complex interferometers (SMA and ALMA). I am now antici-
pating the next step in term of spatial resolution at Jupiter with the preparation of the JUICE mission,
especially with its submillimeter sounder (SWI). In parallel, I have contributed to a long-term time se-
ries of observations of post-SL9 species in Jupiter with observatories like IRAM-30m, and mostly the
Odin space telescope. With the very high spectral resolution, the ever increasing spatial resolution, and
the building of time series, I have developed and contributed to new (sometimes) multi-dimensional and
(always) time-dependent models to interpret these data. In the following manuscript, I first present these
new models I have developed or contributed to. Then, I summarize the results I have obtained regard-
ing the formation, chemical and dynamical evolution of the Giant Planets. After the conclusion of this
manuscript, I outline my main science objectives for the next years.



Chapter 1

New atmosphere models for the Giant
Planets

1 Radiative transfer models

1.1 Introduction

The analysis of spectra recorded in the (sub)millimeter domain requires radiative transfer modeling
adapted to the observatory and instrument used for the observations. The radiative transfer equation
is generally solved in one dimension, and the spectral radiance I, is computed along a line-of-sight:
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where z is altitude, 7, is the optical thickness, T is the atmospheric temperature, and B, is the Planck
function. A proper averaging of several lines-of-sight is then necessary when modeling spatially unre-
solved observations, to account for air mass variations from nadir to limb, as well as temperature and
abundance variability. While the heterodyne spectroscopy technique provides us with very high spectral
resolution data (R > 10°), single dish observatories generally have a limited spatial resolution compared
to Solar System planets. At best, they only enable us to roughly map Venus, Mars, or Jupiter. This is
why the majority of such observations have been analyzed with disk-averaged condition models (e.g.
Marten et al.|[1993} Bergin et al.|2000). Besides, interferometers which enable reaching spatial resolu-
tions of 1” or better, had rarely been used to study Giant Planets (Moreno et al., 2007) before the arrival
of ALMA.

1.2 Radiative transfer in spherical geometry

My first radiative transfer model was a 1D line-by-line model, developed during my thesis, and written
in spherical geometry to naturally account for airmass variations and limb emissions. In this model,
first presented in |Cavalié et al.| (2008a)), temperature or abundance variability within one telescope beam
could not be accounted for. The planetary disk was sampled radially with a number of lines-of-sight,
which were then averaged with proper weights when applying the telescope beam pattern. I have used
this model successfully in several studies, all of which including disk-averaged or low spatial resolution
observations (Cavalié et al.,2008c|, 2009, 2010} |2012a,2013},2014). In the case of disk-averaged spectra,
I performed my analyses by simply using disk-averaged vertical profiles for temperature and abundance.
On the other hand, in the rare cases where I had some spatial resolution (e.g. (Cavalié et al.[2013)), I
adapted the profiles from one beam to another to derive either the observed temperature or abundance
fields. Results obtained with this model are presented in the next chapters of this document.
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1.3 Radiative transfer with 3D ellipsoidal geometry

With the rise of ALMA and the access to very high spatial resolution, I felt the need to develop a new
model that would enable me not only to simulate high spectral resolution data, but also full maps with
high spatial resolution or maps in which there is a high spatial variability of temperature and/or abun-
dance. This model would have to be flexible enough to allow modeling observations of (i) any planet
and carried out by any (sub)millimeter facility (single dish or interferometer), and (ii) any rotational line
emission at very high spectral resolution over a limited bandwidth (heterodyne spectra) or at a lower
spectral resolution over a very large bandwidth (e.g. PACS/SPIRE spectra).

With this assessment in mind, I have developed a new version of my radiative transfer model in
which the 3D ellipsoidal geometry of the giant planets is computed. Accounting for the planet true
geometry is guided by my will to compare Jupiter and Saturn observed maps with simulations (these
planets have a flattening of 10%), and to be able to include 2D/3D photochemical models or GCM
results as input parameters. With this model, I can account not only for the altitudinal variability of
temperature and abundance in equation but also for any latitudinal and longitudinal variability of
these fields. The planetary ellipse is sampled on a 2D irregular grid of lines-of-sight, with a denser
sampling close to the limb. The radiative transfer equation is solved on each one of them on an irregular
grid of frequencies, with a denser sampling around rotational lines. Before applying a telescope beam,
the results are interpolated on a regular spectral and spatial grid to facilitate the 2D beam convolution.
The rapid rotation of the planets, which tends to broaden and/or Doppler shift observed spectral lines
(depending on the spectral and spatial resolutions), is included. Ring emission/absorption is also modeled
for Saturn, following prescriptions of |Guerlet et al| (2014) and with input data from |de Pater et al.
(1991), [Flandes et al.| (2010), and Spilker et al.| (2003}, 2005). To allow for rapid computations of any
spectral/spatial configuration, I have parallelized this code with OpenMP.

On each single line-of-sight accounted for in the modeling, the local temperature and abundance
information is used. This is key when analyzing spatially-resolved maps in which there is latitudi-
nal/longitudinal/altitudinal variability in temperature and/or abundance. For instance, accounting for
latitudinal and longitudinal variability in temperature is mandatory for the interpretation of Saturn data,
like my H>O map and the 2010-2011 Storm H,O and CH4 maps. These observations are presented in
sections [I.5] and [2.3] of chapter[3] Meridional variability in both temperature and abundance is also re-
quired to analyze the distributions of SL9 species in Jupiter’s stratosphere. Relevant ALMA observations
are described in section [3.2] of chapter 3]

Recently, I have interfaced my model with CASA, the data reduction software for ALMA data. I
have added a module to the code that enables me to output simulated data cubes into fits files. They are
subsequently fed into CASA, with the aim of simulating ALMA observations from my model results
(see Fig.[I.T). It helps making the ALMA proposals I am leading or associated to easier to prepare and
more convincing.

1.4 Conclusion et perspectives

My first 1D radiative transfer model, written in spherical geometry, was adapted to the high spectral res-
olution provided by heterodyne spectroscopy, but not to high spatial resolution mapping. My radiative
transfer model development strategy has always been twofold: enable observation modeling and simula-
tion in conditions that are relevant to the new observatories like ALMA. This has been the driver for the
development of my latest model, in which the 3D ellipsoidal geometry is fully implemented. This model
is now my baseline model for spatially-resolved data interpretation. It is also interfaced with CASA to
simulate ALMA observations.

In the case of orbiter or flyby observations, the observer can get very close to the target (i.e. Juno). In
such cases, and only if the telescope beam is sufficiently broad, my model would need to be generalized
with lines-of-sight that are focusing on a close-by observer. This is currently not the case and the lines-
of-sight are parallel, as the observer is assumed to be at an infinite distance.
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Figure 1.1: (Left) Observed and (Right) simulated image of the continuum emission of Saturn and its ring system in
ALMA band 6 (230 GHz) in January 2012 (Cycle 0 project presented in section[2.3]of chapter[T). The image is produced
after using the CASA simulation task on a data cube computed with my radiative transfer model that accounts for the 3D
ellipsoidal geometry of the planet and its rings.

My main development goal for the next few years are to:

1. Account for frequency dependent Doppler shifts induced by a vertically variable wind profile in
the computation of spectra. This will enable me to constrain winds from ALMA and JUICE/SWI
observations.

2. Interface my model with an inversion model, like the ones that use optimal estimation (Ren-
gel et al.l 2008; Rezac et al., 2014). This would enable me to retrieve automatically the abun-
dance/temperature/wind parameters of the model.

3. Adapt the model to Titan, to enable my colleagues in Bordeaux to simulate their photochemical
model results and compare them with observations. Together with M. Dobrijevic, we have su-
pervised an undergraduate student (S. Cuzacq) during the spring of 2018 on this topic and a first
version of the model now exists. A thorough validation now needs to be performed before the
model can be used for observation simulation and analysis.

2 Photochemical and transport models

2.1 Introduction

Photochemical models are key tools to understand the physico-chemical processes in the giant planet
stratospheres. The level of complexity of such models obviously depends on the type of observations
that have to be interpreted. In what follows, I present the two types of models that I have used over the
years: a 1D time-dependent model and a 2D seasonal model. The latter was developed to have the means
to interpret spatially-resolved data obtained (or to be obtained) with ALMA, JSWT, JUICE, etc. Finally,
I conclude and propose development goals for the future.

2.2 1D time-dependent photochemistry

Pre-existing model

The Bordeaux 1D time-dependent photochemical model was first developed for Titan and Neptune (Tou-
blanc et al., [1995; Dobrijevic et al., [1995; IDobrijevic and Parisot, [1998) and solves the continuity equa-
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tion: 5
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where n; is the number density of species i, ¢ is time, P; and L; are the chemical production and loss
rates, and @; is the molecular flux. This equation must be solved for all species i, at all altitudes and
as a function of time. It thus results in a large system of non-linear heavily coupled partial derivative
equations. The model was then adapted to Saturn (Ollivier et al., 2000). The specificity of this model is
that it has the capability to account for uncertainties of kinetic rates and propagate them when computing
the vertical profiles of the various species of the model (Dobrijevic et al., 2003). When analyzing the
resulting uncertainties in the abundance vertical profiles with a global sensitivity method, it is possible to
identify the reactions that are responsible for causing the uncertainties. This subsequently points chemists
to study the identified reactions (Leonori et al., 2014} Homayoon et al., 2014} |Cunha de Miranda et al.,
2015 |Bourgalais et al.,|2016; Sleiman et al., [2016) for us to eventually improve the predictability of the
models (Hébrard et al.| 2009)).

Time-dependent modeling

I have quickly sensed the potential the Bordeaux model had to help me study the temporal evolution
of the SL9-derived species in the stratosphere of Jupiter. Indeed, the SL9 impacts were by definition
sporadic events, and the observations had already spanned over about 15 years when I started working
on this topic. This warranted the use of a time-dependent model. Moreover, almost all the available
observations were spatially-unresolved, thus justifying the use of a 1D model. While only permanent
influxes were coded in the model, I added the possibility to have material supplied by a sporadic event
like a comet impact. I finally interfaced this model with my 1D radiative transfer model (described in
section |1.2]in this chapter) to interpret Jupiter observations of SL9 species. The papers I have published
on this topic with this model are summarized in section[I.3|of chapter 3]

I have also used this model to study the temporal evolution of the composition in the stratospheric
vortex that was formed subsequently to the Saturn’s Storm of 2010-2011. This work is presented in

section [2.2] of chapter

Transport-only modeling

The versatility of the Bordeaux model enables the user to turn chemistry or transport off. In the case
were the observational data was either of limited S/N or targeted a chemically stable species, I chose
to simplify the model by not accounting for chemical processes and focus only on transport processes.
I applied this simplified model to the interpretation of CO observations in Saturn (Cavalié et al., 2009,
2010) and Uranus (Cavali€ et al., 2014). These studies are presented in section|1.4{of chapter

2.3 Seasonal altitude-latitude photochemical model
Modeling and observational context

Models always have to be adapted to the kind of data they are used for. With the dramatic increase in
sensitivity and spatial resolution in the submillimeter domairﬂ seen in the past 10 years, a new generation
of models had to be developed.

With the huge amount of spatially resolved data collected by the Cassini mission over about half a
Saturnian year, several teams (Guerlet et al., 2014; [Medvedev et al., 2013 [Friedson and Moses, 2012)
started to develop GCMs with the aim to understand the mechanisms at play in the atmosphere of Saturn
(and other Giant Planets). These 3D and time-dependent hydrodynamical models are extremely helpful to
understand the atmospheric dynamics and to model spatially resolved data. However, Giant Planets have

!'Spectral resolution was already very high thanks to heterodyne spectroscopy.
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small Rossby numbers (ratio of inertial forces to Coriolis forces) because of their size and short rotation
periods. The atmospheric structures that have to be modeled thus require a high spatial resolution which
makes the computations very time-consuming. This is the main reason why these models generally
neglect atmospheric chemistry and use meridionally uniform distributions for the species that contribute
to the stratospheric thermal balance. This is a serious limitation knowing that the abundances of C,H,
and C,Hg, i.e. the main stratospheric coolants, vary with latitude and season in Jupiter and Saturn (Nixon
et al., [2007; |Guerlet et al., 2009)).

The majority of Herschel observations from the HssO program or Open Time programs I am involved
in are disk-averaged observations. The use of the 1D photochemical model thus remained pertinent to
interpret these data. However, Herschel also first enabled us to map Jupiter and Saturn with a moderate
spatial resolution. As soon as I realized that Herschel would give us for the first time spatial resolution on
Jupiter and Saturn in frequency bands where all previous observations were disk-averaged (Feuchtgruber
et al., 1997 [Lellouch et al., |2002; [Bergin et al., |2000), I jumped on the occasion that was given to me
in January 2007 to obtain the PI-ship on the science theme “Spatial distribution of water in Jupiter and
Saturn” of the HssO program. This topic would be challenging not only regarding the data reduction and
analysis, but mostly because the 1D photochemical model would obviously become of limited interest
to analyze the maps. Finally, and with the start of operations of the ALMA observatory in 2011 and the
high spatial resolution becoming accessible for all Giant Planets (down to less than 1), the need for a
more realistic photochemical model was becoming more and more significant. For my postdoc time in
Bordeaux, my colleagues from the former “Solar System and Exoplanets” Team and I thus decided to
develop a spatially-resolved photochemical model to complement GCM simulations.

A two-step development project

To complement GCM results and to interpret my spatially resolved Herschel and ALMA data, we started
the development of a 2D photochemical model for the Giant Planets in 2011. Because Giant Planets are
relatively homogeneous in longitude, and to keep the computational time reasonable, we decided not to
account for the longitudinal dimension at this time, and only deal with altitude and latitude. But, because
Cassini made us enter into an era in which we can study planets over seasonal timescales, we had to
keep the time-dependency of the 1D model and even turn it into a dimension of the model that could be
controlled to account for orbital parameters of the planets.

However, and despite limiting the spatial dimensions of the model to altitude and latitude, the very
complex chemical network used in 1D models could not be transposed to a new 2D model, because of
computational time limitations. Chemical networks indeed contain about 1000 reactions that couple more
than 100 species in non-linear differential equations. The first step of our development work has thus
consisted in defining an objective methodology to build a simpler, i.e. reduced, chemical network that
could then be used in our future 2D photochemical model. This was the main reason why I got a CNES
postdoc fellowship in Bordeaux in 2010-2012. The Bordeaux team, with its 1D photochemical model,
had the tools to build such a network. By running uncertainty propagation and sensitivity analyses, it
was possible to identify and extract the key reactions that controlled the vertical profiles of a subset of
selected species of interest, like the hydrocarbons responsible for the heating/cooling of the stratosphere
(i.e. CHy, CHg, CoH»), and later the main oxygen species (H,O, CO, and CO,). Our methodology was
published in Dobrijevic et al.| (2011). Starting from the vertical profiles of (Guerlet et al.| (2009, 2010),
we showed that we could reduce the initial chemical network from ~100 species and ~600 reactions by
60% and 90%, respectively, and still keep the vertical profiles of the species of interest within error bars.
An example for C,Hj; in Saturn is shown in Fig. More recently, after an update of the full chemical
network by Hébrard et al.[(2013), Dobrijevic et al.| (2014), and [Loison et al.|(2015)), we have updated our
reduced chemical network for Giant Planets (see|Cavalié et al.[2015, and |Hue et al.|2015,2016).

With these initial results, the concomitant award of ALMA time in Cycle O (see section [2.3) and
will of V. Hue to start working with our team, we obtained funding for a PhD thesis for him to continue
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Figure 1.2: Vertical profile of C,H, in Saturn’s stratosphere, as computed with the 1D photochemical model and the
full chemical network (blue line) and the reduced chemical network (red line). The envelope of uncertainty on the
vertical profile, as deduced from kinetic rate uncertainty propagation, is displayed with light blue. The profile is very well
reproduced by the reduced network. This figure is adapted from |Dobrijevic et al.|(2011).

the development of the 2D seasonal photochemical model, in the second step of our model development
project. I have co-supervised his thesis work from 2012 to 2015. The model we have successfully put
together is detailed in|Hue et al.[|(2015)). In short, it has the following characteristics:

The model solves the continuity equation for altitudes (resolution ~ H/3), latitudes (resolution
~5°), and as a function of time (resolution of 10° in heliocentric longitude), using spherical ge-
ometry.

The chemical network includes 22 C, H, and O species, 33 reactions and 24 photodissociations.

The temporal evolution of the local solar declination is computed from the orbital parameters (e.g.,
period, eccentricity, obliquity).

The actinic flux is computed with a full-3D spherical radiative transfer model.

The model can be fed with a seasonal and latitude-altitude thermal field directly simulated by a
GCM or retrieved from observations.

Vertical and meridional eddy diffusion (K, and K,,) and advective transport are implemented.

Ring shadowing effects are included for Saturn.

So far, three papers using this model have been published. I present the first three in the following
paragraphs.

Pseudo-2D seasonal model of Saturn

In Hue et al.[ (2015} 2016), we have first applied our new model to the study of the seasonal evolution
of the abundances of the main C, hydrocarbons. In Hue et al.| (2015), we have taken the seasonal
thermal model of (Greathouse et al.| (2005, 2008) and shown that we could fairly well reproduce the
meridional distributions of C;H,; and C,Hg from the low to the mid-latitudes in the mbar region, i.e.
where the Cassini observations probe the stratosphere, even without meridional transport (Fig. [I.3). In
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the equatorial region, the main difference with the data was the absence of the signature of the Saturn
Quasi-Periodic Oscillation (QPO). The QPO is inherently a dynamical phenomenon and only a GCM
can reproduce it. At high southern latitudes and at Lg = 320°, the abundance of C,Hg is underestimated
by a factor of 2-3. This could be the indication that there is an advective cell in the southern hemisphere,
with downwelling motions above the southern polar region.

In the course of his thesis, Vincent won funding from the Bordeaux University IdEx program to
have a visiting scientist period. Benefiting from the collaboration I had started with T. Greathouse from
the SWRI (USA) on the analysis of my Herschel maps of Jupiter’s H,O (see section [I.3), he spent 6
months at SWRI in 2014 to study the feedback between the temperature field computed with the model
of |Greathouse et al.[|(2005)) with the seasonal 2D abundance distributions of the species responsible for
the control of the temperature in Saturn’s stratosphere, i.e. CHy4, CoH;, and CoHg. This work, presented
in Hue et al. (2016), shows that such coupling has a significant influence on temperature, but not on
abundances. For pressures lower than 0.5 mbar and polar latitudes, the seasonal temperature peaks occur
half a season earlier than in the [Hue et al.| (2015) model. The equator-to-pole thermal gradient is thus
significantly impacted at low pressures. The next logical step is to test advective transport patterns that
could help reconcile the model results with the C,H; and C,Hg data,.

Figure 1.3: (Left) Meridional distributions of C,H, and C,Hg in Saturn at1 mbar from Cassini/CIRS observations com-
pared to the pseudo-2D photochemical models simulations of [Hue et al.| (2015). The two models were obtained with
different thermal fields (seasonal in solid lines and uniform in dashed lines). (Right) Feedback between composition
and temperature as a function of season. The effect becomes significant at high latitudes where seasonal variability in
abundances of C,H, and C,Hg are most noticeable. Figures extracted from|Hue et al.| (2015 [2016).

2D seasonal model of Jupiter

Cassini measured the meridional distribution of C;H, and C,Hg in Jupiter during its flyby in December
2000 (Nixon et al. 2007} [2010). It has revealed a striking difference between the two species at the
millibar level, with the abundance of C,H, decreasing poleward and the abundance of C,Hg increasing
poleward. In |Hue et al.| (2018)), we have used our model to try to reproduce these distributions. With
the pseudo-2D model, in which the meridional transport is turned off, only the C,H; distribution can be
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fitted as it follows the mean insolation. When adding meridional diffusion, all distributions are flattened,
which improves the fit to C;Hg (but obviously not the one to C,H»), but never enables to get an increase
of its abundance at high latitudes. With 2D advective transport cells between 30 mbar and 0.01 mbar, in
which there are upwelling motions over the equator and downwelling motions over the poles, we manage
to increase the abundance of C,Hg at high latitudes for the first time. However, CoH, then follows the
same trend, which is incompatible with the data. This proves that chemistry and 2D diffusion/advection
are not sufficient to explain the observations. This hints at auroral processes taking place in Jupiter’s
upper stratosphere. This conclusion was the driver that made Vincent apply for a postdoc position at
SwRI in the Juno/UVS Team. He would be able to work on Jupiter auroral data and continue in parallel
the development of his model by adding ion-neutral chemistry.

2.4 Conclusion and perspectives

In the past 8 years, we have managed to develop a full 2D seasonal photochemical and transport model
for giant planet atmospheres. This model has now been published several times, in different flavors, and
the development objectives are relatively clear:

e Short-to-mid term: Include ion-neutral chemistry to the chemical network to assess whether auro-
ral chemistry can explain the high latitude distributions of C, hydrocarbons in Jupiter and Saturn.
The main difficulty, besides building the network itself, resides in the fact that we will probably
have to leave aside the concept of reduced chemical network and work with a full network. This
may result in a significant increase of the computational time and would then imply trying to par-
allelize it. I have already taken action on this side by supervising an undergraduate student (Y.
Guimard) in computational sciences over the summer of 2018. His task consists in re-writing the
model solver in Fortran 90. It is in Fortran 77 for now which prevents the parallelization of the
whole code.

e Long term: Couple our photochemical model to a GCM (e.g. |Guerlet et al.| 2014, Medvedev
et al.[|2013). There are two options: (i) study the feedback between the two models by providing
chemical species distributions to the GCM and use their atmospheric circulation in our model, (ii)
include a chemistry module to a GCM an use a reduced chemical network. I am currently planning
to ask for funding for a thesis or a postdoc to start in 2019 in co-supervision with P. Hartogh (PI of
JUICE/SWI) and A. Medvedev (MPS GCM main developer) at MPS to work on (ii). This funding
could be obtained in the framework of the current partnership between the Bordeaux and Gottingen
universities.

In parallel, we will now regularly use the model to interpret spatially-resolved data that I obtain and will
continue to obtain with ALMA and later with JUICE/SWI (e.g., refer to sections and[3.2).

3 Thermochemical models

3.1 Introduction

Thermochemistry has been used for decades to model the conditions in the deep tropospheres of the
giant planets, with the aim of constraining the deep composition of giant planets and thus their formation
processes. By coupling thermochemistry with the vertical transport caused by convection, it is possible
to link the upper tropospheric abundances of observed species with other species that reside deep in the
atmosphere, at levels that cannot be probed. The main example is the derivation of the deep H,O abun-
dance from upper tropospheric CO observations (Fegley and Prinn| [1988}; Lodders and Fegley, [1994)) to
constrain primordial ices condensation processes (Owen et al., {1999} |Gautier et al., 2001). Tropospheric
H,O is very difficult or nearly impossible to observe directly with remote sensing techniques in the tropo-
spheres of the Giant Planets (Larson et al., [1975;|de Graauw et al., [1997; de Pater and Richmond, [1989)
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because it condenses at fairly deep levels already. However, the abundances of HyO and CO are linked
by the equilibrium reaction HO + CH4 = 3H; + CO in the deep tropospheres of Giant Planets. As the
temperature cools down with altitude, the equilibrium moves towards the left hand side of the equation.
The upper tropospheric abundance of CO is finally fixed at a level where the timescale of the reaction
equals the vertical diffusion timescale: thermochemical equilibrium is quenched. The main unknowns
in this problem are the magnitude of the deep tropospheric vertical diffusion and the thermal profile.
Usually, dry or wet adiabats are used to extrapolate upper tropospheric temperatures to deeper levels.

3.2 Quench level approximation and comprehensive thermochemical/transport models

Until recently, only quench level approximation models were used to try and constrain the deep H,O
abundance in Giant Planets (Lodders and Fegley, [1994; Bézard et al., 2002} |Visscher and Fegley, |2005;
Visscher et al., [2010; |[Luszcz-Cook and de Pater, 2013). In these models, the quench level is derived
by equating the chemical timescale for the conversion of H,O into CO with the diffusion timescale.
The chemical lifetime is obtained from the assumed rate-limiting reaction. I have used this technique in
Cavalié et al.|(2009) to derive an upper limit on the deep H,O abundance of Saturn from our tropospheric
CO upper limit, and found that it was <26 times the solar value.

The detection of hot Jupiters and subsequent characterization work has increased the interest for
high temperature chemistry models. It has led to the release of comprehensive 1D thermochemistry
and transport models, in which the continuity equation is solved at all altitudes using a full chemical
network. These comprehensive models (Moses et al., 2011} |[Venot et al.,[2012)) can then be transposed
to Solar System Giant Planet deep and hot tropospheres. In [Cavalié¢ et al.|(2014), I have first used
the model of [Venot et al.| (2012) to derive an upper limit on the deep H,O abundance of Uranus from
an upper limit derived by |Teanby and Irwin| (2013, and found that is was <500 times the solar value. I
chose to collaborate with O. Venot (LISA) on these aspects, because her model benefits from an extensive
experimental and modeling work done by the combustion community to validate a chemical network with
H, C, O, and N species in the temperature and pressure range relevant to Giant Planet deep tropospheres.
To speed up the calculations, the atmospheric composition is first estimated with a thermochemical
equilibrium model of |Aguindez et al.|(2014), in which the Gibbs energy is minimized. Once this starting
point is obtained, the thermochemical and transport model can be efficiently applied.

3.3 A new methodology to extrapolate deep temperatures - Consequences

Giant planet deep tropospheres are supposedly water-rich (Owen and Encrenaz, 2003; |Gautier and Her-
sant, [2005) and H,O condenses more or less deep in their tropospheres. The mean molecular weight
gradient produced by the condensation of H,O can be significant and has the effect of stabilizing the
atmosphere with respect to convection. If the deep H,O abundance exceeds a threshold, a thin radiative
layer appears in which the temperature can increase dramatically over a small altitude range. I have ap-
plied this principle, published by |Leconte et al.|(2017), to Uranus and Neptune in Cavalié et al.| (2017b),
because these planets have the highest anticipated H,O deep abundances among the Solar System Giant
Planets. I expected the effect of the mean molecular weight gradient at the level where H,O condenses
to be maximal. The thermal profiles depart from dry or wet adiabats in this regions, as shown in Fig.[T.4]
They consist of a wet adiabat in the upper troposphere, a radiative layer at the level of H,O condensa-
tion, and a dry adiabat in the hot layers. A consequence of the higher deep temperatures obtained in
such profiles, the deep H,O abundance required to produce the observed upper tropospheric CO is lower
than in calculations using simple wet or dry adiabats. For Uranus and Neptune, the nominal deep H,O
abundances in Uranus and Neptune are then <160 times solar and 480 times solar. These results are
discussed in chapter [2] section
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Figure 1.4: Tropospheric temperature profiles of Neptune obtained for various deep H,O abundances, when applying
the prescription of |Leconte et al.| (2017). Above a given threshold, the mean molecular weight gradient in the H,O
condensation region stabilizes the atmosphere with respect to convection and produces a thin radiative layer in which the
temperature dramatically increases. Figure adapted from Cavalié et al.|(2017b).

3.4 Conclusion and perspectives

The results and conclusion of this work will be detailed in section [3.2] Here, we list and briefly discuss
the modeling limitation raised by this study:

e Does the radiative layer act as a transport barrier? The radiative layer produced by the mean
molecular weight gradient could, in principle, be the siege of a drastic decrease of vertical mixing
despite the thinness of the layer (~1km). Vertical mixing could be as low as that of molecular
diffusivity. It would result in a gradient in the CO profile. As CO has an external source at the
top of the atmosphere (Cavalié et al. [2014), such a stringent transport barrier could mean that
at least part of upper tropospheric CO could be produced from the external source. This is only
true if vertical mixing is as low as that of molecular diffusivity. If so, the upper tropospheric
CO measurement would no longer be a diagnostic of the deep H,O abundance. Experimental or
theoretical work on these aspects would be valuable.

o It has been noticed by Moses|(2014) that the chemical scheme we use has a major difference in the
timescales over which CH3OH, an intermediate species in the equilibrium reaction, is converted
into H,O. This causes about an order of magnitude differences in the upper tropospheric CO abun-
dance for a given deep H,O abundance. O. Venot (LISA) and I are currently collaborating with R.
Bounaceur (LRGP) to revisit the thermochemistry of CH3OH. He has updated the CH3OH block
of the network in early 2018. O. Venot and I have supervised undergraduate students to test this
new scheme on exoplanets and Uranus/Neptune. Preliminary results obtained by L. Brouillard
(Bordeaux University) indicate that the deep H,O abundance in Uranus and Neptune decreases to
<45 and 250 times solar, respectively, to reproduce the tropospheric CO observations. A more
thorough study is required to confirm these results.

e An ideal gas equation of state was implicitly used in this study, which is questionable under high
pressure conditions in water-rich environments. Recent theoretical work indicate a rather limited
impact of a more realistic equation of state under jovian conditions (Karpowicz and Steftes, [2013]),
but the departure from an ideal gas remains unconstrained under uranian/neptunian pressure/H,O
conditions. Theoretical work is needed to better assess this issue. In any case, our chemical
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network would then need to be fully updated as the ideal gas law is implicitly used in the derivation
of kinetic rates.

e Other condensates (made of NH4SH, NH3 or H;S) are expected in the tropospheres of Uranus and
Neptune. The impact of latent heat release by these phases would need to be properly estimated,
even though the abundances at work should be rather small.

Finally, a goal for the next few years is to extend the chemical network of the model beyond H, C,
O, and N species. The element which is the main candidate is P, as it has been predicted by Visscher and
Fegley| (2005) that P species could be used to constrain the deep H,O abundance in Giant Planets, in the
same way CO is currently used. O. Venot and I are currently collaborating with J.C. Loison (ISM) and
M. Dobrijevic (LAB) in this respect.

4 Conclusion and perspectives

In this first chapter, I have presented all the different types of models I have developed or contributed
to develop. These are radiative transfer, photochemical and thermochemical models. The development
work has always been (and will keep on being) guided by my will to stick to the properties (spectral and
spatial resolution mostly) of the observation data at hand: 1D models when the data are poorly resolved
horizontally, and more complex 2D or 3D models for the newest spatially-resolved data obtained with
Herschel and ALMA. The most recent models are: (i) a radiative transfer model written in full 3D
ellipsoidal geometry to enable the modeling of highly resolved ALMA maps, (ii) a seasonal altitude-
latitude photochemical model to interpret these same data and constrain processes like external supplies
of material by dust, comets, satellites and rings, and (iii) a 1D thermochemical and transport model to
constrain the deep composition of Giant Planets.

For each type of model, I have described the development perspectives for the short-to-long term. In
my opinion, the top priorities are the following:

1. Radiative transfer model: couple the existing model to a retrieval model to automatize the retrieval
of physical parameters from high signal-to-noise ratio observations.

2. Photochemical model: include auroral chemistry to understand the high latitude composition of
Jupiter and Saturn.

3. Thermochemical model: revisit the chemistry of CH3OH to waive the discrepancy between the
models of Moses|(2014) and |Venot et al.| (2012).

Each one of them is currently being worked on and I expect the first results not later than in 2019.






Chapter 2

New constraints on the formation of Giant
Planets

1 Introduction

The formation of the Giant Planets in the Solar System, as well as in extrasolar systems, remains one of
the most outstanding question in planetary science. All four giants of our system are different from one
another, even if they can be split into two distinct families: gas giants (Jupiter and Saturn) and ice giants
(Uranus and Neptune). The gas giants have most of their mass in their atmospheres, while ice giants
have a significant solid interior. This major difference, alongside numerous other ones, imply formation
environments and timescales with distinct properties. Only observations of the deep composition of the
Giant Planets in combination with formation and evolution models can help us to unveil the processes
that led to the formation of these planets.

I have worked on questions related to the formation of the Giant Planets only for a few years, i.e.
much less than compared to the other science themes described in chapter [3] This explains why this
chapter is shorter than the next ones. In this chapter, I present two observables in giant planet atmospheres
that can help shed light on the formation of these bodies. I first discuss the importance of the deuterium
abundance and how it can be linked to the environment in which protoplanetary ices formed. Then,
I describe how the deep oxygen abundance can help us to constrain the processes under which these
primordial ices condensed and trapped heavy elements. Finally, I give my conclusion and perspectives
in terms of modeling, observations and space missions.

2 The deuterium abundance

2.1 Introduction

According to laboratory experiments and measurements made in the interstellar medium, the ion-molecule
interactions and grain-surface reactions at low temperature contribute in the enrichment in deuterium of
ices. As a result, the D/H ratio increases when temperature decreases (Watson, |1974; Brown and Millar,
1989). Measuring the D/H ratio in Solar System bodies helps us to constrain the physico-chemical con-
ditions under which H,O formed (Gautier et al., 2001}, (Owen et al., [1999). For instance, the D/H ratio
in Jupiter and Saturn seems to be representative of the protosolar value (Lellouch et al., 2001). On the
other hand, the mixing of D-enriched grains coming from the cores of Uranus and Neptune with their
atmospheres results in a higher D/H value in these planets (Feuchtgruber et al., [1999). The accurate
knowledge of the D/H ratio in Giant Planets helps us to understand the composition of the grains in the
protoplanetary disk as well as their link to comets (Hersant et al.,[2001). The D/H value found in comets
ranges from the earth ocean value (Lis et al., 2013)) to three times this value (Altwegg et al., 2015).
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2.2 Herschel observations and open questions

In the framework of the Herschel HssO Key Program, several measurements of the D/H ratio in comets
have been obtained (Hartogh et al., 2011; Bockelée-Morvan et al.,[2012; |Lis et al.,[2013)). In parallel, we
have performed new observations of the rotational lines of HD at 56 and 112 ym in all Giant Planets to
improve on the accuracy of the ISO measurements (Feuchtgruber et al., [1999; [Lellouch et al., 2001).

At Jupiter and Saturn, a recent work by |Pierel et al.[(2017) confirms previous ISO findings (Lellouch
et al., [2001) that the jovian D/H is protosolar and that the value at Saturn is slightly lower. It is still
not understood how Saturn, which formed at a larger heliocentric distance that Jupiter and was thus
confronted to lower temperatures, could end up with a lower D/H ratio than Jupiter. Our Herschel
observations, which are still being analyzed by F. Billebaud (LAB) with my radiative transfer model,
combined with new formation and evolution models may help solve this issue in the future.

So far, we have published the results for Uranus and Neptune in |Lellouch et al.| (2010) and |[Feucht-
gruber et al.[(2013). The observations indicate that the D/H ratio in these planets is (4.4+0.4)x 1073
and (4.1+0.4)x 107, respectively, which is consistent with the previous determination from ISO data
(Feuchtgruber et al., [1999), although nominally lower. It thus remains difficult to explain how Uranus
and Neptune could end up having a D/H ratio lower than Oort cloud comets, when the cores of these
planets are supposedly made of the same material as these comets. In the paper, we propose as an al-
ternative that Uranus and Neptune have a high rock-to-ice ratio in their interior, for their D/H to remain
compatible with that of Oort cloud comets. Other explanations, like |Ali-Dib et al| (2014), have been
proposed to reconcile the D/H ratio seen in Uranus and Neptune with the Oort cloud comet value, by
proposing that the ices in Uranus and Neptune are mostly composed of CO ice rather than cometary H,O
ice. However this model fails at explaining the high deep H,O abundance expected from tropospheric
observations of CO in Neptune.

However, the thermal structure of Uranus, as derived by |Orton et al.| (2014a) from Spitzer observa-
tions, is incompatible with our D/H values at a level of 10% or more. Although still unpublished, the
equivalent Neptune model leads to the same assessment. Thus, additional modeling work is required to
both fit the atmospheric temperature and the D/H ratio with the combined Spitzer and Herschel datasets.

3 The deep oxygen abundance

3.1 Introduction

There are two classes of formation models for the giant planets: core accretion (Pollack et al.,|{1996) and
disk gravitational instability (Boss, [1997)). The processes at play to form a giant planet are drastically
different. In the core accretion scenario, a ~10-15 Mg core forms in less than 1 My from the accretion
of planetesimals. This initial phase is followed by a long transition period of several My during which
the core continues to accrete solids but starts also capturing gas from the surrounding nebula. After
reaching a given mass threshold, the surrounding nebula gas collapses on the core and forms a gas
giant like Jupiter or Saturn before the nebula gas dissipates. Ice giants are supposedly “unfinished” gas
giants. According to this model, ice giants never got massive enough in time to have the nebula gas
collapse on their cores before the dissipation of the nebula gas. On the other hand, the disk instability
model supposes that clumps of nebula material (dust, planetesimals and gas) suddenly collapse (possibly
because of a propagating density wave) to form a giant planet. In this scenario, the formation time
is much shorter than in the core accretion model: it only takes about 1 My to fully form a giant. As
a consequence, these two models differ in the final composition of the formed planets. While disk
gravitational instability predicts abundances in stellar proportions for heavy elements because of the
short formation time, the core accretion model predicts superstellar abundances, with enrichment factors
increasing with heliocentric distance.

Constraining the history and thus the processes that led to the formation of the giant planets remains
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a real challenge for observers and modelers. The composition of their deep atmospheres is assumed to
be a good diagnostic of their state right after their formation was completed, but it is very difficult to
measure it. Probing the deep atmospheric layers of these planets to measure their composition can, in
principle, be achieved by 3 techniques: (i) in situ measurements, (ii) direct measurement with remote
sensing observations, and (iii) indirect measurement with context observations and atmosphere models.

Jupiter’s deep composition was established in situ with the successful dive of the Galileo probe
into the atmosphere of Jupiter in 1995. An overall enrichment factor of 4+2 was observed in most
heavy elements (Fig. [2.1] left), notably except oxygen (carried by H,O) which was surprisingly found
significantly subsolar (Atreya et al., 1999, 2003 Wong et al., 2004). This is explained by the fact that
Galileo entered a 5 um hot spot, a region depleted in volatiles. So the H,O value cannot be blindly trusted
and should be regarded as a lower limit. Moreover, this observable is another key to the understanding
of giant planet formation. H,O is supposedly very abundant at the time of the formation of the Solar
System. As the temperature cools down both with heliocentric distance and time, H,O starts to condense
and to agglomerate with dust to form planetesimals. This species also acts as a trap for heavy elements.
Depending on the amount of available H;O and the temperature/pressure conditions at play in these
stages of the planetary formation, heavy element can be trapped either by adsorption onto amorphous ice
(Bar-Nun et al., |1988;|Owen et al., |1999)) or by clathrate hydrates (Lunine and Stevenson, |1985} |Gautier
et al., 2001). The main difference between the two processes is that clathrates require a significantly
higher abundance of H,O, since 5.75 (or 5.66, depending on the clathrate type) H,O molecules are
required to trap a molecule that carries a heavy element (Gautier et al., [2001). Measuring not only
heavy elements, but also specifically H,O is thus crucial for better understanding giant planet formation.
Fig. (right) shows qualitatively the expected heavy element enrichments at Uranus/Neptune expected
from various models.

Figure 2.1: (Left) Heavy element measurements in the Giant Planets. An overall enrichment factor if 4+2 was observed
in Jupiter by Galileo. The lack of measurements in the other giants is the main motivation for proposing atmospheric
probes like Hera (see section[d). (Right) Qualitative enrichment factor for heavy elements in Uranus/Neptune as expected
from various formation models. Both figures are taken from Mousis et al.| (2018).

A difficulty in Solar System Giant Planets if that H;O condenses relatively deep in the tropospheres of
the Giant Planets and is therefore difficult to measure, even with an in situ probe. The probable failure of
Galileo at measuring the deep H,O, was one of the main motivations to send the Juno mission (Matousek,
2007; Bolton et al., 2017). Juno orbits Jupiter on a polar orbit that has a perijove only a few 1000 km
above Jupiter’s cloud top. It embarks a microwave radiometer (MWR) among other instruments. The
main goal of this instrument is to observe the 22 GHz H,O absorption and measure the deep oxygen
abundance of Jupiter (Janssen et al., 2005}, [2017) to constrain formation models (Helled and Guillot,
2017). However, this technique is very challenging for several reasons: H»O is not the only absorber
in this spectral region (e.g. NHj - see [Bolton et al.[2017), the temperature profile is not measured but
extrapolated form previous measurements, and the calibration of the observations has to be extremely
good. My feeling is that it will be difficult to measure the deep oxygen abundance of Jupiter with Juno.
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In the absence of atmospheric probes for Saturn, Uranus and Neptune, we are left for now with the
last technique for these planets. It provides us with an indirect measurement of the deep H,O abundance
by using an upper tropospheric species that does not condense, and link it back to HyO with thermo-
chemistry and transport calculations. The principle is presented in section [3.1] This type of calculations
can be performed either in the framework of an approximation, i.e. the quench level approximation (e.g.
Lodders and Fegley||1994)), or with comprehensive thermochemical and diffusion models as described in
section [3.2] of chapter([I] (e.g.,Moses et al|2011). In the course of my work, I have used both techniques,
as is described in the next sections.

3.2 Observations and modeling
Saturn

In |Cavalié et al.| (2009), I have determined an upper limit on the tropospheric CO abundance in Saturn
from the observation of the CO(3-2) line. I have applied the quench level approximation to derive its
deep O/H ratio, and found that H,O should be less than 26 times solar. This result is not constraining in
itself, as both sequestration of heavy elements by crystalline and amorphous ice are compliant with this
number. Following these results, I have participated as co-I in a VLT observation program that targeted
infrared lines of CO in Saturn. The first results have been presented recently at the DPS by [Fouchet et al.
(2017). We have obtained the first detection of tropospheric CO in Saturn with a mole fraction of ~1 ppb
(see Fig. [2.2). After refining the model results, I will use my thermochemical and transport model to
constrain the deep oxygen abundance in Saturn.

Figure 2.2: First detection of tropospheric CO in Saturn with the VLT. The model in blue has a tropospheric CO mole
fraction of 1.2 ppb. Figure taken from Fouchet et al.|(2017).

Uranus and Neptune

After a first attempt to detect CO in Uranus with Herschel/HIFI and the HssO program, I have managed
to detect CO in the framework of my Herschel Open Time progam. While the CO line was formed in the
stratosphere, the observation enabled me to derive an upper limit on the tropospheric CO (Cavalié et al.,
2014). However, the upper limit of 2.1 ppb derived from Herschel/SPIRE observations by [Teanby and
Irwin|(2013)) was significantly more constraining. Using a first version of the thermochemical model and
a dry adiabat, I derived an upper limit of 500 times solar for the deep oxygen abundance in Uranus.

At Neptune, the most recent published work indicates that tropospheric CO has a mole fraction of
O.Ifgf ppm (Luszcz-Cook and de Pater, [2013)). Using a quench level approximation and dry/wet adia-
bats, they derive a deep oxygen abundance of at least 400 times solar. In the meantime, the HssO Team
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has observed CO in Neptune with SPIRE. These observations, completed by ground-based observations
of R. Moreno (LESIA) with the IRAM-30m, indicate a tropospheric mole fraction of 0.20+0.05 ppm
(Moreno et al., 2011). These observational results remain to be published.

After the release of the new tropospheric temperature extrapolation model of [Leconte et al.| (2017)),
I applied their prescription to Uranus and Neptune in conjunction with the latest observational data
presented above. The details of the thermal modeling are given in section [3.3] of chapter [I] According
to the model, the tropospheric CO abundance not only depends on the deep H,O abundance, but also
on other observables like the tropospheric temperature, vertical transport, and the CH4 abundance. I
have explored this space parameter within the boundaries of existing observation error bars (of CO and
CH,) and estimates (for tropospheric temperature and transport). The nominal results, obtained with
the 3-layer temperature profiles of [Leconte et al.| (2017), indicate that Uranus and Neptune should be
highly enriched in oxygen, with <160 times the solar value in Uranus and 480 times the solar value in
Neptune. However, and as previously stated in section [3.4] of chapter [T} we have updated the CH;0H
chemistry from our chemical network following a recommendation of Moses|(2014). Using the chemical
rates of Moses et al.| (2011) for the reaction H+CH3OH—CH3+H;O significantly changes our results to
<55 and 280 times the solar value for Uranus and Neptune, respectively. This theoretical, experimental,
and modeling work is currently ongoing and involves R. Bounaceur (LRGP), O. Venot (LISA). The
preliminary results obtained by L. Brouillard (Bordeaux University) show that using our new CH3;0H
block results in deep oxygen abundances of <45 and 250 times the solar value for Uranus and Neptune,
respectively, which is in broad agreement with expectations. I need to confirm these results with more
simulations and to assess the implications on the formation of the Ice Giants.

4 Conclusion and perspectives

In this chapter, I have summarized the work I have led and contributed to concerning the determination
of the deep composition of Giant Planets, in an attempt to improve our knowledge on their formation
processes. This work involves ground-based and space-based observations, as well as thermochemical
modeling.

We have determined the D/H ratios in Uranus and Neptune in|Feuchtgruber et al.|(2013)), but we may
need to revise our results in order to get a consistent match of both Herschel and Spitzer spectra (Orton
et al., [2014b). For now, the D/H values are significantly below cometary values (Lis et al., [2013]) for
these planets and remain difficult to understand. In parallel, I will continue to support F. Billebaud in her
Herschel HD observation analysis for Jupiter and Saturn.

We have recently detected tropospheric CO in Saturn with the VLT (Fouchet et al., [2017)). Once the
tropospheric CO abundance will be established, I will run my thermochemical model to constrain the
deep oxygen abundance in this planet. This result will hopefully be obtained when the Juno MWR Team
will be able to constrain the jovian deep oxygen abundance from their radiometric observations.

From CO observations and new thermochemical models, I have estimated the deep oxygen abun-
dance of Uranus and Neptune to be <160 and 480 times solar, respectively, but large uncertainties in the
modeling remain to be waived. The most important step to improve the predictability of the model con-
sists in updating and validating our CH3OH chemistry, and this work is ongoing at the time of writing.
Preliminary results indicate that the deep oxygen abundance is lower than in my previous work (i.e., <45
and 250 times solar, resp.) and implications on formation scenarios have to be reevaluated.

Formation and interior modelers try to put together scenarios that fit all observational data (mass,
radius, luminosity, composition, etc.). There is currently no model that can explain the formation of the
Giant Planets, especially the Ice Giants regarding their observed composition (Helled et al.,[201 1} Helled
and Lunine, 2014; |Nettelmann et al.,|2013;|Ali-Dib et al.,2014). To improve this situation, measurements
are required for all Giant Planets. Isotopic, helium, noble gases, and other heavy element abundances
are key in constraining the formation environment and processes of the giant planets, as demonstrated
by the Galileo probe measurements in Jupiter (von Zahn et al., |1998; Niemann et al., [1998; Mahafty
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et al., [2000; |Atreya et al., 2003; Wong et al., 2004). This is why I have contributed in starting the Hera
project, led by O. Mousis (LAM). Hera was a planetary probe project which aimed at measuring the
heavy element abundances, isotopic ratios and physical properties of Saturn’s atmosphere down to the
20 bar level (Mousis et al, [2014). After a first unsuccessful attempt with the ESA M4 selection, we
reworked the technical aspects of the project (Mousis et al., 2016) and proposed it for the M5 selection.
Hera was part of the 13 finalists considered by ESA for a phase A study, but was eventually not selected
as there was no identified mission to carry the probe to Saturn. The Dragonfly mission to Titan, selected
by NASA as candidate for the New Frontiers 4 mission, was not retained as possible carrier.

In the meantime, NASA has released a study of concepts to explore the Ice Giants (https://www.lpi.
usra.edu/icegiants/mission_study/Full-Report.pdf). The favored mission architecture is composed of an
orbiter and a probe which could be provided by ESA, in the same spirit that led to the very successful
Cassini-Huygens mission. Following these results, we have undertaken a new study to prove that the
Hera concept can be adapted to Uranus and Neptune (Mousis et al., [2018). In parallel, I have started
discussions involving S. Gauffre (head of the Electronics Team at LAB), and P. Wurz (PI of the mass
spectrometer of Hera), for LAB to contribute not only scientifically but also on the hardware side to the
mass spectrometer of the probe. It has been agreed that LAB would provide the electronics and firmware
of the instrument, if the mission gets selected. We are now awaiting the kick-off of an ESA-led Ice Giant
study, focused on exploring how ESA could best contribute to a NASA-led Ice Giant mission, to propose
an atmospheric probe in the spirit of Hera.


https://www.lpi.usra.edu/icegiants/mission_study/Full-Report.pdf
https://www.lpi.usra.edu/icegiants/mission_study/Full-Report.pdf

Chapter 3

Seasonal chemistry and dynamics in the
stratospheres of the Giant Planets

1 Supply of exogenic material to the stratospheres of the Giant Planets

1.1 Introduction

A major discovery of the Infrared Space Observatory (ISO) was the detection of H>O in the stratospheres
of the Giant Planets and Titan (Feuchtgruber et al., 1997 |Coustenis et al., [1998). This discovery has
proven the existence of external sources of H>O, as this species condenses at the tropopauses of these
planets and can therefore not come from their deeper tropospheric layers. This supply of oxygen material
that manifests itself not only through H,O but also CO and CO; has several possible sources: (i) an influx
of interplanetary dust particles (IDP) produced by collisions of asteroids and by the activity of comets
(Prather et al., [1978; |Landgraf et al.| 2002; Moses and Poppel 2017), (ii) icy rings and satellites (Strobel
and Yung, |1979; |Prangé et al.,|2006)), and (iii) impact of Shoemaker-Levy 9 (SL9) type comets (Lellouch
et al., [1995). Fig. displays these sources, taking Saturn as an example. It is important to assess the
relative magnitude of each of these sources to better understand phenomena like the production of dust
at high heliocentric distances (Kidger, 2003} Poppe, 2016)), the ionisation and/or transport of solid and
gaseous material from rings and satellites to upper atmospheres (Connerneyl |1986;|Cassidy and Johnson,
2010; Moore et al.,|2015)), and the frequency of comet impacts in the outer Solar System (Zahnle et al.,
2003)).

In the following sections, I describe the various studies I have been leading and involved in regarding
the determination of the origin of exogenic species observed in the stratospheres of the Giant Planets.
Most of the results have been obtained with the Herschel Space Observatory.

1.2 The Herschel Space Observatory

The Herschel Space Observatory (Pilbratt et al., 2010) was launched in 2009 to study the universe in
the submillimeter domain. It carried three instruments onboard: the Heterodyne Instrument for the
Far Infrared (HIFI, de Graauw et al.[[2010), the Photodetector Array Camera and Spectrometer (PACS,
Poglitsch et al.[[2010), and the Spectral and Photometric Imaging Receiver (SPIRE, |Griffin et al.|[2010).
The main goal of the Herschel mission was to map water in the Universe. This space observatory com-
pleted its mission in April 2013.

The Herschel Guaranteed Time Key Program “Water and related chemistry in the Solar System™” (PI
P. Hartogh, MPS), also known as HssO (Herschel Solar System Observations), proposes to determine
the origin, the distribution, and the evolution of H,O and of its isotopes in the atmospheres of Mars,
the Giant Planets, Titan, and comets (Hartogh et al., 2009). I have been involved in this program since
2005. I started working with the HssO Team producing numerous observation simulations to optimize
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Figure 3.1: Possible external sources of exogenic material for Giant Planets, with Saturn and its system taken as an
example. Each source has its own spatio-temporal properties that can be used by observers as diagnostics.

our observation program. I have also coordinated the paper that presents the HssO program (Hartogh
et al.,[2009), and I am leading the science theme “Spatial distribution of H>O in Jupiter and Saturn” of
this program.

1.3 The origin of H,O in the stratosphere of Jupiter
Introduction

According to the joint analysis of H,O and CO; observations carried out with ISO in 1997, the majority
of the observed H,O seemed to be originating from the SL9 impacts in July 1994 in Jupiter’s stratosphere
(Lellouch et al.l [2002). However, Submillimeter Wave Astronomy Satellite (SWAS) observations in
1999 could be modeled with an steady source (IDP-like) model (Bergin et al., 2000), which seemed
contradictory.

Odin observations and modeling

In 2002, the Odin space telescope recorded a spectrum with the H,O line at 557 GHz of Jupiter’s strato-
sphere. I have analyzed the Odin and SWAS data with the coupled photochemical and radiative transfer
models of sections[I.2]and [2.2]of chapter[I] The photochemical model has enabled me to account for the
time variability of the H,O vertical profile, from the impact date to the observations. The first results,
presented in [Cavalié et al.| (2008c), displayed in Fig. (top left) show narrower wings for the line in
the SL9 model. It comes from the slow downward diffusion of H,O from its deposition level of 0.1 mbar
(Lellouch et al., [1995; Moreno et al., 2003). Contrary to the IDP model, H,O had not yet reached the
condensation level (at ~ few 10 mbar) at the time of the observations. The models thus seemed to confirm
the SL9 source, even if the IDP model remained within 3-o of the noise.

This initial Odin observation was then followed by numerous observations between 2003 and 2018,
especially after the first analysis in 2006. Jupiter has now been observed one or two times a year in the
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past 10 years with Odin. The main idea driving these observations is to obtain the evidence for temporal
variability of the H,O vertical profile, as expected if HyO was brought by comet SL9. The analysis
of the data ranging from 2002 to 2009, shown in Fig. (bottom left), indeed indicates a decrease of
~15% of the line-to-continuum ratio of the 557 GHz line (Cavali€ et al.l 2012a)). The rest of the data
has just been reduced this year by K. Bermudez (Montpellier University) who I have co-advised with N.
Biver (LESIA) during his undergraduate internship. The preliminary analysis unambiguously confirms
the temporal decrease of the water abundance in Jupiter’s stratosphere, especially when Herschel/HIFI
observations of the same line are added (Fig. [3.2]bottom left). The line-to-continuum ratio of the 557 GHz
line has decreased by ~40% between 1999 and 2018. Long-term photochemical modeling is required
before publication of these data. Refined models will serve to predict the H,O abundance in 2030, when
JUICE/SWI observations will become available (see section [)).

Herschel observations and modeling

I have obtained the first resolved maps of Jupiter’s stratospheric HoO with the HIFI and PACS instru-
ments of Herschel in the framework of the HssO program (Fig. [3.2). I have shown, by combining the
observations with Jupiter thermal infrared maps retrieved from NASA IRTF observations, that the factor
of 2-3 North-South asymmetry in terms of HO column abundance was not caused by a thermal asym-
metry. Because the PACS maps reveal an overabundance in the southern hemisphere, the hemisphere in
which SL9 fell, and because HIFI spectra show that H,O resides at pressures lower than 2 mbar, i.e. in-
consistent with an IDP source because it is significantly above the H,O condensation level, I have proven
that the 3D distribution of H,O is a remnant of the SL9 impacts (Cavalié et al., [2013]).

Figure 3.2: Observations of H,O in Jupiter’s stratosphere: (Top left) Odin observations of 2002 (Cavalié et al., 2008c)
and (Bottom left) temporal evolution of the H,O line-to-continuum ratio between 1999 and 2009 observed by Odin and
compared to photochemical models (Cavalié et al., 2012a). We have completed this dataset with 2010-2018 Odin and
2010-2011 Herschel observations. (Right) Spatial distribution of H,O in 2010 from Herschel/PACS data (Cavalié€ et al.|
2013). The temporal evolution and spatial distribution demonstrate the SL9 origin of H,O in Jupiter’s stratosphere.

Conclusions et perspectives

While there was already observational proof of the cometary origin of CO, HCN, CS, and CO,, in
Jupiter’ stratosphere, H,O was the missing piece. With a 10-year effort combining Odin and Herschel
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observations, as well as time-dependent photochemical modeling, I have managed to prove the cometary
origin of H>O in Jupiter’s stratosphere.

The remaining Odin observations, most of them being post-Herschel observations, will now serve to
monitor the temporal decay of the H,O abundance. This work will lead us, the JUICE/SWI Team, to
better constrain the photochemical losses and vertical transport in Jupiter’s stratosphere. It will enable
us to make predictions on the distribution of H,O that SWI will observe in 2030 (see section ). We will
thus be able to improve our observation time estimates and optimize our observation strategy.

In the meantime, I have obtained ALMA Cycle 5 observation time to map H,O in band 5 (at
183 GHz) in July 2018. If measured, this map will complement my HCN and CO maps, obtained with
ALMA in Cycle 4 in March 2017, and help me to understand why the HCN, CO, and CO, distributions
are so different when these species are all supposed to come from SL9 (see section and refer to
Lellouch et al.[2006|for the discovery of this discrepancy between HCN and CO5).

1.4 The origin of CO in Saturn and Uranus
Introduction

CO was detected in Saturn in 1986 in the infrared by |Noll et al.| (1986) at the ~1 ppb level. Comple-
mentary observations of [Noll and Larson| (1991)) could not help to determine the origin of this compound
and the question remained open ever since. In Uranus, Encrenaz et al. (2004)) first detected CO in the
atmosphere of Uranus with the VLT at the level of 20-30 ppb, but could also not state on its origin. De-
termining the origin of CO in the Giant Planets is more complex than for H,O as this species does not
condense at the tropopauses of these planets and can therefore originate not only for external sources
(IDP, comets, rings/satellites), but also from the deep oxygen-rich interiors of these planets. Studying
the origin of CO thus bears implications on the planet formation and on the interactions with their envi-
ronment.

While Bézard et al.| (2002) and [Lellouch et al. (2005) have proven the dual origin (internal and
cometary) for CO in the atmospheres of Jupiter and Neptune, the question remained open for Saturn and
Uranus.

Ground-based and Herschel observations

Combining JCMT observations at 345 GHz and 691 GHz (see Fig. top) and coupling them with
1D vertical transport models, I have shown that CO in Saturn’s stratosphere was probably delivered
by a comet impact (Cavalié et al., 2009, 2010). While IDP models (with typical CO fluxes of 1.5-
4x10°cm™2-s71) cannot fit both lines simultaneously, an SL9-type comet depositing 3.5 ppm of CO
above the 0.1 mbar level 220 years ago provides us with the best fit. VLT/CRIRES high spectral res-
olution observations in the 5 um band currently analyzed by T. Fouchet (LESIA) provide us with the
first unambiguous detection of internal CO in Saturn (see section[3.2]in chapter[2) and we have acquired
follow-up data with IRTF/CSHELL in May 2018. In 2011, I have obtained an interferometric map of
CO in Saturn’s stratosphere with the Submillimeter Array (SMA). This map, which still needs to be
fully calibrated by the observatory and that I still have to analyze, could shed light on the spatial dis-
tribution of CO and thus on its external source. Complementary clues could come from CO and HCN
meridionally-resolved observations obtained by T. Fouchet with ALMA in July 2018.

I have used the Herschel Space Observatory, in the framework of my Open Time program, to detect
the 822 GHz CO line in Uranus (see Fig. [3.3] bottom). This observations clearly points to an external
source (Cavalié et al., 2014). Recent theoretical work of |Moses and Poppe| (2017) restrain the origin
of external CO in Uranus to comet impacts and Edgeworth-Kuiper belt comet dust. There is yet no
observational proof of an internal source of CO in Uranus, which may be reflective of the sluggish
atmospheric overturning and lack of significant internal heat source (Pearl et al., [1990).
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Figure 3.3: Observations of CO in the stratospheres of Saturn and Uranus. (Top) Combining JCMT observations of CO
in Saturn at 345 and 691 GHz favors a cometary origin (red line) rather than an IDP-like steady source (blue and green
line) (Cavalié et al., 2009, [2010). (Bottom) Observation of CO in Uranus with Herschel/HIFI and vertical profile models,
proving that CO has an external source in Uranus (Cavalié et al., 2014). Figures adapted from [Cavalié et al.| (2010) and
taken from Cavali€ et al.|(2014).

1.5 The origin of H,O in Saturn’s stratosphere
Introduction

Following the initial detection of H,O in the stratosphere of Saturn by [Feuchtgruber et al.| (1997), pho-
tochemical modeling by Moses et al.| (2000) and |Ollivier et al.| (2000) has shown that an oxygen influx
with both H,O and CO (or CO;) compatible with cometary ice proportion is required. Temporal con-
siderations (impact frequencies versus loss of HO by condensation) and compositional considerations
(CO/H,0 ratio) make a comet impact an improbable scenario to explain Saturn’s H,O.

In 2006, Cassini detected plumes venting mostly H,O in Saturn’s system (Hansen et al., 2006; [Porco
et al., 2006; Waite et al.l 2006), and a fraction of these emissions could end up raining into Saturn’s
atmosphere (Cassidy and Johnson| [2010; Moore et al., [2010). Ring rain caused by sputtering on icy ring
grains could also produce H>O that would be transported along magnetic field lines and precipitate into
Saturn’s atmosphere (Connerney, |1986; [Prangé et al., 2006; [Moore et al., [2015). More recently, Moses
and Poppe| (2017)) have estimated the oxygen influx caused by interplanetary dust ablation. They have
found that this source falls short by an order of magnitude at explaining the H,O observations.

In the past 10 years, we have conducted a series of observations to constrain Saturn’s external source
of H,O.

The Enceladus torus

The first Solar System observation performed by Herschel/HIFI in June 2009 was an observation of
the 557 GHz H,O line in Saturn (see Fig. [3.4). This HssO observation was puzzling at first, because it
showed emission wings with an unexpected strong central absorption. Thanks to the very high spectral
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resolution and complementary observations at other frequencies, we could demonstrate in|[Hartogh et al.
(2011)) that we were observing a torus of cold H,O, located at the orbital distance of Enceladus, that was
absorbing Saturn’s HO warmer line emission. The fact that it had not been observed before (Bergin
et al.l 2000) was due to a different observation geometry. The ring plane was close to its maximal
inclination in 1999, while the line-of-sight was crossing Saturn’s ring plane in 2009 (Saturn Equinox in
2009). This discovery was reminiscent of the detection of H,O plumes at Enceladus (Hansen et al.,[2006;
Porco et al., [2006; |Waite et al., [2006). We have therefore tested the 3D calculations of the evolution of
the distribution of H,O released by the plumes of (Cassidy and Johnson| (2010) and shown that such a
torus model matched our data (Hartogh et al., [2011)).

E. Lellouch (LESIA) has obtained Herschel Open Time and ALMA Cycle 2 follow up observations
of Saturn and the Enceladus torus to constrain its composition and shape. The Herschel observations
indicate a decrease of the torus absorption with increasing inclination of the ring plane (see Fig.[3.4), and
he has obtained a first direct detection of H,O in the torus. With ALMA, we have mapped the Saturn
system at 88 GHz to try the detection of HCN in the torus. Once these data are fully analyzed, we will
be able to better constrain the torus structure, kinematics and composition, and thus possibly the origin
of the Enceladus plumes.

Figure 3.4: Observations of H,O in the stratospheres of Saturn with SWAS in 1999 (top left), and Herschel in 2009
(bottom left). The central absorption seen in the 2009 data is caused by the Enceladus torus (Hartogh et al., 2011).
Follow up Herschel Open Time observations led by E. Lellouch (LESIA) show the decrease of the torus absorption with
increasing ring plane inclination (top right). He has also obtained the first direct detection of the torus (bottom right).

Mapping H;0 in Saturn’s stratosphere with Herschel

With the detection of the Enceladus torus and the predictions of (Cassidy and Johnson|(2010)), the missing
piece of the puzzle was a direct observation of H,O in Saturn’s stratosphere (without torus absorption)
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that would show the signature of the Enceladus source. With the HssO program, I have recorded the
first map of H,O at 66 um with PACS with a moderate spatial resolution of 9.4”. When accounting
for the altitude-latitude temperature field at the time of observations (data taken from |Fletcher et al.
2017) with the radiative transfer model described in section[I.3|of chapter|[T] I find that only a meridional
distribution of H,O peaked around the equator can satisfactorily fit the data (Cavalié et al. in preparation).
The gaussian solution presented in Fig. [3.5]is not unique and I am currently completing a full parameter
space study. In any case, this seems to be direct proof that Enceladus is the ultimate source of H,O
of Saturn’s stratosphere. From the obtained meridional distribution of H,O, V. Hue (SWRI) and I will
constrain the input fluxes to match the data, and we will then compare it with the |Cassidy and Johnson
(2010) predictions.

Figure 3.5: (Left) Map of H,O in the stratosphere of Saturn as observed with Herschel/PACS at 66 um. (Right) Example
of meridional distribution of H,0O, in terms of constant mole fraction above the local condensation level, that fits the data.
The distribution has a gaussian shape centered around the equator, which could be direct proof that Enceladus is the source
of H,O of Saturn’s stratosphere. Figure extracted from Cavalié et al. (in preparation).

Conclusion et perspectives

I have contributed to a comprehensive observational and modeling work of H,O in Saturn’s stratosphere
to constrain the origin of this species. We now have strong evidence pointing at Enceladus, its plumes
and subsequent torus, as the main source. 2D photochemical modeling is underway to constrain the
meridional shape and magnitude of the source to compare it with predictions of H,O spreading from the
Enceladus torus in the Saturn system.

In the frame of ALMA Cycle 5, I have obtained observation time for July 2018 to map H,O at a
spatial resolution that will improve over Herschel by a factor of 5. With this new map, I will be able to
better constrain the meridional distribution of H,O in Saturn’s stratosphere. This will result in a better
understanding of the processes that shape the Enceladus torus source.

The proximal orbits of Cassini’s Grand Finale have revealed a rich molecular environment peaked
around Saturn’s equator (Waite, [2017). CO could be one of the molecules detected by INMS and could
originate from Enceladus. New ALMA meridionally resolved maps of CO and HCN obtained by T.
Fouchet in July 2018 will help confirm whether CO comes from a comet impact or from the Enceladus
geysers.
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1.6 Exogenic species: Conclusions and perspectives

In the past 10 years, I have conducted and participated in observations of oxygen, nitrogen and sulfur
species in the stratospheres of the Giant Planets to constrain their external source(s). The general picture
is now that CO seems to be produced by comet impacts in Giant Planet stratospheres (Bézard et al.,[2002;
Cavalié et al., 2010; |Lellouch et al., 2005). This is backed-up at Jupiter and Neptune by observations of
HCN and CS (Moreno et al.,[2003),2017). The case of Uranus remains unclear (Cavalié et al., 2014) and
recent Cassini and ALMA observations could point to Enceladus as an additional source at Saturn. H,O,
on the other hand has a variety of sources: SL9 at Jupiter (Cavalié et al., 2013), Enceladus at Saturn
(Cavalié in preparation), and most probably IDPs at Uranus and Neptune (Moses and Poppe, 2017).
Fig. 3.6/ summarizes the current picture.

Figure 3.6: Table summarizing the current picture regarding the origin of exogenic species in the stratospheres of Giant
Planets. References for Jupiter: [Bézard et al.|(2002)), Lellouch et al.|(2002), Moreno et al.|(2003), and Cavalié et al.|(2013)
; References for Saturn: |Cavalié et al.|(2010), Cavalié et al. (in preparation), and Moses and Poppe| (2017) ; References
for Uranus: |Cavalié et al.| (2014) and Moses and Poppe| (2017) ; References for Neptune: |Lellouch et al.| (2005), Moses
and Poppe| (2017)), Moreno et al.|(2017).

However, a lot of work is still on the table, with many Herschel data not yet analyzed. In the next
years, I will hopefully contribute to the retrieval of the H,O vertical profile in the stratospheres of Uranus
and Neptune from Herschel/HIFI high spectral resolution data. The same work has been underway for
several years for Jupiter. Unfortunately, all have been put on hold by my german colleagues because
of the development of the Submillimetre Wave Instrument (SWI). In the meantime, I will pursue the
monitoring of H,O in Jupiter with Odin and of other SL9-derived (CO, HCN and CS) species with
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ALMA, in preparation for SWI observations, and support T. Fouchet (LESIA) in his analysis of ALMA
maps of CO and HCN in Saturn.

2 Observations of Saturn’s Great Storm of 2010-2011

2.1 Introduction

Saturn’s slow seasonal cycle is disrupted by a planetary-scale storm every saturnian year (Sanchez-
Lavega et al., [1991). In December 2010, the rise of a convective plume was the start of what would
become to date, the longest ever witnessed storm in Saturn’s atmosphere (Sanchez-Lavega et al., 2011,
2012, 2016)). This tropospheric storm, located at 40°N, surprisingly and dramatically altered the strato-
spheric temperature and composition for months. [Fletcher et al.| (2011} 2012) observed the formation of
two hot vortices, referred to as “beacons” (because of the rapid rotation of Saturn and of their appear-
ance in the thermal infrared), that eventually merged to form a giant vortex in which the temperature
increased by as much as 80 K at 1 mbar. Unexpectedly, acetylene and ethylene have seen their abun-
dances increase significantly in the mbar region in the vortex (Fletcher et al.,|2012;|Hesman et al., 2012).
So, the temperature and chemistry in the vortex was not understood.

2.2 Photochemical modeling

I have used the 1D time-dependent photochemical model presented in section [2.2] of chapter [T]to model
the evolution of the composition in the stratospheric vortex, when accounting for the temperature evolu-
tion as measured by |[Fletcher et al.|(2012). The modeling, published in |Cavali¢ et al.[(2015)), shows that
the dramatic temperature increase at the time of the beacon merger causes an increase of the ethylene
abundance at the mbar level, but falls short by a factor of 5 to fit the observations. On the other hand,
acetylene and ethane remain unchanged in the model, while observations show that the abundance of
acetylene had increased by a factor of 3 at the mbar level and ethane was unaffected. In a complementary
study, Moses et al.| (2015) have shown that downwelling winds of —10 cm-s~! near the 0.1 mbar are
required in addition to the chemistry effect to reproduce the observed abundances.

2.3 Perspectives with Herschel and ALMA observations

The observation of abundance increases in several hydrocarbons has led me to wonder whether this was
also the case for oxygen species. Actually, and given the magnitude of the storm, the question was even
if tropospheric oxygen material could have been injected in the stratosphere during the outbreak of the
storm. After an unexpected detection of the beacon in an HssO map at 67 um, I have led two programs
to map H,O with Herschel and CO with ALMA in 2012-2013. With these programs, I also aim at
monitoring the stratospheric temperature and oxygen chemistry in the 2 years that followed the beacon
merger. As an example, the observations of HyO and CO in January 2012 are displayed in Fig. Once
I will get the Saturn’s H>O distribution in quiescent conditions published (see section [I.5)), I will use
it with the 3D temperature field retrieved from Cassini/CIRS data by |Fletcher et al.| (2012)) to constrain
any variability of H,O in the beacon. I will do a similar work with the CO map. Preliminary results
(Cavalié et al.| 2012bllc; [Test1 and Andreani, |2013)) indicate that the increase seen in the CO emission
in the beacon region could be explained by the sole increase of the stratospheric temperature, while the
increase seen in the H>O emission requires additional H,O. The hypothesis I proposed in|Cavalié et al.
(2012b)) is that the increase in temperature around the mbar level caused the partial or total sublimation
of the thin stratospheric H,O cloud around the 10 mbar level, releasing thus additional vapor. This seems
to be expected from model simulations of Moses et al.| (2015).
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Figure 3.7: Observations of Saturn and its stratospheric beacon. (Top) VLT/VISIR observations of |[Fletcher et al.[(2012)
at 13 um showing the beacon and associated the temperature increase in the vortex in July 2011. (Bottom left) Map of
the H,O emission obtained with Herschel, and (Bottom right) map of the CO emission (contours) and Saturn continuum
(gray shades) recorded with ALMA, all in January 2012. The observations were set such that the beacon was located at
the North-East limb to minimize longitudinal smearing caused by the rapid planet rotation during the exposures.

3 Dynamics of Jupiter’s stratosphere

3.1 Introduction

It is possible to constrain vertical and meridional eddy mixing in Jupiter’s stratosphere by modeling the
distributions of the main hydrocarbons (Hue et al., 2018), and by observing the temporal evolution of
the chemically stable SL.9-derived species. The latter work has been initiated long ago by my colleagues
of the Paris Observatory (e.g. Moreno et al.|2003, |Griffith et al.|[2004, Lellouch et al.|2006) and I have
continued this work with a long-term monitoring of H,O with the Odin space telescope (Cavalié et al.,
2012a). This work continues at the time of writing and is presented in this part. In addition, I have
obtained a map of SL9-derived species with ALMA in 2017. This high angular resolution map will be
key in constraining long-term meridional mixing in the jovian stratosphere. At Saturn, Cassini/CIRS
observations of the main hydrocarbons can be used to constrain vertical and meridional mixing (Guerlet
et al., 2009, 2010; Hue et al.,[2015).

For stratospheric wind measurements, the situation is more complex. While the tropospheres of the
Giant Planets exhibit cloud features that can be tracked to derive their dynamics, the stratospheres lack
such discrete and observable features. This is why, except wind field derivations from temperature field
observations combined to application of the thermal wind equation (e.g. |Flasar et al.| 2004, Fouchet
et al.| 2008, |Guerlet et al.|[2011| and GCM modeling predictions (Medvedev et al., 2013), there is no
clear view of what the stratospheric dynamics look like in the Giant Planets. (Sub)millimeter heterodyne
spectroscopy will play a key role in the next years in assessing both the meridional and zonal components
of stratospheric dynamics.

Thanks to the combination of high angular resolution and very high spectral resolution, ALMA



3 Dynamics of Jupiter’s stratosphere 31

data should now enable us to map zonal winds from direct Doppler shift measurements on the spectral
lines. If so, these data will tell us if the tropospheric zonal wind patterns observed in Jupiter (Ingersoll
et al., 2004) and Saturn (Garcia-Melendo et al., 2011) extend to the stratosphere or if the stratospheric
circulation regime is different. This technique of zonal wind mapping is going to be applied to Jupiter
with my Cycle 4 data and to Saturn with the Cycle 5 data of T. Fouchet (LESIA). Such observations, to
be also performed at Uranus and Neptune, will be provide us with unique constraints for the emerging
GCMs (e.g. |Guerlet et al.|2014) and pave the way for future space exploration. While stratospheric wind
measurements are a secondary mission objectives for entry probes like the Hera, they will be the main
goal of JUICE/SWI.
This section focuses more on current work and perspectives rather than on published results.

3.2 Temporal evolution of SL9 species in Jupiter’s stratosphere

Following the SL9 impacts in Jupiter, Moreno et al.[|(2003)) and [Moreno and Marten| (2006) have moni-
tored the temporal evolution of the disk-averaged abundances of HCN, CO, and CS, with the IRAM-30m.
Their observations show a slow but regular decrease of the various abundances by a factor of 5-15 in 10
years, and predict a slow vertical and meridional homogenization of the distributions. The timescale
needed to homogenize these distributions is a key constraint on stratospheric vertical and meridional
diffusion.

Lellouch et al.|(2002) first studied the downward diffusion of H,O deposited by SL9 and I have used
subsequent SWAS and Odin observations to try and constrain the vertical eddy mixing (Cavalié et al.,
2012a)). Following these results, the monitoring of the H,O emission at 557 GHz with Odin has continued
ever since. K. Bermudez (Montpellier University), co-advised during his undergraduate internship by N.
Biver (LESIA) and myself, has just completed the reduction of these data on the temporal evolution of
the H,O emissions. Subsequent modeling is now required to (in)validate the results presented in|Cavalié
et al. (2012a)).

In parallel, [Lellouch et al.| (2006) have measured the meridional distribution of HCN and CO, with
Cassini/CIRS in 2000. The HCN distribution was confirmed by Submillimeter Array (SMA) mapping
(Moreno et al., [2007)). The Cassini observations of HCN revealed a large south-north asymmetry, rem-
iniscent of the SL9 impacts, and an abrupt decrease southwards of 45°S, indicative of a “dynamical
barrier” isolating the southern polar region. On the other hand, CO, strongly peaked at the south pole.
As CO; is a daughter molecule of the photochemistry of CO and H,O, two species delivered by the SL.9
impacts, it is difficult to understand how CO, and HCN could end up having so different meridional
distributions. Either the two species are not located at the same altitudes, as proposed by |Lellouch et al.
(2006), or CO;, has a strong (auroral?) source in the southern polar region.

With my ALMA Cycle 4 project and relevant 2D time-dependent photochemical modeling, I aim
at constraining the long-term spatial variability of SL9 species and at understanding this discrepancy
between the HCN and CO, meridional distributions. I will use HCN and CO maps at high angular
resolution. Preliminary results (Cavalié et al., 2017a), shown in Fig. indicate that (i) CO is rather
uniformly mixed at all latitudes and present at altitudes for which p<5 mbar, (ii) HCN is rather uniformly
mixed in the low-to-mid latitudes and located at the same altitude as CO, and (iii) HCN is only present
at high altitude in the polar regions (p<0.1-0.2 mbar).

The fact that CO and HCN are present at the same altitude from the low-to-mid latitudes indicates that
a different altitude location and different transport regimes are not the cause for the HCN/CO, distribution
discrepancy seen by |Lellouch et al.[|(2006). On the other hand, the lower stratospheric altitude cut in the
HCN distribution at polar latitudes is surprising, as SL9-derived species should share the same vertical
and horizontal distribution for chemically stable compounds. This means that HCN is removed in the
polar region at pressures >0.1-0.2 mbar. Several processes can be invoked: (i) direct destruction by high
energy electrons injected by the magnetosphere in the polar region (Geérard et al.,[2014)), or (i1) adsorption
on aerosols and subsequent destruction by solid-state photochemistry as proposed on Titan (Anderson
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et al., 2016). Interestingly, the latitudinal extent of the aerosol distribution in the stratosphere of Jupiter
is consistent with the latitudes where HCN is depleted (Zhang et al., 2013). A new ALMA H,O map to
be obtained in July 2018 and future JWST data to be obtained in the framework of the ERS project led
by I. de Pater and T. Fouchet could help us to understand what processes are at play by providing us with
additional contextual information on the distribution of oxygen species in Jupiter’s polar regions.

In addition, a bright patch of HCN emission is colocated with the south polar auroral oval (see
Fig. [3.9), indicating much higher temperatures in the oval for p<0.1-0.2 mbar, compared to other polar
locations. Such a stratospheric auroral warming was identified in IRTF/TEXES data (Sinclair et al.|
2017). Our data confirm this finding and will thus serve to link the auroral stratospheric temperatures with
energy deposition by electrons in the auroral zone, as observed by Juno/UVS team and Hubble/STIS.

Figure 3.8: Observations of Jupiter (~40”) with ALMA in 2017. The angular resolution is 1”. (Top) CO line integrated
map and spectra extracted from the E, W, N and S limbs. They essentially show that CO is meridionally well-mixed and
present down to the 5 mbar level. (Bottom) Same plots for HCN, showing this species is meridionally well-mixed from
low- to mid-latitudes and is also present down to the 5 mbar level. However, it is obvious that there is much less HCN in
the polar regions and that HCN is located at much higher altitudes there (the lines are very narrow).

The measurement of the abundances of HCN and CO from the ALMA data of March 2017 will also
enable me to refine prediction models of the HCN and CO abundances and spatial distributions for 2030,
when we will observe these species with JUICE/SWI to measure stratospheric zonal winds of Jupiter.
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Figure 3.9: Superposition of UV aurora position prediction at the time of my ALMA Cycle 4 observations (gray map ;
credits: V. Hue, Juno/UVS Team) and the HCN emission in the polar region (color map). I have selected the frequency
bins in which the auroral emission is concentrated. As the HCN lines are very broad elsewhere on the limb, line wing
emission causes the persisting low-to-mid latitude limb emissions on the map. The correlation between the southern
auroral oval with the southern HCN emission peak is very good. This peak is caused by the auroral heating already
observed by |Sinclair et al.| (2017).

3.3 Zonal winds in giant planet stratospheres

Atmospheric winds redistribute species that are not uniformly produced by (photo)chemistry in the
stratospheres of the Giant Planets. It is thus essential to properly evaluate these winds. While upper
tropospheric winds are measured with cloud tracking techniques, the stratospheres lack such dynami-
cal tracers. Little is known about stratospheric winds, their magnitude, meridional variability, seasonal
evolution, etc. It is thus not known yet whether tropospheric dynamics extend to the stratosphere.

Zonal winds can, in principle, be derived indirectly from the thermal structure through the thermal
wind equation. [Flasar et al.|(2004) have deduced the presence of a strong tropical jet in the stratosphere of
Jupiter. |Orton et al.|(1991)) and [Friedson|(1999) have shown that the jovian tropical temperatures oscillate
with a quasi-period of four years. The direction of the thermal wind should thus oscillate as well. This
quasi-quadriennal oscillation (QQO) is thought to control the general circulation and chemical species
distributions in the jovian tropics. Such oscillations exist in the Earth atmosphere (QBO) and in Saturn’s
stratosphere (SAO or QPO ; [Orton et al.[2008; [Fouchet et al.|2008). By analogy with the Earth, such
oscillations seem to be resulting from interactions between atmospheric waves and the mean zonal flow
(L1 and Read, [2000; Baldwin et al., 2001)).

The thermal wind equation technique however suffers from the following limitations: it cannot be
applied at the equator and it requires a lower boundary condition. Direct stratospheric wind measure-
ments are thus essential to constrain the mechanisms that create and maintain such oscillations, and more
generally the stratospheric general circulation in the Giant Planets.

Heterodyne spectroscopy has proven that it is a useful tool to measure atmospheric winds directly
from Doppler shifts of the spectral lines (Lellouch et al.,|1991; Moreno et al., 2005} 2009; |Cavalié et al.,
2008b). However, there is a big challenge when trying to measure stratospheric winds in Giant Planets.
Contrary to Mars and Venus, they are fast rotators and the measured Doppler shifts not only reflects
wind velocities (few 10 to 100 m-s—!), but also the rotation of the planets (from 2.6 km-s~! for Uranus
to 12.6km-s~! for Jupiter). The equatorial rotation velocity of Jupiter and Saturn is about 2 orders of
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magnitude stronger than the anticipated winds. It is thus primordial to precisely locate the atmospheric
limb in the observations to properly subtract the planet rotation and eventually measure the winds.

Even though measuring stratospheric winds with single dish antennas (e.g., IRAM-30m) and their
low spatial resolution has always been extremely challenging, V. Hue (SwRI) and I are attempting to
detect the equatorial jet in Jupiter’s stratosphere (Flasar et al.l [2004) with the IRAM-30m with data
collected in January 2014. We have adopted the limb-switching technique on the HCN line at 265 GHz
to cancel out baseline ripples caused by the strong planetary continuum, and we have used the highest
sampling rate allowed by the system, with individual integration times of 125 ms, to avoid suffering from
pointing instability. In such a short time and despite the 9” resolution (with respect to a 45” Jupiter), the
pointing uncertainty is minimal (less than 0.1”) and continuum is still very precisely measured allowing
us to retrieve the pointing and remove the contribution of the planet rotation. We will then average all
the individual spectra to try to reveal any strong stratospheric wind. Time (and work) will tell whether
this attempt will be successful.

A great perspective with ALMA and its capabilities of extended mapping, high spatial resolution and
high spectral resolution, is that of enabling the measurement of zonal winds in the stratospheres of the
Giant Planets. The first obvious targets are Jupiter and Saturn, given their sizes. Mapping zonal winds
in the stratospheres of these planets is one of the goals of two projects I am involved in. The first is
the one I am leading for Jupiter and that is presented in the previous section. The second, led by T.
Fouchet (LESIA), focuses on Saturn and data have been obtained in July 2018. In both cases, the main
challenge remains the subtraction of the planet rotation. However, the high angular resolution combined
to self-calibration should enable us to precisely retrieve the pointing from the continuum map and thus
subtract the planet rotation component from the Doppler shifts.

All these observations will eventually be compared to the predictions of the LMD and MPS GCMs
(Guerlet et al.| 2014; Medvedev et al., [2013)). In this sense, I want to reinforce the collaboration with
the MPS team, by applying to the Bordeaux IdEx in 2019 to obtain funding for a PhD thesis or postdoc
to be done in co-supervision with the MPS, as the University of Géttingen is a partner of the Bordeaux
University in this program. The main goal would be to couple the chemistry expertise of the Bordeaux
ASP Team with the GCM expertise of the MPS Microwave Team.

3.4 Perspectives

ALMA (and NOEMA in the northern hemisphere) is clearly the optimal observatory for the next ten
years for stratospheric circulation characterization of the Giant Planets. In this sense, I will pursue my
collaboration with the Planetology group at LESIA to monitor stratospheric winds in Jupiter and Saturn.
On the longer term, an atmospheric entry probe, like the Hera ESA M5 mission unsuccessful candidate
(Mousis et al., 2014} [2016)), would enable us to measure (among other things) the vertical profile of the
zonal wind at the latitude of entry. This would provide us with ground truth to be compared with the
ALMA results.

Even though the angular resolution of ALMA is more limited for Uranus and Neptune, and even
if there is a limited number of strong enough spectral lines in the stratosphere of Uranus, it should be
possible to map zonal winds in the stratospheres of the Ice Giants and to compare the obtained wind
pattern with tropospheric measurements (Hammel et al., [2005; Sromovsky et al., 2012; Fitzpatrick et al.,
2014). The fact that the sub-Earth latitude of Uranus is constantly increasing since equinox in 2007
(and will reach 45° in the next few years) renders a detection more difficult, as the observable is the wind
velocity times the cosine of this angle. However, it should not yet be seen as a limitation in the next years.
In the (much) more distant future, Uranus and Neptune orbiter missions may be launched and embark
atmospheric entry probes. A study report that emphasizes the improved science return of the combined
orbiter/probe concept has recently been published for NASA by Hofstadter and colleagueﬂ In response
to this work, the Hera team has published the science goals and an adapted version of its Hera Saturn

Uhttps://www.lpi.usra.edu/icegiants/mission_study/Full-Report.pdf
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probe concept to Uranus/Neptune (Mousis et al., 2018) in preparation of an NASA-ESA collaboration
on such a mission. The timeframe the launch of such a mission is the late 2020s-early 2030s.

On the shorter term, the continuation of the analysis and interpretation of the Jupiter maps I have
obtained with ALMA is the next natural step for me in trying to better understand the dynamics of the
jovian stratosphere. From these data and adequate 2D photochemical modeling, I will be able to constrain
meridional transport by fitting the observed distributions of HCN and CO. Fitting the temporal evolution
of the abundances of these compounds will also be key in better understanding the chemistry of oxygen
and nitrogen species in the jovian stratosphere. The spectral maps obtained with a very high spectral
resolution will also enable me to produce the first complete map of stratospheric zonal winds. I will
thus be able to determine whether or not the tropospheric wind pattern extends to the mid-stratosphere.
If I detect stratospheric winds, I intend to apply for ALMA time every year over several years to better
constrain the QQO. This work will come in preparation of the JUICE/SWI observation campaign, for
which we aim at monitoring the jovian stratospheric circulation over the course of the mission.

4 Contributions to the JUICE mission and to SWI

4.1 Presentation of the JUICE mission

The JUICE mission is the first flagship mission of ESA and was selected in May 2012. It will explore
Ganymede as a planetary object and possible habitat, Europa’s recently active zone, and Callisto as a
remnant of the early jovian system. JUICE will also study Jupiter and its system as an archetype for
giant planets, by characterizing its atmosphere, magnetosphere, and satellite and ring system.

To fulfill these goals, ESA selected a payload of 10 instruments and a science investigation in Febru-
ary 2013: 3GM (radio science experiment), GALA (laser altimeter), JANUS (imaging system), J-MAG
(magnetometer), MAJIS (visible-infrared hyperspectral imaging spectrometer), PEP (particle package),
RIME (ice penetrating radar), RPWI (radio and plasma wave instrument), SWI (submillimetre wave in-
strument), UVS (ultraviolet imaging spectrometer), and PRIDE (VLBI experiment). JUICE is currently
in its implementation phase at the spacecraft level by Airbus Defense and Space, and at the instrument
level by the instrument consortia.

The mission launch is currently set for May 2022. After an Earth-Venus-Earth-Mars-Earth gravity
assist, JUICE will reach Jupiter and proceed with Jovian Orbit Insertion (JOI) in October 2029. A 2.5
year Jupiter tour will then start. It is comprised of 5 phases:

e Phase 1 (Pre-JOI and first ellipse): characterized by large Jupiter distances (except during JOI),
o Phase 2 (Energy reduction phase): first Jupiter equatorial phase,
e Phase 3 (Europa flybys): short period that includes the 2 Europa flybys,

e Phase 4 (Inclined phase): the S/C uses Callisto flybys as a ladder to reach up to £30° sub-
spacecraft latitude (and get a better view of Jupiter’s polar regions), and then to go back to the
equatorial plane,

e Phase 5 (Low energy phase): second Jupiter equatorial phase and approach to Ganymede.

Depending on the final trajectory, these phases include about 30 close flybys of Ganymede and Callisto,
and the two Europa flybys. The Jupiter tour will be followed by a Ganymede Orbit Insertion (GOI) and
a 9-month Ganymede orbital phase which comprises:

e GEO I: First Ganymede elliptic orbit phase,
e GCO5000: Ganymede circular orbit at 5000 km altitude,

e GEO II: Second Ganymede elliptic orbit phase,
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e GCOS500: Ganymede circular orbit at 500 km altitude.

This tour (see Fig. for the Jupiter tour) is designed to ensure a variety of spatial resolutions and
viewing geometries on all objects to be studied so that all mission science goals are fulfilled (refer to
JUICE Red Book and Science Requirements document). After this nominal mission, and depending on
delta-V, JUICE will either crash on the surface of Ganymede or complete an additional GCO200 phase.

The scientific coordination of the mission is under the responsibility of the Science Working Team
(SWT), which is comprised of the Project Scientist, the instrument PIs, and the Interdisciplinary Sci-
entists (IDS). The SWT is assisted by the Science Operation Center (SOC) and the Science Working
Groups (WG).

JOI Equatorial
phase I

Inclined Equatorial
phase phase II

Europa flybys

Figure 3.10: Example of a possible Jupiter tour for JUICE, in terms of distance to Jupiter. Red dots indicate perijoves.

4.2 The Submillimetre Wave Instrument (SWI)

One of the selected instruments of the JUICE payload is SWI. The PI is P. Hartogh (MPS). SWI is
currently being implemented by a consortium of several institutes and companies (mostly european). I
joined the SWI Science Team in 2009 when it was proposed for the model payload of what then was the
Europa-Jupiter System Mission.

SWI is a 29-cm submillimeter telescope equipped with spectrometers/radiometers operating in two
channels: 530 — 625 GHz (566 — 480 um) and 1080 — 1275 GHz (277 — 235 um). The suite of very high
and high resolution spectrometers will ensure R = 10°-107 (Chirp Transform Spectrometers — CTS,
and Auto-Correlator Spectrometers — ACS, respectively). In addition two continuum detectors (CCH)
will enable us to perform continuum radiometry. The instrument is further equipped with a scanning
mechanism that will allow us to point £72° along-track in the Jupiter phase (and cross-track in the
Ganymede phase) and +4.3° cross-track in the Jupiter phase (and along-track in the Ganymede phase)
away from nadir. The scanning mechanism will allow us to map Jupiter and the Galilean moons from
any point in the trajectory. The science goals of the instruments are the following:

e Characterize the composition and dynamics of Jupiter’s stratosphere, and its coupling with the
lower and upper atmosphere. Mapping observations of CHy4 and SL9-derived species lines with
R = 107 and a very high signal-to-noise ratio will enable us to retrieve simultaneously the temper-
ature, abundance and wind properties of the stratosphere as a function of latitude, longitude and
time.

e Characterize the atmospheres of the Galilean satellites to determine their sources, sinks, and in-
teractions with the jovian magnetosphere. Daily monitoring during the Jupiter phase (using the
scanning mechanism), and very high spatial resolution mapping observations during flybys and



4 Contributions to the JUICE mission and to SWI 37

Ganymede phase, will enable us to constrain the HyO atmospheres of Europa, Ganymede, and
Callisto, and the SO/SO; atmosphere of Io. We will also assess the presence of other compounds.

e Determine isotopic ratios in the atmospheres of Jupiter and its satellites to constrain their origin,
formation, and evolution. The SWI bands include the isotopic signatures of all main species that
will be observed (H,O, CO, HCN, CS, NH3, SO, SO, etc.).

e Measure the surface and subsurface properties of the satellites to constrain their composition.
Combined with atmospheric observations, we will be able to confirm the cryovolcanic activity
hinted by the detection of H,O plumes on Europa (Roth et al., 2014 [Sparks et al.l [2016)), and
further detect hot spots and cryovolcanic activity on Ganymede and Callisto.

The design of the instrument validated during the Instrument Preliminary Design Review (2017) is shown

in Fig. B.11]

Figure 3.11: Design of SWI as of January 2018.

4.3 Preparation of the operations and scientific return of SWI and the JUICE mission
From science objectives to observation planning

The first task I have worked on after the selection of SWI was the translation of the science objectives
into measurement requirements for Jupiter. I have then tried to list all the observations SWI needs to
perform to fulfill its goals at Jupiter. With our radiative transfer models, we must then simulate these
observations to estimate at best the required integration time. This simulation work has started and is
underway in Bordeaux. In parallel and with inputs from the team, I have listed and detailed all the
observation modes of SWI required to perform the observations in a so-called observation mode library
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(refer to publication list). I first delivered it to SOC in the Summer of 2015, and I am regularly providing
the SOC with updates. We will use these observation modes in a plug-and-play fashion to put together
our observation plan.

An Observation Planning Tool (OPT) for SWI is currently in development at LAB under my super-
vision. The idea is to render the choice of the observations to be executed (and thus the sequence of
observation modes) as automatic as possible. This choice depends on several factors: the list of obser-
vations that remain to be performed, the orbital conditions (distance to the various targets, phase angle,
etc.), and pre-established scheduling rules. The goal of the OPT is thus to semi-automatically produce
a sequence of observations with appropriate parameters and time stamps. This sequence will eventually
be uplinked to the instrument for execution, after cross-validation by the SWT with other instrument
sequences. My aim is to have a first working version of the OPT in early 2019.

Preparation of SWI operations

At the time of operations, the Mission Operation Center (MOC) will collect the team inputs in terms of
instrument commanding sequences. The low-level sequencing of observations will be organized at the
Working Group level (see next section) to fix the timeline of operations and the attitude of the S/C, and to
comply with S/C pointing and power resources. Instrument teams will then have to produce the detailed
commanding sequence of their instrument and send it to MOC for implementation and uplink to the S/C.

MOC has issued limitations in terms of uplink data volume per instrument which are quite severe for
SWI: 100 telecommands/day. Because SWI is a 1-pixel instrument, it requires a significant number of
pointings to complete mapping observations, mirror movements for calibration, etc. So, if each of these
individual operations would need to be translated into single telecommands, SWI would only be able to
operate for a few minutes each day because it would exceed the telecommand limitation. This is why
we had to agree with MOC on a different strategy for SWI. We decided to wrap individual instrument
commands into instrument modes, which in turn would be used within observation modes (or observation
templates). This means the Digital Processing Unit (DPU) of SWI has to be loaded with all the possible
individual commands, instrument and observation modes. And the instrument and observation modes
are scripts with appropriate parameters that enable the DPU to reconstruct the sequence of individual
operations.

Since 2017, I have been coordinating a small team (E. Wirstrom, Chalmers University, and F. Herpin,
LAB) on the definition and writing of these scripts, and I am the contact person on these matters for the
DPU developers, SWI system engineer and project manager, and SOC/MOC. There are several tens of
instrument modes and observation templates, as we must make sure we can operate the instrument in
any possible instrument configuration (two receivers vs. one-receiver-only, CTS+CCH vs. CTS vs.
ACS+CCH vs. ACS vs. CCH, position-switching vs. frequency-switching, etc.) and for any type of
observation (stare, raster map, cross, etc.). After a first comprehensive delivery in December 2017, we
aim at completing the script preparation task for the Summer of 2018 in view of the Engineering Model
(EM) delivery to ESA. On the longer term, we need to validate the observation modes of the DPU with
an instrument simulator. Such a simulator does not currently exist and will have to be developed.

Preparation of observation analysis

The first step in getting ready for data analysis is to validate all our radiative transfer and retrieval models.

There are several different radiative transfer models in the SWI Team, including LTE models for
Jupiter and non-LTE models for the moons. I have coordinated this effort for the Jupiter codes. I have
first put together a Jupiter atmosphere reference model and other model input parameters for everyone
to compute a list of spectral lines under the same physical conditions. We have then cross-compared our
codes for a list of representative spectral line observations, and I have written an internal report on this
comparison and validation work (refer to publication list).
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At this stage, I must recognize that one of the weaknesses of the french team is the lack retrieval
model for Jupiter. Ideally, we should develop our own (and validate it versus the other ones) to be able
to retrieve temperatures and winds from the measurements in a more automatic way.

All the activities that have to be performed from the definition of science objectives to the production
of science results, and that I have described in the previous sections, are displayed in the flowchart of

Fig.3.12}
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Figure 3.12: Flowchart describing the chain of events and interactions between the definition of the SWI science require-
ments and the production of science results. Mauve boxes stand for groups of people, green boxes for software operations,
and orange boxes for data/information. Orange arrows indicate production of data and red arrows stand for information
transfer.

Coordination of the ‘“Working Group 4: Jupiter” of ESA and SWI

The Jupiter science Working Group (WG4) is one of four groups assembled to provide both scientific and
operational support to the JUICE SWT. The science investigations covered by WG4 are those relevant
to Jupiter’s highly variable atmosphere from its upper troposphere to its lower thermosphere, nominally
with the MAJIS, JANUS, SWI, UVS, and 3GM remote sensing instruments. They involve the long-term
coverage of Jupiter’s atmospheric key chemical and dynamical processes spanning timescales from hours
to weeks, months and years. Since April 2015, WG4 is co-lead by L. Fletcher (Leicester University) and
myself. It comprises more than 50 people, among which the PS, the PIs of all instruments, and experts
from instrument teams in the fields relevant to our WG. The science and investigations covered by our
WG have some overlap with WG2 (“Surfaces and near-surface exospheres of satellites, dust and rings”)
and WG3 (“Jovian magnetosphere and plasma environment”).
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Our primary goals are to (i) consolidate and update the Jupiter science goals/requirements for JUICE,
(ii) prepare detailed observational strategies for each instrument, (iii) to assemble these strategies into
sequences of observations during the jovian tour for MAPPS simulation by the SOC, (iv) to assess the
science return from the tour as a whole, and (v) to understand opportunities for synergistic observations
between instruments.

The first task of the WGs in 2015 consisted in simulating operations over GCO500, a Europa flyby,
and a full Jupiter orbit (that included a Ganymede flyby), to assess the science return when considering
S/C limitations in terms of power and downlink capabilities. WG4 was obviously only involved in the
latter study. This work was delivered to the SWT at the end of 2015 and the SOC has used it to prepare
the JUICE Science Requirement Review. The SWT then identified the need for an overall analysis of the
tour to better assess the operational requirements to meet the science goals.

In early 2016, the SWT thus tasked the WGs perform a top-level science analysis of the global tour to
identify priorities, dedicated campaigns as function of the mission phase. We have spent the following 2
years defining trajectory segments for Phases 2 to 5 of the Jupiter tour. Segments must be understood as
periods where WG instruments require control of S/C pointing to acquire their observations. In this ap-
proach, detailed planning within a segment and power limitations were not considered. I have produced
a software tool for the SWI Team to analyze and segment the trajectory using SPICE kernelf] based on
SWI observation requirements. After collecting inputs from all involved teams, we were able to define a
limited set of generic segments for the Jupiter tour Phases 2 to 5 for WG4:

e Perijove segments: +50 hours (i.e., 10 Jupiter rotations) surrounding the closest approach to
Jupiter (PJ), minus downlink windows, minus +12 hours surrounding primary satellite encoun-
ters, and minus short observations of distant satellites. These windows are our highest priority for
high spatial resolution remote sensing. In some specific cases, these windows could be extended
to £100 hours and/or downlink could be suspended to allow for intensive observation campaigns.

e Phase angle segments: where not included within the Perijove segments, 10 hours centered around
(or as close as possibleto) 0°, 90° and 180° phase angle to study aerosol properties and lightning
activity.

e Inclined segments: 20 hours around the maximum northern and southern inclinations, when the
sub-S/C latitude exceeds +5°, to provide good coverage of the polar atmosphere and aurora.

e Monitoring segments: 10 hours every 2-3 days for regular remote sensing observations outside of
the regular segments.

e Event-driven segments: windows for any unique/time-critical events outside of the segments de-
fined above (e.g., occultations, Jupiter disk transits). Most of these segments are likely to fall
within Perijove segments.

e Synergistic segments: windows of favorable observing to ensure all instruments work together to
study a particular phenomenon (e.g., multi-spectral imaging of storm systems, lightning activity,
auroral phenomena, cloud tracking, etc.). Most of these segments are likely to fall within Perijove
segments.

I have provided WG4 with a simpler version of my segmentation tool to automatize the segmentation at
the WG4 level, and an example of such segmentation for WG4 is displayed in Fig.

The SOC has collected inputs from all WGs to identify conflicts and propose rules to solve them.
These results have been implemented in an online tool that can generate automatically a segmentation
for any new trajectory in the future, and thus facilitate higher level detailed planning (e.g. with the SWI

2SPICE is an “information system developed by NAIF to assist [...] scientists in planning and interpreting scientific ob-
servations from space-borne instruments, and to assist [...] engineers involved in modeling, planning and executing activities
needed to conduct planetary exploration missions” (SPICE website: https://naif.jpl.nasa.gov/naif/spiceconcept.html).
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Figure 3.13: Example of the WG4 segmentation proposed for Phase 2 of the Jupiter tour. This is a simple example to
keep it reader-friendly and still show the variety of Jupiter distance/illumination conditions.

OPT). The next steps will consist in applying the segmentation work to the Ganymede phase and then
to assess resources within each WG segments to estimate feasibility of operations and produced data
volume.

We have written several reports that summarize our work on these aspects: SWI and WG4 Jupiter-GS5
report, SWI and WG4 Jupiter tour segmentation report.

4.4 Calibration activities

The Calibration Kick-off meeting for SWI and its subunits took place at MPS in November 2017. The
list of calibration operations has been established by a team comprising scientists and engineers. The
Calibration Team is coordinated by C. Jarchow (MPS) and includes four other scientists who all have
experience from Herschel: R. Moreno (LESIA), F. Herpin (LAB), M. Rengel (MPS) and myself. As
soon as subunits (and workforce!) become available for testing, or latest when the instrument is first
assembled (end of 2018 - early 2019), we will proceed with calibration campaigns for:

e Spectral calibration: CCH passband shape, CTS and ACS frequency scale, channel response, and
frequency drift vs. temperature

Spatial response: beam characterization, pointing calibration

Intensity calibration: sideband ratio, noise temperature, emissivities

Stability: Allan variance

Signal purity: spurs, standing waves

Similar activities will continue on a regular basis with inflight calibration campaign after launch.

4.5 Conclusion and perspectives

JUICE and its SWI instrument are going to revolutionize our understanding of Jupiter’s middle atmo-
sphere in terms of chemistry and dynamics. For instance, while ALMA will provide us with snapshots
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of the stratospheric wind structure, SWI will be the first instrument capable of directly measuring si-
multaneously the composition, temperature and stratospheric winds on a daily basis and over about 3
years. Following my recent ALMA observations of the jovian southern aurora oval, I am looking for-
ward to synergistic science between SWI and UVS to better characterize the coupling between Jupiter’s
magnetosphere and its stratosphere (e.g., exogenic inputs of material and energy, ion-neutral chemistry).

We are halfway between the instrument selection (2013) and launch (2022 at best). There are still
numerous milestones to pass at the instrument development level. The first fully assembled model of
SWI should be available in the course of 2019. This will allow us to perform all necessary ground
calibration measurements. In the meantime, we have to complete the development of the commanding
of the instrument. Once inflight, we will take advantage of the long transfer time to Jupiter and of the
Earth and Mars flybys to perform inflight calibration. This should bring us at the beginning of the 2030s,
ready for data acquisition, analysis, interpretation... and so many discoveries!

5 Conclusion

In this chapter, I have first summarized the main results I have obtained regarding the chemistry and
dynamics of the giant planet stratosphere, in an attempt to better understand how they work.

Using space-based telescopes (Odin and Herschel) and time-dependent photochemical modeling, I
have shown that the bulk of Jupiter’s stratospheric water originates from the SL9 impacts in 1994. I have
also obtained the first submillimeter observations of CO in the stratospheres of Saturn and Uranus, from
which I have shown that a cometary origin is the more likely scenario for Saturn, and that CO has an
external source in Uranus. I have participated in the study that has enabled the first detection of the water
torus produced by the geysers of Enceladus around Saturn. This torus is probably the ultimate source
of H,O of Saturn’s stratosphere, according to Herschel data I am currently analyzing. With Herschel
and ALMA, I have also obtained data that show the stratospheric counterpart of Saturn’s Great Storm of
2010-2011, but these data remain to be analyzed.

I have then detailed the perspectives offered by observatories like ALMA to map the circulation in
these stratospheres, from direct imaging of the Doppler shifts induced by winds on the spectral lines. On
the longer term, I will take part in an extensive study of Jupiter’s stratospheric chemistry and dynamics
with the SWI instrument of the JUICE mission.



Conclusion

In this manuscript, I have presented my research work over the past 10 years in (sub)millimeter obser-
vation and modeling of the Giant Planets of the Solar System, in an attempt to better understand their
formation and evolution. This work is primarily based on ground- and space-based observations and on
the preparation of space missions with remote sensing and in situ instrumentation like JUICE and Hera.
All observations require adapted models for interpretation, and I have contributed to the development of
several atmospheric models.

In the first chapter, I have detailed the new models I have developed or contributed to, and that are
adapted to very high spectral and spatial resolution observations I perform. My radiative transfer model
in 3D ellipsoidal geometry is a continuous development project to keep it state-of-the-art. I use it almost
on a daily basis either to analyze or prepare new observations. It is now also adapted to Titan, thanks
to S. Cuzacq (Bordeaux University), and only a final validation is missing before it can be used by the
ASP Team of LAB for observation proposals, data analysis and photochemical model testing against
observational data. In parallel, I am pursuing my modeling effort by contributing to the development of
thermochemical and photochemical models. We are currently working to parallelize our model solver,
especially to be able to run 2D time-dependent photochemical simulations with full ion-neutral chemical
networks rather than reduced ones. We are also updating the methanol block of our thermochemical
network to better constrain the deep composition of Giant Planets. All these models have (or will have)
exoplanetary applications (in the future).

In the second chapter, I have shown how remote sensing observations in the (sub)millimeter domain
can help us to constrain the deep composition of Giant Planets and therefore their formation. We have
achieved new measurements of the D/H ratio in all Giant Planets with Herschel and the publication of
the Jupiter and Saturn values is the next step. We have performed observations of tropospheric CO and
coupled the result with thermochemical modeling to estimate the deep oxygen abundance of Saturn,
Uranus and Neptune. With the recent update of our thermochemical network, and by accounting for
the inhibition of convection caused by the condensation of H,O in the troposphere, we will establish
refined deep oxygen abundances for all Giant Planets in the near future. In parallel, I am participating in
an international effort to visit the Giant Planets with in situ atmospheric probes and obtain ground truth
measurements of their composition. While our Saturn Hera mission proposal has recently been rejected
by ESA, we have started adapting our concept to a mission to the Ice Giants as ESA will soon start a
study to explore how it could best contribute to a NASA a flagship mission to these worlds. In the NASA
latest study, an atmospheric probe to either planet is a very high priority, and ESA could contribute to
such a mission by providing it. Discussions on the payload instrumentation had already started during
the Hera proposal campaign, and I am managing an effort to get the electronics of the mass spectrometer,
which could be embarked on an ESA probe, produced at LAB.

In the third chapter, I have presented the core of my work, which consists in characterizing the
chemistry and dynamics of the Giant Planet stratospheres to better understand how they work. Most
observations I have led and participated in the past years targeted exogenic species like H,O and CO
to constrain their external sources. These observations, obtained with observatories like Herschel and
more recently ALMA, show that all types of sources (IDP, icy rings/satellites, and large comet impacts)
seem to be at work in the Giant Planets, though in different proportions for each planet. While CO seems
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to be caused by comet impacts in all Giant Planets, H;O seems to be originating from comet SL9 at
Jupiter, the Enceladus geysers at Saturn, and IDP at Uranus and Neptune. With the dramatic increase
of sensitivity and spatial resolution enabled by ALMA, submillimeter observations will now serve to
directly measure Doppler winds in Giant Planet stratospheres to constrain their general circulation. In
one decade form now, the JUICE mission with the SWI instrument will enable us to monitor Jupiter’s
stratospheric chemistry and circulation over the 3.5 years of the nominal mission.

The preparation of SWI both scientifically and technically, and of the JUICE mission at the Working
Group level, is an investment for the future. I feel very lucky to participate in a mission from its start
and hopefully until it is completed. I am currently devoting a significant part of my work time on the
preparation of the JUICE mission, and I could not have done that without my permanent researcher status
at CNRS. I hope young scientists will continue to have the chance of accessing such kind of positions and
see other missions (like Uranus/Neptune orbiters/probes) from their proposal and development stages to
the completion of their science programs.

At the time when we are discovering an ever increasing number of exoplanets, we must not forget
that we have fantastic worlds within our reach and that the planets of our Solar System are so diverse that
we can still learn a lot on planets in general by studying them with remote sensing and in situ techniques.
In this sense, understanding how our own Solar System formed and how its works is complementary to
exoplanet studies and cannot be disentangled from them.



Research program

The projects I work on aim at addressing the questions of the formation, evolution, chemistry and dynam-
ics of the Giant Planets of the Solar System. The observation programs my work is articulated around are
listed in Table and my main collaborations are presented in Fig. In what follows, I present my
research program and development projects in a synthetic way and expected chronological order, with e
for projects I am contributing to and  for projects I am leading. Most points are more explicitly detailed

in chapters and

Because of my move to LAB in September 2018, I have slightly adapted this program to better fit
the LAB ASP Team science objectives.

Table 3.1: My current observation programs (either accepted or executed).

Title Telescope Type Role

Constraining the internal and external sources of CO in IRTF Standard Co-1

Saturn’s atmosphere

The Jupiter System JWST ERS Science Team

Are the Enceladus geysers the source of Saturn’s water ? ALMA Cycle 5 PI

Constraining Jupiter’s atmospheric chemistry and

dynamics from H,O mapping in ALMA band 5 ALMA Cycle 5 PI

The first direct measurement of Saturn’s stratospheric winds ALMA Cycle 5 Co-1

Constraining Jupiter’s atmospheric chemistry and

dynamics from post-SL9 species mapping ALMA Cycle 4 PI

HCN emission: a diagnostic of Enceladus cryovolcanic

activity and torus dynamics ALMA Cycle 2 Co-1

Probing the vertical structure of Saturn’s storm with ALMA ALMA Cycle 0 PI

Water and related chemistry in the Solar System Herschel Guaranteed Time  Associate
Key Program Scientist

Probing the temperature and chemistry of Saturn’s storm Herschel Open Time PI

with Herschel

Probing the Enceladus torus with Herschel Herschel Open Time Co-1

Variability in Ice Giant Stratospheres: Implications for Herschel Open Time Co-1

Radiative, Chemical and Dynamical Processes

The spatial distribution of CO in Saturn SMA Standard PI

Observation of an equatorial jet in the atmosphere of Jupiter IRAM-30m  Standard PI

The origin of CO in Saturn’s atmosphere VLT Short Program Co-1

Jupiter’s stratospheric HCN, hydrocarbon and temperature fields ~ SOFIA Cycle 3 Co-1
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Development projects for atmospheric models

Radiative transfer modeling

1. e Interface with an inversion model (e.g. optimal estimation method)
2. x Validation of the new Titan version of the model

3. * Account for vertical Doppler wind lineshifts in simulations

Photochemical modeling

1. = Parallelization of the model solver to account for more complex chemical networks
(e.g. ion-neutral networks)

2. e Development of an ion-neutral chemical network for auroral chemistry

3. e Coupling of photochemical and general circulation models

Thermochemical modeling
1. e Update the CH3OH block of the chemical network

2. e Extension of the chemical network to P (and S) species

Formation of the Giant Planets

Physico-chemical conditions of the formation of planetesimals

1. e Determination of the deuterium abundance in Jupiter and Saturn with Herschel

2. e Proposition of an atmospheric probe based on the Hera concept for a NASA-ESA
Ice Giant flagship mission

Condensation processes of primordial ices
1. e Saturn’s tropospheric CO with VLT/CRIRES and IRTF/CSHELL
2. = The deep oxygen abundance of Saturn

3. x Revision of the deep oxygen abundances of Uranus and Neptune
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Seasonal chemistry in the stratospheres of the Giant Planets

Jupiter’s stratospheric chemistry: temporal evolution of SL9-species

1. » Long-term evolution of the meridional distribution of SL9-species in Jupiter’s
stratosphere with ALMA

2. » Long-term evolution of the H,O abundance in Jupiter’s stratosphere with Odin

3. o Auroral chemistry with ALMA and JWST observations, and associated photo-
chemical modeling

4. e Very long-term evolution of SL9-species with JUICE/SWI

The Saturn-Enceladus system

1. * Meridional distribution of H,O in Saturn’s stratosphere with Herschel and ALMA:
is Enceladus the source?

2. e Physico-chemical characterization of the Enceladus torus with Herschel and
ALMA

3. e Meridional distribution of CO and HCN in Saturn’s stratosphere with ALMA

4. e The origin of exogenic species in Saturn’s stratosphere: cometary and/or Ence-
ladus?

Seasonal evolution of Saturn’s stratosphere

1. = Physico-chemical evolution of Saturn’s stratosphere during the Great Storm of
2010-2011 with Herschel and ALMA

2. e Saturn’s stratospheric zonal winds with ALMA
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Dynamics of the stratospheres of the Giant Planets

Jupiter’s stratospheric dynamics from observations of SL9-species

1. = Vertical mixing in Jupiter’s stratosphere: long-term monitoring of SL9 species
2. * Stratospheric zonal wind field with ALMA
3. ¢ GCM modeling of Jupiter’s stratosphere

4. e Seasonal mapping of zonal winds in Jupiter’s stratosphere with JUICE/SWI

Saturn’s stratospheric dynamics
1. e Stratospheric zonal wind field with ALMA

2. o GCM modeling of Saturn’s stratosphere
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ABSTRACT

Thermochemical models have been used in the past to constrain the deep oxygen abundance in the gas
and ice giant planets from tropospheric CO spectroscopic measurements. Knowing the oxygen abundance
of these planets is a key to better understand their formation. These models have widely used dry and/or
moist adiabats to extrapolate temperatures from the measured values in the upper troposphere down to
the level where the thermochemical equilibrium between H,0 and CO is established. The mean molecular
mass gradient produced by the condensation of H,O stabilizes the atmosphere against convection and re-
sults in a vertical thermal profile and H,O distribution that departs significantly from previous estimates.
We revisit O/H estimates using an atmospheric structure that accounts for the inhibition of the convec-
tion by condensation. We use a thermochemical network and the latest observations of CO in Uranus and
Neptune to calculate the internal oxygen enrichment required to satisfy both these new estimates of the

Neptune

thermal profile and the observations. We also present the current limitations of such modeling.

© 2017 Published by Elsevier Inc.

1. Introduction

One of the great mysteries in the Solar System is how the gas
and ice giant planets formed from the protoplanetary disk 4.5 bil-
lion years ago. This question is even more relevant regarding ice gi-
ants after the discovery of the commonality of Neptune-class plan-
ets among the exoplanets detected by Kepler (Batalha et al., 2013;
Fressin et al., 2013). Two scenarios have been proposed regarding
the formation of giant planets: disk gravitational instability (Boss,
1997) and core accretion (Pollack et al., 1996). These scenarios dif-
fer not only in the time required to form planets (a few hundred
years vs. several million years, respectively), but also in the final
composition of the planets’ interiors. While gravitational instabil-
ity should result in ~solar abundances of heavy elements (except
if a significant external source of heavy elements is incorporated
after the planet formation), core accretion formation should lead
to an enrichment in heavy elements increasing with heliocentric

* Corresponding author.
E-mail address: thibault.cavalie@obspm.fr (T. Cavalié).

http://dx.doi.org/10.1016/j.icarus.2017.03.015
0019-1035/© 2017 Published by Elsevier Inc.

distance. The level of enrichment then would depend on how the
ices of the planetesimal that formed the cores of these planets con-
densed. Here again, several competing scenarios exist: condensa-
tion in amorphous ices (Bar-Nun et al., 1988; Owen et al., 1999)
and clathration (Lunine and Stevenson, 1985; Gautier et al., 2001;
Hersant et al., 2004; Gautier and Hersant, 2005).

While measuring the D/H ratio in the giant planets (Lellouch
et al., 2001; Feuchtgruber et al., 2013) gives us an insight on the
origin and condensation temperature of the protoplanetary ices
in the outer Solar System (Hersant et al., 2001), measuring the
heavy element abundances can help constraining the ice conden-
sation processes. Enrichment in heavy elements has been observed
by the Galileo probe in Jupiter's troposphere, with an average en-
richment factor of ~4 + 2 in C, N, S, Ar, Kr and Xe, except for
O which was found depleted (Niemann et al., 1998; Atreya et al.,
1999; Mahaffy et al., 2000; Wong et al., 2004; Owen and Encrenaz,
2006). The O measurement may only be a lower limit because the
Galileo probe most likely entered a dry zone of Jupiter and did
not reach the levels where H,0 is well-mixed (Wong et al., 2004),
though alternative scenarios explaining an oxygen depletion exist
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(Lodders, 1994; Mousis et al., 2012). The global enrichment in
heavy elements reported by Galileo favors the core accretion sce-
nario for Jupiter. This formation model, if applied to the other giant
planets, predicts enrichment factors that increase with increasing
heliocentric distance: ~7, 30 and 50 for Saturn, Uranus, and Nep-
tune, respectively (Owen and Encrenaz, 2003). At Saturn, the C, N,
P and S abundances have been measured (Fletcher et al., 2009;
Hersant et al., 2008; Mandt et al., 2015) and are also found en-
riched compared to the solar value. At Uranus and Neptune, the
information is more sparse, with only the C abundance has con-
straints (Baines et al., 1995; Sromovsky and Fry, 2008; Karkoschka
and Tomasko, 2009).

The key measurement that would enable differentiating the
condensation processes of the planetesimal ices and hence how
other heavy elements were trapped is the deep water abundance.
Indeed, the clathration scenario needs a larger amount of water
at the time of the condensation of the planetesimal ices than the
amorphous ice scenario (Owen, 2007), especially if the efficiency of
the clathration process was lower than 100%. While Galileo proba-
bly failed to measure the Jovian deep water abundance below the
water cloud (Niemann et al., 1998) because it entered a dry hot
spot and probably did not reach the base of the water cloud, Juno
(Matousek, 2007) should shed light on this long lasting question.
However, there is no such mission planned in the near future to
measure the deep water abundance in the other giant planets. A
few mission concepts are being developed for Saturn (Mousis et al.,
2012, 2014; Atkinson et al., 2016) and the ice giants (Arridge et al.,
2012, 2014; Masters et al., 2014), but these challenging missions
require probes that would have to survive high pressures to reach
below the water cloud (up to ~100 bars in the ice giants). In prin-
ciple, cm-waves can probe down to several tens of bars and could
probe below the water cloud (de Pater et al., 1991; Hofstadter and
Butler, 2003; Klein and Hofstadter, 2006). However, the opacity at
these levels can also be caused by NH3; and H,S and the degen-
eracy is difficult to waive (e.g., de Pater et al., 2005). Therefore,
it is important to find other ways to constrain the deep water
abundance. One interesting way is to take advantage of the chem-
ical quenching of species like CO. The observed abundance of CO
is in chemical disequilibrium and is inherited from deeper layer,
where its abundance is in thermochemical equilibrium with water,
through the combination of fast vertical mixing and slow chemical
kinetics.

Following the first detection of CO in the atmosphere of Jupiter
by Beer (1975), a simple model was proposed to constrain the deep
water abundance in Jupiter by studying the tropospheric thermo-
chemistry and vertical transport, and in particular the following
thermochemical equilibrium reaction:

H,0 + CHy = CO + 3H,. (1)

This model, first developed by Fegley and Prinn (1988) is based
on the approximation that the tropospheric mole fraction of CO is
fixed at a so-called “quench” level, where the chemical timescale of
the conversion of CO into H,O becomes longer than the timescale
for its vertical transport by convection. This kind of model relies
on the determination of the rate-limiting reaction of the conver-
sion scheme. Therefore, assuming the kinetics of this rate-limiting
reaction is known, the kinetics of the whole conversion scheme
is constrained and the measured upper tropospheric mole fraction
of CO can be linked to the deep water abundance. Prinn and Bar-
shay (1977) initially proposed this reaction to be H,CO + H, —
CH; + OH. Later, Yung et al. (1988) proposed a two-step reaction
scheme in which the rate-limiting reaction was H + H,CO + M—
CH30 + M. This “quench-level” approximation model was then
used by Lodders and Fegley (1994) to constrain the atmospheric
O/H ratio in all giant planets. However, Smith (1998) showed that
the assumptions of these modelers on diffusion timescales were

incorrect. His work was then applied by Bézard et al. (2002) to
Jupiter, by Visscher and Fegley (2005) and Cavalié et al. (2009) to
Saturn, and by Luszcz-Cook and de Pater (2013) to Neptune using
either the Prinn and Barshay (1977) or Yung et al. (1988) limit-
ing reactions, which renders any comparison between these results
hazardous.

Visscher et al. (2010) first applied a comprehensive thermo-
chemical and diffusive transport model to the troposphere of
Jupiter. They have evaluated the Jovian deep water mole fraction
to be (0.25-6.0)x10~3, corresponding to an enrichment of 0.3-
7.3 times the protosolar abundance (9.61x10~%). Similar thermo-
chemical models have been applied ever since to investigate the
thermochemistry in exoplanets (Visscher and Moses, 2011; Moses
et al., 2011; 2013; Venot et al., 2012; 2014; 2015) and in Solar Sys-
tem giants (Cavalié et al., 2014; Mousis et al., 2014; Wang et al.,
2016). While all these models improve on the modeling of deep
tropospheric chemistry compared to the “quench-level” approxi-
mation studies, they still have to rely on assumptions made on
tropospheric vertical mixing and temperatures. Interestingly, recent
theoretical work enables progress in the determination of these
quantities:

e Vertical mixing: vertical mixing in the troposphere of giant
planets is caused by convection, and it is usually modeled by
an eddy diffusion coefficient. It is estimated within an order of
magnitude from the mixing length theory (Stone, 1976). Follow-
ing rotating tank experiments, a recent paper by Wang et al.
(2015) proposes a new formulation to estimate this coefficient
with a narrower error bar. The authors even show that this ver-
tical mixing is latitude-dependent, with a stronger magnitude
at low latitudes.

Tropospheric temperatures extrapolation: Until now, dry and/or
moist adiabats have been used to extrapolate the thermal pro-
files of Solar System giant planets from observations around 1-
bar to deeper levels (e.g., Luszcz-Cook and de Pater, 2013). In
a new paper, Leconte et al. (2016) propose a new criterion to
compute the thermal gradient in the giant planet tropospheres.
It takes into account not only dry and moist processes, but also
the effect of the mean molecular weight gradient associated
with the condensation of H,O and can produce a jump in tem-
perature at the H,O condensation level that is caused by a thin
radiative layer.

Both are composition-dependent and remain therefore quite
uncertain. In addition, the possible radiative gradient at the H,O
condensation level is poorly constrained and the CH4 tropospheric
abundance is only known within a factor of two in Uranus and
Neptune (Baines et al., 1995; Sromovsky and Fry, 2008; Karkoschka
and Tomasko, 2009). We have therefore chosen to study the pa-
rameter space — which consists of the following four parameters:
O/H, C/H, temperature, K,; — with a thermochemical and diffusion
model of Uranus and Neptune to better evaluate the parameter
space that is compliant with observations of CO in their upper tro-
pospheres.

In this paper, we apply to the Solar System Ice Giants the ther-
mochemical and diffusion model of Venot et al. (2012) along with
the prescriptions of Leconte et al. (2016) to compute tropospheric
thermal profiles. We present our models in Section 2, and review
the various observational constraints on composition and temper-
ature in Section 3. We detail the results of the 4D parameter space
simulations and our nominal case in Section 4. We discuss our re-
sults in Section 5, and detail other sources of uncertainties that
currently limit these kind of models in Section 6. We give our con-
clusions in Section 7.
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2. Models

We have adapted the thermochemical and diffusion model of
Venot et al. (2012), initially developed for the atmospheres of
warm exoplanet atmospheres, to the giant planet tropospheres to
constrain their deep oxygen abundance from CO observations. Ob-
taining the tropospheric composition from thermochemical and
diffusion calculations requires some knowledge on the troposphere
temperature, composition, and vertical mixing. In the following
sections, we illustrate how we have run sequentially various steps
to eventually link the observed tropospheric CO abundances to
the deep oxygen abundances in Uranus and Neptune. These steps
include:

1. temperature profile extrapolation to deep levels where thermo-
chemistry prevails, assuming a given composition of the main
compounds (H,, He, CH4 and H,0)

2. thermochemical equilibrium calculation using the temperature
profile and a given elemental composition, to derive an initial
composition state for the next round of computations

3. thermochemistry and diffusion calculations using the tempera-
ture profile and initial composition state of step 1 and step 2
and assuming a given vertical mixing Kz, to obtain the steady
state tropospheric composition

4. K; assumption cross-check with theoretical estimates

To run the thermochemistry and diffusion model, we need at
minimum to set as initial conditions the internal elemental abun-
dances of H, He, C, N, and O, a thermal profile, and an eddy diffu-
sion coefficient. The case of N will not be discussed any further as
nitrogen chemistry has no significant impact on carbon and oxygen
chemistries (Cavalié et al., 2014), the deep oxygen abundance is an
assumption of the model, and other elemental abundances can be
estimated a priori.

2.1. Step 0 - estimating the internal composition by neglecting
chemistry

As will be shown in what follows, the computation of the ther-
mal profile needs a priori knowledge of the deep composition
in terms of H,, He, CH; and H,0. To estimate these molecular
abundances as well as the elemental abundances of H, He and C,
we start from the upper tropospheric abundances of H,, He, CHy,
and an initial condition on the deep O abundance. Assuming that
chemistry and the abundance of compounds other than H,, He,
CHy, and H,0, can be neglected, and that the upper tropospheric
abundance of H,O is negligible (because of condensation), we can
derive a set of equations to link the upper tropospheric and deep
tropospheric composition:

Xite = Vigr /WP +2V30) x Xu — 2X0)/2, )
X = Xpe x ytcol.i/}’ipv (3)
y‘:{;%m = Xo/(Xu/2 4+ Xne — Xc), (4)

where X; is the abundance of element i, y;"p is the mole fraction
of compound i in the upper of the troposphere (but below the CHy4
cloud), and y}")tmm is the mole fraction of compound i in the deep
troposphere. By convention, Xy = 1012,

In practice, we have measurements from which we can de-
termine y;oP, ytc‘;’l’A, and yffzp (see Section 3), and we assume a
deep oxygen abundance Xg. We can thus derive an estimate of
Xie, Xc, and yﬂgtg’m, which are needed for the preparation of the
thermochemistry and diffusion computations, by using sequentially
Eqgs. (2)-(4). We control the validity of these assumptions on Xye
and Xc a posteriori, by checking that the final upper tropospheric
abundances of He and CH4 fit the observations.

2.2. Step 1 - extrapolating tropospheric temperatures

Formation models of the giant planets of the Solar System pre-
dict enrichment factors for heavy elements that increase together
with heliocentric distance. The precise values for the O enrich-
ment factor depend on the ice condensation scenario (amorphous
ices vs. clathration). But even in the case where the O enrich-
ment should be the lowest, i.e., in the scenario where ices con-
dense and trap volatiles in amorphous form, the expected enrich-
ment factors are 4, 7, 30, and 50 (respectively) for Jupiter, Sat-
urn, Uranus, and Neptune (respectively), according to Owen and
Encrenaz (2003). The high abundance of tropospheric CO in Nep-
tune could even indicate that O is enriched by a factor >100
(Lodders and Fegley, 1994; Luszcz-Cook and de Pater, 2013). Actu-
ally, above an enrichment factor of ~100-150 in Uranus and Nep-
tune, we expect to see the abundance of O exceeding the abun-
dance of He. Given the molecular mass of the main O carrier
(i.e., water) compared to the molecular mass of the main atmo-
spheric constituents (i.e.,, H, and He), a significant mean molec-
ular mass gradient V, is expected around the layers where wa-
ter condenses. Consequently, the Ledoux stability criterion (Ledoux,
1947; Sakashita and Hayashi, 1959) must be used instead of the
Schwarzschild stability criterion in the computations of the tem-
perature gradient Vr, as double diffusive processes may appear.
The temperature gradient can be significantly affected, as shown
by Guillot (1995) in the case of the condensation of methane.

Hereafter, we will especially consider the cases of Uranus and
Neptune, as these planets are the most “symptomatic” cases of
mean molecular weight discontinuities around the water conden-
sation level, because of the expected large oxygen enrichments.

2.2.1. Methodology

The thermochemistry and diffusion computations require a
thermal profile for the troposphere down to the region where
thermochemistry prevails over vertical diffusion, i.e. below the CO
quench-level in our case.

Previous studies of the Solar System giant planets thermochem-
istry have used a variety of dry and/or moist adiabats, based on the
application of the Schwarzschild and Harm (1958) stability crite-
rion, to compute the tropospheric thermal structures (e.g., Lodders
and Fegley, 1994; Luszcz-Cook and de Pater, 2013). In a new pa-
per, Leconte et al. (2016) show that, in hydrogen-rich atmospheres,
the mean molecular weight gradient around the cloud base (of a
species heavier than H,) can be strong enough to stabilize the at-
mosphere against convection (i.e. inhibit moist convection) in this
region. Although it shares some similarities with the processes de-
scribed by Ledoux that work for non condensable species (Ledoux,
1947; Sakashita and Hayashi, 1959), this mechanism can suppress
moist convection when the enrichment in the condensable species
is higher than a critical threshold. Because the interior still needs
to release its energy, a stable radiative layer with a steep tempera-
ture gradient develops. Guillot (1995) has already shown that such
an effect can be produced by CH, in Uranus and Neptune. We can
expect this effect to happen with H,0 too in Uranus and Neptune,
in the transition zone between the H,O-rich region (deep tro-
posphere) and the H,O-poor region (upper troposphere), and we
have therefore implemented their stability criterion when extrapo-
lating thermal profiles. We will refer to “3-layer profiles” for ther-
mal profiles extrapolated using the prescription of Leconte et al.
(2016).

In the computations we present in this paper, we start from
the temperature measured at the 2-bar level (see Table 1). We will
explore various cases for extrapolating deep tropospheric thermal
profiles: (i) dry processes leading to a dry adiabat, (ii) latent heat
effects leading to a moist adiabat, (iii) latent heat and mean molec-
ular weight effects leading to what we will refer to as “3-layer pro-
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Table 1
Summary of observational data.
Planet Jupiter Saturn Uranus Neptune
yhe® 01359 + 0.0027 0.118 + 0.025 0152 + 0033 0149997
Yera® (2.04 + 0.50)x103 (4.7 +£ 0.2)x103 0.01-0.05 0.01-0.05
Yeo® (1.0 & 0.2)x10-9 <10 < 21x107° (0.20 £ 0.05)x10-6
T 2071 132.9 102.9 93.1
5 5.44 + 043 2.01 +£0.14 0.042 + 0.047 0.433 + 0.046
T® 99.0 77.2 293 52.6

int

Notes: y; are mole fractions, and F is the internal heat flux in W- m~2, temperatures are in K.
References: (V) von Zahn et al. (1998) and Niemann et al. (1998) for Jupiter, Conrath and Gautier
(2000) for Saturn, Conrath et al. (1987) for Uranus, and Burgdorf et al. (2003) for Neptune. (?)
Wong et al. (2004) for Jupiter, Fletcher et al. (2009); 2012) for Saturn, Lindal et al. (1987); Baines
et al. (1995); Karkoschka and Tomasko (2009); Sromovsky et al. (2014) for Uranus, and Lindal
et al. (1990); Baines et al. (1995); Karkoschka and Tomasko (2011) for Neptune. The range for
Uranus and Neptune represents the observed latitudinal variability. ) Bézard et al. (2002) for
Jupiter, Cavalié et al. (2009) for Saturn, Teanby and Irwin (2013) for Uranus, and Luszcz-Cook
and de Pater (2013) and Moreno (1998) for Neptune. ) Galileo measurement of Seiff et al.
(1998) for Jupiter, equatorial average at 1 bar obtained with Cassini/CIRS by Fletcher et al. (2016)
for Saturn, Spitzer measurements from Orton et al. (2014) for Uranus, Voyager 2 occultation
observations from Lindal (1992) for Neptune. Temperatures at 2 bar, except for Saturn (1 bar).
(5) Voyager 2 measurements from Hanel et al. (1981) for Jupiter, Hanel et al. (1983) for Saturn,
Pearl et al. (1990) for Uranus, and Pearl and Conrath (1991) for Neptune. ©) T, is computed

from F = o T4

int*

files”. Finally, because magnitude of the temperature jump in the
radiative layer of the 3-layer profiles is quite uncertain, we derive
an extreme case (iv) from the Leconte et al. (2016) formulations
in which the temperature jump of the radiative layer is limited by
the deep water abundance.

2.2.2. Dry adiabat

Starting from the 2-bar level temperature, we extrapolate to
deeper levels using the Schwarzschild and Harm (1958) criterion,
which translates into the following:

In(p;
Tt =T x exp (Vdry%ﬁ) (5)
1
and
R
Vdry = e ’ (6)

where p is the mean molecular weight, and R is the ideal gas con-
stant. We use the temperature-dependent expressions given by the
NIST for the specific heat capacities of He, CH4 and H,0. For H,,
we use the temperature- and pressure-dependent data from the
Cryogenic Data Handbook'. We assume equilibrium hydrogen, in
agreement with observations of Baines et al. (1995) of the upper
tropospheres of Uranus and Neptune. Because we start from the 2-
bar level in both Uranus and Neptune, the lowest temperatures we
consider are sufficiently high so that we do not have to consider
the effects of CH4 condensation (Guillot, 1995). We then compute
the next levels with very small steps in In(p) (~ 10~4), with p in
Pa.

This kind of profile is obviously the least realistic given the ex-
pected high abundance of H,O in the interiors of Uranus and Nep-
tune.

2.2.3. Moist adiabat

In the region where H,0 condenses, latent heat is released and
the gas is heated. Convection is thus reinforced. Adding this effect
to the previous stability criterion results in replacing Vg, in Eq.
(5) by the expression given in Leconte et al. (2013):

p (1 —qy)Ry + Bk
P = Pv qycpy + qaCpa+ qcCpc + quTv pfpv %llrrlll;-s ’

(7

Vmoist =

1 https://www.bnl.gov/magnets/staff/gupta/cryogenic-data-handbook/Section3.
pdf .

where subscripts i = a,v,c refer to non-condensable gas, condens-
able gas, and condensed material (solid or liquid), respectively. p;
is the partial pressure, M; the molar mass, g; is the mass mixing
ratio and is the ratio of the mass of component i over the mass of
the gas, ¢, ; the mass heat capacity, and R; = R/M;. ps is the satu-
ration vapor pressure (which is equal to py in our case). For H,0,
we use the Tetens formula. L, is the latent heat of vaporization.
We assume here that all the condensed material falls into deeper
layers. As a consequence, the term qccp, ¢ disappears and the pro-
cess can no longer be considered as strictly adiabatic (hence the
term pseudo-adiabat sometimes used). We note that below the H,0
cloud, Viist = Vary-

2.2.4. 3-layer profiles

Condensation of H,O can result in a significant gradient in
molecular weight when high oxygen enrichments are considered.
The increase of molecular weight with pressure introduces a stabi-
lizing effect. Leconte et al. (2016) derived a new stability criterion
that applies in this situation. When

dIn ps

dint ®)
where @ = (Uy — fta)//4v and Gy = qu,0, convection is inhibited
and a radiative layer is formed. This layer is stable against double-
diffusive processes in 1D, as demonstrated by Leconte et al. (2016).
The thermal gradient from (7) must then be replaced by a radiative
gradient

wy

_ 3 «kpT
"T16 grt

where « is the Rosseland mean opacity, g the gravity and Tj,, the
temperature associated with the internal heat flux (see Table 1).
For the Rosseland mean opacities, we use the parameterization
from Valencia et al. (2013). This parameterization requires a metal-
licity, which we compute by accounting for the elemental abun-
dances of oxygen and carbon.

Thus, if gy,0 exceeds a given threshold (see Eq. (17) in Leconte
et al, 2016), a positive feedback appears in the condensation re-
gion. As the mean molecular weight gradient, that manifests it-
self as an increase of gy, in Eq. (8), stabilizes the layer, the ther-
mal gradient can increase and exceed the moist gradient owing to
(9). As a consequence, more H,O is vaporized and the H,O mole
fraction at the level i + 1 increases, resulting in an increase of the

9)
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Fig. 1. “3-layer” thermal profiles computed for Uranus, assuming an O enrichment
factor over the solar value ranging from 1 to 500. The case for which there is no
water (not shown) would correspond to a dry adiabat, while low enrichment factors
result in a wet adiabat. When the O abundance exceeds a threshold (O/H~ 20 times
the solar value ; valid for both Uranus and Neptune), a significant jump in mean
molecular weight translates into a significant jump in temperature in the layers
where water condenses. In this thin layer (Az ~ 1 km, whatever the O/H beyond
the threshold), the convective temperature gradient is too high and the atmosphere
is radiative. Refer to the online version for the color plot.
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Fig. 2. Same as Fig. 1 for Neptune.

mean molecular weight gradient. For high enough oxygen elemen-
tal abundances, this creates a very localized radiative region (Az
~ 1 km, whatever the O/H beyond the threshold) that separates
the water-poor and water-rich regions. This interface is associated
with a jump in temperature due to inefficient heat transport, as
demonstrated by Leconte et al. (2016). Profiles for various oxygen
enrichments are displayed in Figs. 1 and 2 for Uranus and Neptune.

2.2.5. Extreme case and sampling range

The magnitude of the temperature jump in the 3-layer pro-
files is controlled by the magnitude of the Rosseland opacities.
Those are not well-constrained for heterogeneously enriched mix-
tures (Valencia et al., 2013). Moreover, any possible opacity of the
condensate itself has been neglected with the formulation we have
used. Because the jump in temperature at the transition zone be-
tween a water-rich and a water-poor region may be governed by
these opacities, we may overestimate or underestimate this jump.

For illustration, let us take the example of Neptune around the
nominal case that will be presented later in Section 4. Even if we
divide the Rosseland opacities by a factor of 10, the upper tropo-
spheric mole fraction of CO is unnoticeably altered. On the other
hand, if the opacities are increased by a factor of 5, ytc‘g’ is al-
ready multiplied by a factor of 10. At Uranus, the effect is less
prominent, because of the smaller temperature jump implied by
the lower nominal O/H: an increase of the opacities by a factor of
10 increases ytcfg’ by 25%. It is thus important to see if we can set
limits to this source of uncertainty.

Interestingly, the formulation of Leconte et al. (2016) implies
that the temperature jump cannot exceed a limit. This means that
even if the opacities are significantly underestimated, the tempera-
ture jump cannot grow infinitely. This limit is given by the follow-
ing f,, factor:

1
T 1+ (a/Mio — DY
and fy, is a multiplicative factor that is applied to the temperature

of a moist profile at the H,O condensation level. In the previous
expression, [, is the mean molecular weight of the dry air and

fu (10)

M
y}_?za(s)s _ :Lzoylggtéom (11)

is the mass fraction of H,O. Indeed, if we assume that a zone, in
which dry convection would occur despite the presence of H,O,
can exist, then the virtual potential temperature of Eq. (8) in
Leconte et al. (2016) should be approximately constant. If we now
consider that the mole fraction of H,O is negligible in the up-
per troposphere, the deep temperature cannot exceed the tempera-
ture given by the virtual potential temperature of the upper tropo-
sphere. This gives the limiting factor of Eq. (10). In practice, the
temperature at the bottom of the atmosphere should be always
lower than this limit, because of diffusive phenomena and moist
convection that transport energy in the form of latent heat. We
will explore the range of allowed thermal profiles by sampling the
allowed profiles between the coldest one, which is given by the
moist adiabat, and the warmest one, which is given by a moist
adiabat in which the temperature at the H,O condensation layer
is multiplied by f;,. We emphasize that the 3-layer profiles always
fall inside this range of profiles. In practice in this study, we com-
pute 20 profiles from the coldest to the warmest, for each set of
O/H, yﬁ}i and K.

2.3. Step 2 - calculating the thermochemical equilibrium

Once the internal elemental composition is estimated and the
thermal profile derived, we can compute the atmospheric com-
position as a function of altitude assuming thermochemical equi-
librium, i.e. in the absence of vertical mixing. This thermochem-
ical equilibrium state is calculated by minimizing the Gibbs en-
ergy and these calculations are based on the algorithm of Gordon
and McBride (1994). This equilibrium code has been developed by
Agindez et al. (2014) and adapted for our purposes. The results of
this code are then used as initial conditions of the thermochemi-
cal and diffusion model. This step enables us to speed up the latter
computations by feeding the model with a non-empty atmosphere.

2.4. Step 3 - calculating the thermochemistry and diffusion steady
state

We use the thermochemical and diffusion model of Venot et al.
(2012) adapted to the giant planet tropospheres to compute the
steady state composition of the troposphere. This model has the
advantage to be based on a chemical scheme that has been val-
idated intensively by the combustion industry (Bounaceur et al.,
2007). A full description of the model and its chemical scheme can
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be found in Venot et al. (2012) and can be retrieved from the KIDA
database (Wakelam et al., 2012).

We start from an initial condition assuming chemical equilib-
rium as detailed in the previous section, assume a value for K,
and integrate the continuity equation over ~108 s usually. This en-
ables reaching a steady state in all cases. As CO has also an ex-
ternal source in Uranus and Neptune (Cavalié et al., 2014; Lellouch
et al., 2005), we have made sure that any reasonable change in the
magnitude of the CO external source had no significant effect on
the tropospheric CO mole fraction that is usually implicitly assimi-
lated to an internal source. In Neptune, the external source is prob-
ably a relatively recent comet (Lellouch et al., 2005; Luszcz-Cook
and de Pater, 2013) that should therefore not have had enough
time to contaminate the upper tropospheric CO profile. In Uranus,
the nature of the external source is still uncertain (Cavalié et al.,
2014). However, the fact that the vertical mixing time through the
stratosphere is more than two orders of magnitude higher than the
integration time we need in our computations makes the tropo-
spheric CO more sensitive to the internal source than to the exter-
nal source. As a consequence, we can constrain the deep oxygen
abundance with our model by fitting the observed upper tropo-
spheric CO.

2.5. Step 4 - tropospheric vertical mixing estimation and validation

In 1D thermochemical models, convective mixing is usually ap-
proximated by a vertical eddy diffusion coefficient K,,. A thermo-
chemical reaction can be quenched when the vertical diffusion
timescale becomes shorter than the chemical timescale. Therefore,
constraining the level at which the quenching of CO happens re-
quires an estimate of vertical transport timescales in the tropo-
spheres of giant planets.

As shown in previous studies, it appears that the final CO tro-
pospheric mole fraction is sensitive to the K, at the CO quench-
level only. This quench-level remains typically around the same
temperature level (i.e. ~900 K). So, we need to use a value rele-
vant for this temperature level, and will assume uniform Kz, coef-
ficients. The validity of the latter assumption is further discussed
in Section 6.1.

Following the free-convection and mixing-length theories (MLT)
of Stone (1976) and Gierasch and Conrath (1985); Visscher et al.
(2010) give a generic form for K;:

13
Ky ~ ( ksF ) < H. (12)

pmcp

This formulation, in which kg is the Boltzmann constant, requires
the knowledge of the planet’s internal heat flux F, the atmospheric
mean mass density p, the atmospheric mean molecular mass m,
the atmospheric mass specific heat at constant pressure cp, and the
atmospheric scale height H. The value of F has been measured by
Voyager 2 (see Table 1). This formulation is supposed to provide
estimates valid within an order of magnitude.

The aforementioned formulation based on MLT thus depends on
the composition (via p, m, cp, and H) and on the thermal structure
(via H and cp). The thermal structure in our models also depends
on composition (via mean molecular weight effects and, to a lesser
extent, ¢p). Therefore, we cannot compute K, a priori and we will
investigate a broad range of value (typically 5-6 orders of mag-
nitude) in our thermochemical computations. Only after obtaining
the thermal and composition results are we able to establish the
validity range for K, using the MLT formulation.

More recently, Wang et al. (2015) have used laboratory studies
of turbulent rotating convection to derive a new formulation of K,
that provides estimates with a relative uncertainty of ~25% only.
We note that their formulation for low latitudes is similar to

Eq. (12), only corrected by a scaling factor. So, again, their formu-
lation exhibits a dependence on temperature and composition.

3. Observational constraints
3.1. Tropospheric abundances observed in giant planets

The thermochemical and diffusion model is initiated by speci-
fying the deep abundances of the following elements : H, He, C,
N, and O. We thus have to adjust the elemental abundances to en-
sure fitting the abundances of the main species in the upper tro-
posphere, where their abundances have been measured. We have
reviewed the abundances of species relevant to our model in all
the Solar System giant planets and listed the values in Table 1.

The tropospheric CO mole fractions come from recent interfer-
ometric and space-based observations for Uranus and Neptune. On
Uranus, Teanby and Irwin (2013) have obtained an upper limit of
21x1079, which is an improvement over Cavalié et al. (2008b)
by almost an order of magnitude. The observations of Luszcz-
Cook and de Pater (2013) that we use for Neptune have quite
significantly revised the previously accepted value of 1.0x1076
(Rosenqvist et al., 1992; Marten et al., 1993; 2005; Lellouch et al.,
2005; 2010; Fletcher et al., 2010), and their result is confirmed
(and the error bar is narrowed) by the recent IRAM-30m and Her-
schel/SPIRE observations (R. Moreno, priv. com.) that we use here
as our nominal value: 0.2x1075.

The helium mole fraction we use for Uranus and Neptune come
from the Voyager 2 measurement of Conrath et al. (1987) and from
Infrared Space Observatory observations (Burgdorf et al., 2003).
Both indicate that there is 15% of helium in both atmospheres.

Contrary to Jupiter and Saturn, Uranus and Neptune have cold
enough tropopauses for CH4 to condense and sharply decrease
from their tropospheres to their stratospheres (Lellouch et al.,
2015). Karkoschka and Tomasko (2009) and Sromovsky et al.
(2011); 2014) for Uranus, and Karkoschka and Tomasko (2011) for
Neptune, have recently shown that the tropospheric CH, abun-
dance is not uniform with latitude. The widely accepted measure-
ments of Baines et al. (1995) (~2% in both planets) seems to be
representative of high latitudes, while the CH, equatorial tropo-
spheric mole fraction is around 4%. We will take this latter value
as our nominal abundance for CHy.

3.2. Upper tropospheric temperatures and internal heat fluxes

As a starting point for the temperature extrapolation in the tro-
posphere, we take the temperature at 2 bar in Uranus and Nep-
tune, as measured by Orton et al. (2014), and Lindal (1992), re-
spectively.

The computation of K,; requires the knowledge of the internal
heat flux. We take the Voyager 2 measurements from Pearl et al.
(1990) and Pearl and Conrath (1991) for Uranus and Neptune.

4. Results

Hereafter, we present the results of our exploration of a 4D pa-
rameter space (O/H, C/H, temperature, K;;) in thermochemical and
diffusion computations in an attempt to constrain the deep oxy-
gen abundance of Uranus and Neptune by fitting the observed up-
per tropospheric CO mole fraction. From this set of results, we also
show how the O/H ratios derived from a thermochemical model
that considers “3-layer” thermal profiles as nominal compare to
previously published results in which dry or wet adiabats had been
assumed. We want to keep the reader aware of the fact that the
“3-layer” thermal profiles have been shown to be stable in 1D
(Leconte et al., 2016), but may not be in a 3D treatment. The model
is affected by sources of uncertainties other than those investigated
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in this 4D study and they are described in Section 6. So, in the
following sections, we present the results of our 4D grid computa-
tions, and we provide the reader with the deep O/H obtained for
Uranus and Neptune with our model, when assuming our nominal
input parameters.

In the text that follows, the O/H and C/H ratios will be pre-
sented as a function of the O and C solar abundances, i.e. 8.73 dex
for O and 8.39 dex, as reported by Lodders (2010).

4.1. Ky, a posteriori validation

The estimation of the deep composition at step 0 and the cal-
culation of the thermal profile at step 1 of our modeling enables
us to compute estimates of K, using the MLT or the Wang et al.
(2015) formulation. For simplicity, we take the MLT formulation.
The results presented below include an a posteriori consistency
check between the estimated K,, and the value assumed in the
thermochemical modeling (step 3). This is the step 4 of our analy-
sis. For Uranus and Neptune, we find K, =~ 108 cm? - s~1.

4.2. Exploring the 4D parameter space

4.2.1. Methodology

The ytc(g’ we obtain from our computations depends on the fol-
lowing quantities: the deep O abundance, ytc‘i_i (as it controls X¢),
the deep tropospheric temperature, and K. To properly explore
this 4D parameter space, we have run our models detailed in steps
0-3 of Section 2 in a loop format, by varying these quantities.

For the deep oxygen abundance we go from 10 to 3004 for
Uranus and from 10 to 6006 for Neptune, and for the ytc‘;_i mole
fraction we go from 1.5% to 4.5%. The temperature profiles are
computed once these quantities are fixed.

The link between the upper tropospheric CO mole fraction and
the deep O abundance depends on the level at which the quench-
ing of CO occurs, i.e. the level at which the chemical lifetime of
CO, which is mainly governed by temperature, equals its diffusion
timescale given by Kz. This level is usually located below the H,0
cloud base, i.e. in a region where a dry adiabat prevails in any case.
Because the behavior of the thermal profile remains poorly con-
strained around the H,0O condensation level, and because the ther-
mal profile should follow a simple dry adiabat below this level,
we can explore the various possible deep thermal profiles by start-
ing a dry adiabatic extrapolation from below the H,O cloud base.
The starting temperature range from the temperature given by the
moist adiabat, i.e. the coldest case, and the extreme case derived
from Leconte et al. (2016). The 3-layer profiles fall, by definition,
in this range. When computing the extreme thermal profiles, we
apply the f, factor from Eq. (10) to the temperature at the level
where the temperature jump occurs in the 3-layer profiles. We
thus have the possibility to limit the range of possible temperature
jumps, from a situation in which the opacities would be so low
that no jump would be formed and the temperature profile would
finally follow the moist adiabat to a situation in which the opac-
ities would be high enough so that the temperature jump would
reach its allowed limit. We sample this range with 20 profiles.

Finally, we vary the values of K, over 5-6 orders of magnitude
around the value that provides a fit to ytc‘g’ in the “3-layer” case.

4.2.2. Effect of Ky,

This case is obvious as the deep O abundance required to fit the
upper tropospheric CO decreases with increasing Kz;. The relation-
ships for Uranus and Neptune are presented in Figs. 3 and 4. They
show the range of values for (K, O/H) that are compliant with ob-
servations. We remind the reader that the observations at Uranus
have only enabled setting an upper limit on ytcog, and all values of

Fig. 3. Relationship between the magnitude of K, in the troposphere, the deep O
abundance (expressed in solar abundances), and the resulting upper tropospheric
CO for Uranus. In these simulations, we use “3-layer” thermal profiles and y'&'{: is

set to 0.04. The black curve represents the values of K., and O/H that fit the ob-

servations of y¢P. The red dot is the nominal case (y&, =0.04, K =10° cm? -

s~1, “3-layer” profile). At Uranus, this curve is an upper limit for O/H. We refer the
reader to the online version of the paper for the color scale. (For interpretation of
the references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 4. Same as Fig. 3 for Neptune. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

O/H below the black curve shown in the figure are thus not ruled
out.

4.2.3. Effect of yg_i

Cavalié et al. (2014) investigated the effect of the tropospheric
CH4 mole fraction on the deep O abundance in Uranus. They found
that an increase of the CH, abundance implied a decrease of the
required O abundance to fit the tropospheric CO, essentially be-
cause increasing the C abundance implies an increase C atoms
available to form CO. However, they used strictly similar thermal
profiles for their two cases and neglected the influence of CH4 on
the thermal profile.
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Fig. 5. Comparison between the upper tropospheric CO mole fraction produced with wet adiabats and nominal 3-layer profiles as a function of the deep O/H ratio, for
Uranus and Neptune. The latter produce significantly more CO for a given O/H ratio. We use the nominal values for ytc"}‘{’A (0.04) and K, (108 ¢cm? - s=1). The yco upper limit
for Uranus and measurement in Neptune are indicated with a thin blue line. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

In this work, we take into account the influence of the mean
molecular weight v and of the ¢, of CHy and H,0 when comput-
ing the thermal profile. Increasing the C abundance now also im-
plies increasing 4 in Eq. (8) and thus having a temperature jump
located deeper in the troposphere. Moreover, the thermal gradi-
ent is lower because of a higher juc,. Consequently, the deep tro-
pospheric temperatures are colder when ytc‘ii increases, if other
quantities are kept constant. However, the increase of available C
atoms to form CO remains the dominant effect when ytc(;i (and

thus X¢) increases. So, if th(;_‘,: (and thus the deep C abundance)

increases, a lower deep O abundance is needed to fit the tropo-
spheric CO.

4.2.4. Effect of the temperature jump magnitude in the H,O
condensation region

We have investigated 20 profiles for each set of O/H, C/H and
K, that range from the coldest possible profile, i.e. a wet adiabat,
to the warmest one, i.e. a wet adiabat in which the multiplication
factor f, is applied to the temperature in the layer where H,0 con-
denses. The latter is the extreme profile of the “3-layer” case and
the multiplication factor is given by Eq. (10). The nominal 3-layer
profiles always fall within this range.

The results are quite difficult to present, in the sense that each
individual O/H results in a different f,, factor. A first indication can
be obtained by comparing the results obtained with wet adiabats
and nominal 3-layer profiles. Fig. 5 essentially shows that the 3-
layer profiles require significantly lower O/H ratios to produce a
given upper tropospheric CO mole fraction. To illustrate the full
range of 3-layer profiles that are allowed and their impact on the
results, we choose to normalize the results with respect to the
maximal magnitude of multiplication factor for each O/H, noted
fii®. We thus compute the curves for f, —1/f7** —1 as a func-
tion of O/H. The values range from the wet adiabat, for which
fu =1 and f, —1/f]* ~1=0, to the maximum amplitude tem-
perature jump, for which f, = f* and fj, — 1/f* — 1=1. Figs. 6
and 7 display the results for both planets. In this case, K, is fixed
to 108 cm? . s=1. The downside is that the absolute magnitude
of fi, is not directly accessible to the reader. It essentially shows
that a much higher O/H would be needed to fit the data if a pure
wet adiabat was used in Uranus, and that even the warmest profile
cannot produce enough CO in the upper troposphere if the deep
O abundance is lower than ~80 times solar. However, the tropo-
spheric CO value is an upper limit in Uranus and this constraint
is therefore useless. In Neptune, the fraction of the maximal multi-

Fig. 6. Relationship between the multiplication factor applied to the temperature
at the condensation level of H,0 (normalized to its maximal allowed value, see Eq.
(10)), the deep O abundance, and the resulting upper tropospheric CO for Uranus.

We use the nominal values for y‘c"P‘L (0.04) and Kz, (10% cm? - s~'). The black curve

represents the values that fit the observations of y?;. The red dot is the nominal

case (y'c",_‘l’a =0.04, K;; = 108 cm? . s7', “3-layer” profile). At Uranus, this curve is an

upper limit for O/H. We refer the reader to the online version of the paper for the
color scale. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

plication factor sufficient to produce enough CO in the troposphere
decreases quickly with increasing O/H, as this multiplication factor
is already huge for O/H of several hundreds and a small fraction of
it produces a big temperature jump in the zone where H,0 con-
denses. The results also show that a minimum of O/H~190 times
solar seems to be a lower limit in Neptune with our model.

4.3. Uranus nominal case

“3-layer” thermal profiles of Uranus present a less spectacular
transition zone than in Neptune, but still modify significantly the
upper limit on the O/H ratio when compared to cases in which
we would use dry or wet adiabats. We find that reproducing the
observed upper limit of 2.1x10~° of CO and the reported He and
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Fig. 7. Same as Fig. 6 for Neptune. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Molar fraction profiles in the troposphere of Uranus obtained with the ther-
mochemical and diffusion model, targeting the upper limit of 2.1x10~2 upper tro-
pospheric CO mole fraction, as determined by Teanby and Irwin (2013). The deep
O/H ratio is 160 times the solar value. We use the nominal values for ytc‘;f“ (0.04)

and K, (108 cm? - s~1). The “3-layer” temperature profile in the troposphere corre-
sponding to this O abundance and with which these abundance profiles have been
obtained is shown with a black solid line. CO is quenched between 1 and 2 kbar, at
T = 900-1000 K.

CH4 abundances (see Table 1) requires C/H and O/H ratios of 75,
and 160 times the solar value. The resulting abundance profiles are
displayed in Fig. 8. As in the Neptune case, using dry or wet adia-
bats would lead to much lower amounts of CO when starting from
the same elementary abundances.

4.4. Neptune nominal case

As stated above, Neptune is expected to be the most “symp-
tomatic” case demonstrating the impact of the mean molecular
weight gradient in the transition zone from the water-rich to the
water-poor region in its troposphere. It leads to a “3-layer” thermal
profile with a significant departure from the purely dry or wet adi-
abats that had been used previously in the literature (e.g., Lodders
and Fegley, 1994; Luszcz-Cook and de Pater, 2013). To fit the nom-
inal 0.2x10-6 of tropospheric CO (see Table 1), we had to set the
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Fig. 9. Molar fraction profiles in the troposphere of Neptune obtained with the
thermochemical and diffusion model, targeting a 0.2x10~¢ upper tropospheric CO
mole fraction. The deep O/H ratio is 480 times the solar value. We use nominal the
values for y‘c‘;‘,’A (0.04) and K, (108 cm? - s~'). The “3-layer” temperature profile in
the troposphere corresponding to this O abundance and with which these abun-
dance profiles have been obtained is shown with a black solid line. CO is quenched
between 1 and 2 kbar, at T = 800-900 K. The increase in mole fraction of com-
pounds other than H,0 between 300 and 400 bar is caused by the condensation of
H,0.

O/H ratio to ~540 times the solar value. The corresponding “3-
layer” thermal profile is displayed in Fig. 9. The nominal C/H ratio
is 40 times the solar value. This value is rather low, if compared
to a value that would simply be deduced from the upper atmo-
spheric abundances of CH,. The difference is caused by the high
internal abundance of O and thus the high deep H,O abundance.
Indeed, we find in this calculation that H,O is more abundant than
H, in Neptune’s interior.

5. Discussion

This section will be divided in two parts. In the first one, we
will discuss the results of the nominal model, as presented in
Section 4. In the second part, we will discuss the microwave spec-
tral counterpart of our model results to further constrain their va-
lidity.

5.1. Nominal results

We find nominally that Uranus has a C/H ratio of 75 times the
solar value and a O/H ratio below 160 times the solar value. For
Neptune, we get a C/H 40 times the solar value and a O/H 540
times the solar value.

5.1.1. A deep compositional difference between Uranus and Neptune?

One of the striking compositional differences in Uranus and
Neptune atmospheres is their CO abundances, while their He and
CH,4 abundances and D/H ratios are relatively similar (Baines et al.,
1995; Karkoschka and Tomasko, 2009; 2011; Sromovsky et al.,
2011; 2014; Feuchtgruber et al., 2013). Indeed, they differ by at
least two orders of magnitude in the troposphere (Teanby and
Irwin, 2013; Luszcz-Cook and de Pater, 2013). However, previous
evaluations of the O/H ratios in these bodies using the quench-
level approximation and dry/wet adiabats never differed by more
than a factor of two (Lodders and Fegley, 1994; Luszcz-Cook and
de Pater, 2013; Cavalié et al., 2014). Accounting for the stability
criterion of Leconte et al. (2016) in the water condensation layers
has a significant effect on the planets thermal profile and hence
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Fig. 10. Relationship between the deep H,0 abundance and the CO abundance at

the quench level in Uranus and Neptune, taking nominal conditions for K, and ytc‘;i.

CO increases non-linearly with respect to H,O, to compensate for the decrease of
H, which has a stoichiometric coefficient of 3 in the equilibrium reaction.

on the derived O/H values. Our nominal values show that O/H<
160 and O/H = 540 times the solar value for Uranus and Nep-
tune, respectively. So, there is a factor of >3.3 difference between
these two values. The two-order of magnitude difference between
the upper tropospheric CO mole fraction on Uranus and Neptune
is still caused by a much smaller difference between their deep
H,0 abundances. This can be understood from the equilibrium
Eq. (1). An increase on H,O implies a linear decrease of H,. As the
power on H, is 3 (and the CH4 abundance is relatively constant),
CO has to increase non-linearly to equilibrate the reaction. This ef-
fect is shown for both planets on Fig. 10, where we plot the rela-
tionship between the CO and H20 abundances at the quench level
for our nominal cases for K,, and ytc‘;_‘l’4. Another interesting feature
of our results is that a similar CH4 abundance in Uranus and Nep-
tune does not reflect in a similar C/H ratio. This can be understood
from Eqs. (2) and (3). Indeed, the very high O/H ratio of Neptune
implies a lower C/H ratio than in Uranus to reproduce both the
CO and CH4 abundances in the upper troposphere. In Uranus, the
deep H,O abundance is comparable to the He abundance, while
the deep H,0 abundance even exceeds the H, abundance in Nep-
tune.

We confirm that a large difference in terms of CO abundance
(two orders of magnitude) does not imply such a large difference
in terms of O/H ratios in the two planets in our nominal model.
This rather small difference seen in their O/H ratios, compared to
their CO abundances, is then mostly caused by the 10 K difference
at 2 bar, where we initiate our thermal profiles.

5.1.2. Consistency with interior and formation models

While the tropospheric mole fractions of CO are very different
in Uranus and Neptune, their D/H ratios are quite similar, accord-
ing to Feuchtgruber et al. (2013). One of the possible explanations
presented by these authors, based on the interior models of Helled
et al. (2011) and Nettelmann et al. (2013), is that the cores of the
planets may be more rocky than icy, with rock fraction of 68-86%,
for their D/H to be still representative of the one seen in Oort
cloud comets. The O/H in core ices implied in such cases ranges
from 79 to 172 times the solar value for Uranus and from 68 to
148 times the solar value for Neptune (Feuchtgruber et al., 2013).
These numbers, relevant only if the planets went through complete
mixing at least once in their histories, are compatible with the O/H
in the outer envelope of Uranus but seem nevertheless too low for
Neptune’s core ices to result in a sufficiently high outer envelope
O/H ratio compared to our nominal results.

A scenario has been proposed recently to reconcile the D/H
measurements at Uranus and Neptune with the Oort cloud comet
value by Ali-Dib et al. (2014). They propose that Uranus and Nep-
tune formed on the CO snowline and that their ices were mostly

composed of CO ices rather than H,O ices. Therefore, the present
day atmospheric D/H would be representative of the dilution of the
small fraction of D-enriched Oort-comet-like H,O ices in the H,O
coming from the thermochemical conversion of the more abundant
primordial CO. This scenario then predicts that oxygen should be
enriched in a similar way as carbon in both planets. Our simula-
tion results show that this is probably neither the case for Uranus
nor for Neptune and seem to contradict the model of Ali-Dib et al.
(2014). We find C/O ratios of >0.21 and ~0.03, respectively, for the
two planets. In Neptune, the C/O ratio could be brought back to
one if CO tropospheric mole fraction was several orders of magni-
tude below its measured value, i.e., at the lower end of the mea-
surement range of Luszcz-Cook and de Pater, 2013). However, re-
cent Herschel-SPIRE and IRAM-30m observations show that the CO
tropospheric mole fraction is rather in the upper part of the mea-
surement range of Luszcz-Cook and de Pater (2013), with a mea-
sured value of ycg of 0.20 + 0.05 ppm (R. Moreno, priv. com.).
In any case, the model of Ali-Dib et al. (2014) seems not to be
compatible with the Nice model (Gomes et al., 2005; Morbidelli
et al., 2005; Tsiganis et al., 2005) and it would anyway need to
be improved by accounting for the protoplanetary disk temporal
evolution as well as ice and core formation kinetics to better con-
strain the validity of their assumption that core formation on the
CO snowline is possible.

Our results can further be used for direct comparison with for-
mation model predictions. For instance, Hersant et al. (2004) pre-
dicted the O/H enrichment in Uranus and Neptune by exploring
the range of possible C/H values when assuming that heavy el-
ements were trapped by clathration. For instance, if C was car-
ried by only CO during the formation of planetesimals, then 5.75
H,0 molecules were required to trap CO in clathrates. Then, the
resulting C/O ratio is 1/(1 + 5.75) = 0.15. However, their predic-
tion is less extreme and is as follows: for C/H ratios of 40, 60,
and 80 times the solar value, the O/H ratio should be 87, 130, and
176 times the solar value (based on solar abundances of Anders
and Grevesse, 1989). In this case, half of the carbon comes from
clathrated CO and half from pure CO, ice, and the resulting C/O
ratio is 1/(2 x 1/2 + 5.75 x 1/2 + 1/2) = 1/4.375 = 0.23. For ref-
erence, the solar C/O ratio is 0.46, according to Lodders (2010). The
lower limit we obtain on the C/O ratio of Uranus is at the limit of
compatibility with the case in which carbon equally comes from
clathrated CO and CO, ice. On the other hand, the Neptune C/O
ratio we derive would become compatible with the case in which
all carbon comes from clathrated CO, as long as the efficiency of
clathration was about 20%.

The rather large difference in terms of C/O ratio in Uranus
and Neptune seems to imply different condensation environments,
which may be difficult to explain. The question then is, whether
the Uranus upper tropospheric CO value is representative for the
CO quench level value? Actually, convection could be much less ef-
ficient than assumed in our computations. We have indeed based
our computations of the tropospheric K, of Uranus on the nominal
value of F reported in Pearl et al. (1990). However, the error bars
on F are such that even a zero value is compatible with the Voy-
ager observations. A lower F implies a lower K, as K, «F!3 (see
Eq. (12)). We can then reversely use our model to constrain Kz, to
bring the O/H of Uranus to an O/H compatible with the clathra-
tion scenario of Hersant et al. (2004). If the O/H of Uranus is set
to ~450 times the solar value, so that C/0~0.15, then C/H is ~50
times solar and K,,~10°> cm? . s~!. Bringing the Uranus O/H fur-
ther up to the Neptune nominal value implies K, also < 10° cm?
- s~ It is thus possible that Uranus and Neptune are more similar
regarding their oxygen reservoir than their tropospheric CO seem
to tell us, provided that convection is strongly inhibited in the in-
terior of Uranus. This seems to be supported by recent internal
structure and evolution modeling. Nettelmann et al. (2016) attempt
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to fit both the low luminosity of Uranus and its gravitational data
with an internal structure and evolution model. Achieving this re-
quires a thermal boundary around 0.1 Mbar that breaks the adi-
abat. They also find that fitting J, for Uranus requires an O/H of
less than 30, while C/H is about 80. However, they do not consider
C/O > 1 to be a good assumption for the core, implying that deep
stratification is the cause for a lower O abundance at observable
levels.

We can also compute the outer envelope heavy element mass
fraction from the deep abundances of the species accounted for in
the model and check whether they are in agreement with the in-
ternal structures inferred by Nettelmann et al. (2013). For Uranus
and Neptune, we find Z; < 55% and = 80%, respectively. The Nep-
tune value is above the limit of ~65% allowed by their model (see
Fig. 3 in Nettelmann et al., 2013). Only if we consider the most
extreme case of temperature jump in our simulations, in which
the O/H of Neptune cannot be lower than 190 times solar, can
we get within the limit of Nettelmann et al. (2013), with Z; equal
to 58%. Our Uranus O/H value, being an upper limit higher than
the range of values allowed by their model, is not constraining.
Fig. 3 of Nettelmann et al. (2013) indicates an upper limit for Z;
in Uranus of ~10%, which in turn would imply an O/H ratio much
lower than our upper limit. Carbon which is mainly carried by CHy4
already represents a mass fraction >10% in the outer envelope,
and a lower O/H would result in a higher C/H and C mass frac-
tion. Thus, it seems difficult to reconcile the model of Nettelmann
et al. (2013) of Uranus with upper tropospheric measurements and
their implication on deep tropospheric elemental composition. The
case of Uranus thus remains puzzling, and more generally, the for-
mation of Uranus and Neptune is difficult to explain (Helled and
Lunine, 2014). It thus underlines the need for new data. In this
sense, dedicated orbital missions with atmospheric descent probes
are highly desirable (Arridge et al., 2012; 2014; Masters et al., 2014;
Turrini et al., 2014).

Finally and as will be discussed in Section 6.2, our model may
underestimate the production of CO. In this case, the model would
require lower O abundances and bring the results closer to an
agreement with the predictions from Nettelmann et al. (2013) for
both planets.

5.2. Radio spectrum of Uranus and Neptune

To further constrain the validity of the results of this paper,
we present radiative transfer simulations in the microwave range
with the temperature and abundance profiles of our thermochem-
ical computations. It is indeed worth checking whether the tem-
perature jump implied for high deep O abundances and the sharp
composition transition in the H,O condensation zone translate into
spectra that are in agreement with observations in the mm-cm
range (e.g. de Pater et al., 1991).

We thus take our results in terms of temperature profiles and
corresponding abundance profiles. We use the radiative transfer
model already described in Cavalié et al. (2008a, 2013) to compute
synthetic spectra of Uranus and Neptune in the mm-cm range.
We extend our tropospheric thermal profiles of Uranus and Nep-
tune from 2 bar to 10 mbar with the data from Orton et al
(2014) and from the Herschel Science Centre “ESA5” model? pro-
files for Uranus and Neptune, respectively. We add profiles of H,S
and NH3 based on DeBoer and Steffes (1994) to account for their
respective opacities, in addition to the microwave opacity of the
H,0 line at 22 GHz. The NH3 mole fraction between the NH4SH
and NHj3 clouds is set to 6x10-% and 1x10~> in Uranus and Nep-
tune (Moreno, 1998 and “ESA5” model, resp.). Below the NH4SH

2 http://archives.esac.esa.int/hsa/legacy/ADP/PlanetaryModels/ .

cloud, the NH3 mole fraction is set to 1x10~4 and the deep H,S
mole fraction is set such that all H,S is consumed to form the
NH4SH cloud. We use Bellotti et al. (2016) for the H,O microwave
opacity, Moreno (1998) for the NH; microwave opacity, Liebe and
Dillon (1969) for H,- and He-broadening and temperature de-
pendence parameters for the 22 GHz line of H,0, Fletcher et al.
(2007) for the Hj,-broadening and temperature dependence pa-
rameters of NHj lines, DeBoer and Steffes (1994) for the H,S mi-
crowave opacity and broadening parameters, and de Pater et al.
(1991) and Fray and Schmitt (2009) for H,S condensation laws.
Other spectral line parameters come from the JPL Molecular Spec-
troscopy Database (Pickett et al., 1998). The collision-induced ab-
sorption caused by H,-H,, Hp-He, and H,-CH4 pairs is computed
following Borysow et al. (1985, 1988) and Borysow and Frommhold
(1986).

The resulting spectra for Uranus and Neptune in the centime-
ter wavelength range, when considering the nominal cases of
Section 4, are displayed in Fig. 11. Even though we make no partic-
ular attempt to improve the fit to the data (especially around 1 cm)
by modifying the NH; and/or H,S abundances, the obtained spec-
tra are in good agreement with observations presented in Gulkis
et al. (1978); Cunningham et al. (1981); Muhleman and Berge
(1991); Griffin and Orton (1993); Greve et al. (1994); Klein and
Hofstadter (2006), and Weiland et al. (2011), for Uranus, and Orton
et al. (1986); Romani et al. (1989); de Pater and Richmond (1989);
de Pater et al. (1991); Muhleman and Berge (1991); Griffin and
Orton (1993); Hofstadter (1993); Greve et al. (1994), and Weiland
et al. (2011), for Neptune. Even the extreme cases, in which the
0O abundance is lower but compensated by the biggest tempera-
ture jump allowed by the model (see Section 4.2.4), the cm-wave
spectrum of both planets remains in agreement with observations.
This comes from the fact that the region where the jump in tem-
perature and H,O abundance occur, i.e. the radiative layer, is only
marginally probed by the H,0 absorption at 20 cm wavelength, as
shown in DeBoer and Steffes (1996).

6. Limitations and other questions

In this section, we will detail the limitations of our model and
stress the data that are desirable for increasing the predictability
of such models.

6.1. The radiative layer as an insulation layer?

One of the novel aspects of our work is the inclusion of the
stability criterion of Leconte et al. (2016) when extrapolating mea-
sured tropospheric temperatures to deeper levels where the atmo-
sphere is in thermochemical equilibrium. Accounting for the mean
molecular weight gradient when extending thermal profiles from
observed levels in the upper troposphere to deeper levels implies
the formation of a thin radiative layer (Az ~ 1 km) in Uranus and
Neptune at the levels where H,0O condenses. If such a stable layer
exists, it should act as an insulation layer for the both the trans-
port of heat and the chemical mixing, making our assumption of
a vertically uniform K, profile questionable. There is no estimate
for chemical mixing under such conditions, but within this layer
K, could, in principle, be as low as that of molecular diffusivity D,
resulting in a gradient for CO, a species that has a non-zero flux
at the boundaries of the model. According to our model, molecular
diffusivity is in the range of 1072-10-3 ¢m? - s, where the ra-
diative layer in both planets resides. We estimate the variation in
the CO mole fraction between the two limits of the radiative layer
using ¢co = —nDdi'%, where ¢ is the flux of CO at the upper
boundary of the model (i.e., the top of the troposphere) and n is
the total number density. As CO is relatively stable in the strato-
spheres of Uranus and Neptune, a good approximation for ¢cq
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Fig. 11. Brightness temperature spectra of Uranus and Neptune in the centimeter
wavelength range. We account for the opacities of NH3, H,S, CO, and H,0, on top
of the collision-induced absorption spectrum of H,-H,, H,-He, and H,-CH,. The two
millimetric absorption lines in the Neptune spectrum are caused by CO. The spectral
resolution is 1 GHz.

is given by the input fluxes caused by external sources, and we
take 105 and 108 cm—2.s~! respectively (Cavalié et al., 2014; Lel-
louch et al., 2005). We confirm such values running test cases in
the stratosphere with the photochemical model of Dobrijevic et al.
(2010). In this case only, the variation in the CO mole fraction be-
tween the two limits of the radiative layer would be of the order of
magnitude of the observed ytcoop. This means that the tropospheric
CO could be partly caused by the external source because of the
transport boundary caused by the radiative zone. Then, it would be
impossible to constrain the deep oxygen abundance from the sole
observation of ytc‘g’ and thermochemical modeling, as presented in
this paper. A full model accounting for thermochemistry in the tro-
posphere, photochemistry in the stratosphere and external sources
would be required to do so. This potentially is a significant limita-
tion that should be kept in mind, although it only applies in the

case where K, is as low as D in the radiative layer and the flux
of CO from the stratosphere is as strong as the external source of
CO. As long as K;; > 101, the gradient disappears and ytc"op can be
taken as a probe to the deep oxygen abundance. In 3D, overshoot-
ing across the 1 km radiative layer is plausible and would help in
this sense.

6.2. Chemical scheme

Moses (2014) compared her chemical scheme with the one we
have adopted in this work (from Venot et al., 2012) for study-
ing the composition of HD189733b, a hot Jupiter. In her chemi-
cal scheme, she used the reaction rates updated by Moses et al.
(2011), based on ab initio calculations. She found that the main dif-
ference between the two schemes resided in the reaction rate used
for CH30H + H = CH3 + H,0. Moses et al. (2011) then proceeded
with a much slower reaction than Venot et al. (2012). The differ-
ence between these two reaction rates, when used in the Venot
et al. (2012) model has been shown for Jupiter and Saturn by Wang
et al. (2016). The scheme we use nominally in this study produces
10-30 times less CO than the same scheme with the Moses et al.
(2011) rate for the CH30H + H = CH3 + H,0 reaction (see also
their Figs. 4 and 5).

If we proceed as Wang et al. (2016) and alter in the Venot et al.
(2012) scheme the reaction rate for CH30H + H = CH3 + H,0 by
using the value of Moses et al. (2011), and still use “3-layer” ther-
mal profiles, we find that the (O/H,C/H) ratios in Uranus and Nep-
tune become ~(<55,85) and ~(280,65) times solar, respectively.
These values are significantly lower than with our nominal chemi-
cal scheme, as expected. However, we emphasize that these values
are just presented for the sake of comparison. While the ab initio
calculations of Moses et al. (2011) are correct, including this rate in
the scheme of Venot et al. (2012) as prescribed by Moses (2014) in
the chemical scheme does not enable reproducing of the exper-
imental data of different combustion studies (Cathonnet et al.,
1982; Hidaka et al., 1989; Held and Dryer, 1998) (R. Bounaceur,
priv. comm. June 2016). Using such a reaction rate is thus not vali-
dated in the frame of our chemical scheme. In any case, it certainly
underlines the urgent need for a better understanding of the kinet-
ics of CH30H at high temperatures and pressures.

6.3. Tropospheric equation of state

In this work, we have implicitly used the ideal gas law. Signif-
icant water abundances at high pressures obviously render such
a choice questionable. Nettelmann et al. (2008) proposed a new
equation of state for Hy-He-H,O mixtures, but for a higher pres-
sure/temperature regime than investigated in this paper. More re-
cently, Karpowicz and Steffes (2013) have proposed a tropospheric
equation of state for Jupiter’'s troposphere. The effect on pressure
and temperature seems rather limited (2% decrease of T, compared
to the ideal gas law, at their lower boundary of 200 bars), when
compared to the temperature increases caused by the mean molec-
ular weight gradient effect shown in this paper. Nevertheless, it re-
mains to be seen what the effect of applying such equation of state
to Uranus and Neptune would be, as they have presumably much
more H,O in their deep tropospheres than Jupiter. Unfortunately,
the authors underline that their “equation of state will likely have
decreased accuracy under jovian conditions for pressures exceed-
ing much beyond 100 bars, and may be invalid at pressures ex-
ceeding 2500 bars”. New laboratory experiments and theoretical
simulations are thus needed to enable applying reliable equations
of state for Hy-H,0-He in the pressure/temperature range we are
interested in (see Baraffe et al., 2014 for a review). However, even
if we had a robust non-ideal equation of state relevant for our con-
ditions, our chemical model would need to be updated. Indeed,
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though we explicitly assume an ideal gas law in many calculations
of our models, we also implicitly assume it in the kinetic rates.

6.4. Latent heat release by other condensates

In this work, we do not account for the release of latent heat
caused by the formation of various clouds besides the H,O clouds.
Other expected clouds, from the deep troposphere to the upper
troposphere, are supposedly composed of NH4SH, NH3 or H,S (de-
pending on which one is the most abundant in the deep tropo-
sphere and “survives” the formation of the NH4SH cloud), and CHy.
Our choice to start our thermal profiles below the CH, cloud deck
is meant so as not to have to account for the CH4 cloud forma-
tion, related latent heat release, and even possible mean molecular
weight gradient effect (Guillot, 1995).

7. Conclusion

In this paper, we have modeled the thermochemistry in the tro-
pospheres of Uranus and Neptune, in an attempt to constrain their
deep oxygen abundance from upper tropospheric observations of
CO. The derivation of the deep O/H ratio in Giant Planet tropo-
spheres from thermochemical computations requires precise mea-
surements of upper tropospheric CO and CHy4, knowledge of oxy-
gen species kinetics, as well as a good knowledge of tropospheric
temperatures and vertical mixing.

We have shown that the transition between a water-rich and
a water-poor region in giant planet tropospheres results in a sig-
nificant gradient of mean molecular weight that impacts, in turn,
the shape of the thermal profile. Accounting for this gradient in
the condensation zone of H,0 by applying the stability criterion of
Leconte et al. (2016) implies a significant departure of temperature
from the dry/wet adiabats that have been used so far in previous
papers. Our results show that large oxygen enrichments can pro-
duce a thin radiative layer (Az ~ 1 km) where H,O condenses.
The thermal gradient, stabilized by the downward increasing mean
molecular weight, gets very strong and becomes radiative in this
zone. This results in higher temperatures in deep levels compared
to dry/wet adiabats.

While the mean molecular weight gradient effects are begin-
ning to be applied to internal and formation models of giant plan-
ets (Leconte and Chabrier, 2012; Vazan et al.,, 2015), our model
shows for the first time the importance of accounting for these
effects already at upper tropospheric levels for oxygen-rich giant
planets (Leconte et al., 2016). Our results show that these new pro-
files lower the required oxygen abundances to reproduce the CO
observations. However, our estimates are affected by the current
limitations of the model, like the lack of Rosseland opacities for
the considered mixtures. Another source of uncertainty is related
to the high pressures at the quench level which would require non
ideal equation of states and modified kinetics. While a better equa-
tion of state can be expected soon and is rather simple to imple-
ment, its impact on the kinetics might be extremely difficult to de-
rive. Finally, it is noticeable that if (but only if) vertical mixing is as
low as molecular diffusivity in the ~1 km thin radiative layer, then
it is much more complicated to constrain the deep oxygen abun-
dance in Uranus and Neptune because the CO external source then
needs to be precisely characterized as well.

While using such temperature models should lead to lower O/H
ratios than when using dry/wet adiabats, our nominal value for
Neptune’s O/H ratio is close to the value derived by Luszcz-Cook
and de Pater (2013) (they have used wet adiabats). This is caused
by differences in oxygen chemistry. This certainly underlines the
need for improved knowledge of the oxygen species thermochem-
istry. For instance, with kinetics that reduce significantly the de-
struction of CH30H, as proposed by Moses et al. (2011) and ap-

plied by Wang et al. (2016), then the O/H required to fit the up-
per tropospheric observations of CO significantly decreases. How-
ever, using such different kinetics first require validation within a
complete scheme over the temperature/pressure range relevant to
such studies. We believe this is the main strength of the chemi-
cal scheme we are using, but we do not underestimate the work
that still needs to be done to improve our knowledge of CH;0H
kinetics.

In our nominal model, in which we fix the temperature, the
CH,4 abundance, and the tropospheric mixing to our best estimates,
the O/H in Uranus and Neptune are < 160 and 540 times the so-
lar value, respectively. While Uranus’ and Neptune’s ices forma-
tion and heavy element enrichment could result from clathration,
this scenario would imply different mixtures of CO/CO, at the time
of planetesimal condensation. The difference seen in their C/O ra-
tios (> 0.23 for Uranus and ~0.03 for Neptune) is actually rather
puzzling and may therefore be an indication that convection is
strongly inhibited in the troposphere of Uranus. Indeed, this ap-
pealing explanation could enable reconciling formation models for
the two planets with observations of their tropospheric composi-
tion. Among other things, the inconsistency between Uranus’ and
Neptune's O/H remains puzzling for now, and new data from ded-
icated orbiters with atmospheric descent probes are highly desir-
able to study these mysterious worlds (Arridge et al., 2012; 2014;
Masters et al., 2014; Turrini et al., 2014). In the meantime, James
Webb Space Telescope observations will enable measurements that
will better constrain the deep abundances of several heavy ele-
ments, like Ge, As, and P (Norwood et al., 2016b; 2016a).

Strong uncertainties remain in Uranus and Neptune on the up-
per tropospheric CH4 mole fraction, on the tropospheric mixing
and on the tropospheric temperature profile. Because these are
central to such thermochemical modeling, we have explored this
whole parameter space with a chemical model that uses a scheme
validated in the temperature/pressure range of interest here. When
more precise measurements of temperature, mixing and CH,4 abun-
dance are obtained, our results can be used to find the correspond-
ing O/H required to fit the tropospheric CO in both planets.

In the case of the gas giants, the lower oxygen enrichments that
are expected should result in a much less significant mean molec-
ular weight gradient in the condensation region of H,O and thus
a less spectacular effect on the thermal profile and on the deriva-
tion of their deep O/H ratio. In this sense, it will be interesting
to compare our thermochemical model results with the measure-
ments that will be provided by Juno (Matousek, 2007; Helled and
Lunine, 2014), which successfully performed its Jupiter orbit in-
sertion on July 4, 2016. At Saturn, a descent probe has recently
been proposed for an ESA M5 mission (Mousis et al., 2014; 2016).
While this probe may not be able to reach the well-mixed region
of H,O and thus measure Saturn’s O/H, it would provide ground
truth as to the abundances of other heavy elements and disequilib-
rium species and shed light on the formation processes of Saturn.
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Saturn’s axial tilt of 26.7° produces seasons in a similar way as on Earth. Both the stratospheric temper-
ature and composition are affected by this latitudinally varying insolation along Saturn’s orbital path. A
new time-dependent 2D photochemical model is presented to study the seasonal evolution of Saturn’s
stratospheric composition. This study focuses on the impact of the seasonally variable thermal field on
the main stratospheric C2-hydrocarbon chemistry (C;H, and C;Hg) using a realistic radiative climate
model. Meridional mixing and advective processes are implemented in the model but turned off in the

I;E};‘:;if;nistr present study for the sake of simplicity. The results are compared to a simple study case where a latitu-
Saturn v dinally and temporally steady thermal field is assumed. Our simulations suggest that, when the season-

ally variable thermal field is accounted for, the downward diffusion of the seasonally produced
hydrocarbons is faster due to the seasonal compression of the atmospheric column during winter. This
effect increases with increasing latitudes which experience the most important thermal changes in the
course of the seasons. The seasonal variability of C;H, and C,Hg therefore persists at higher-pressure
levels with a seasonally-variable thermal field. Cassini limb-observations of C,H, and C,Hg (Guerlet, S.
et al. [2009]. Icarus 203, 214-232) are reasonably well-reproduced from the equator to 40° in both hemi-
spheres in the 0.1-1 mbar pressure range. At lower pressure levels, the models only fit the Cassini obser-
vations in the northern hemisphere, from the equator to 40°N. Beyond 40° in both hemispheres,
deviations from the pure photochemical predictions, mostly in the southern hemisphere, suggest the
presence of large-scale stratospheric dynamics.

Atmospheres, evolution

© 2015 Elsevier Inc. All rights reserved.

1. Introduction for almost 10 years, i.e., 1.5 Saturn season, the temperature and

the main hydrocarbon emissions in Saturn’s stratosphere

Observations of Saturn in the infrared and millimetric range,
performed by ISO or ground-based facilities gave us access to its
disk-averaged stratospheric composition (see the review of
Fouchet et al. (2009) for a complete list of observations), for which
1D photochemical models have done a fairly good job reproducing
it (Moses et al., 2000a,b). Close-up observations, performed by the
Voyager missions as well as recent ground-based observations,
have unveiled variations with latitude of the temperature and
the stratospheric composition (Ollivier et al., 2000a; Greathouse
et al., 2005; Sinclair et al.,, 2014). The Cassini probe has now
mapped (as a function of altitude and latitude) and monitored
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(Howett et al., 2007; Fouchet et al., 2008; Hesman et al., 2009;
Guerlet et al., 2009, 2010; Li et al., 2010; Fletcher et al., 2010;
Sinclair et al., 2013, 2014).

We now have an impressive amount of data for which 1D pho-
tochemical models (e.g., Moses et al., 2000a,b, 2005; Ollivier et al.,
2000b) have become insufficient in predicting the 3D properties of
Saturn’s stratosphere, especially in terms of dynamics (diffusion
and advection). On the other hand, general circulation models
(GCM) are being developed for Jupiter (Medvedev et al., 2013)
and Saturn (Dowling et al.,, 2006, 2010; Friedson and Moses,
2012; Guerlet et al., 2014). Such models usually focus on dynamics
and therefore are restricted in their description of the atmospheric
chemistry as they are limited to only a few reactions, if any at all.

Liang et al. (2005) and Moses and Greathouse (2005) made the
first attempts to construct latitude-altitude photochemical models
for the giant planets, followed by Moses et al. (2007) who built a
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2D-photochemical model for Saturn and who accounted for simple
Hadley-type circulation cells as well as meridional diffusive trans-
port. The quasi-two-dimensional model developed by Liang et al.
(2005) does not fully account for the latitudinal transport as a dif-
fusive correction is added at the end of the one-dimensional calcu-
lations. This model also does not account for evolution of the
orbital parameters. Due to its very low obliquity, the seasonal
effects on Jupiter should be mainly caused by its eccentricity and
might be non negligible. On the other hand, the model developed
by Moses and Greathouse (2005) accounts for the seasonal evolu-
tion of the orbital parameters as well as the variations in solar con-
ditions. They have shown that, for Saturn, the seasonal effects on
atmospheric composition are important, as Saturn’s obliquity is
slightly larger than the Earth’s. Their model consists of a sum of
1D-photochemical model runs at different solar declinations and
conditions. It does not include meridional transport processes
nor the calculation of the actinic fluxes in 2D/3D. Saturn’s high
obliquity similarly impacts the stratospheric temperatures
(Fletcher et al., 2010). This effect was accounted for by Moses
and Greathouse (2005) in their photochemical model as part of a
sensitivity case study, by locally warming their nominal tempera-
ture profile at two latitudes, according to the observations of
Greathouse et al. (2005). In this sense, the photochemical model
in Guerlet et al. (2010) represents an improvement from the previ-
ous model of Moses and Greathouse (2005) as it includes the lati-
tudinal thermal gradient observed both by Fletcher et al. (2007)
and Guerlet et al. (2009), but held constant with seasons. Finally,
Moses et al. (2007) accounted for the meridional transport in a
2D-photochemical model, but similarly neglected the seasonal
evolution of the stratospheric temperature. They were unable to
reproduce the ground-based hydrocarbon observations prior to
Cassini mission (Greathouse et al., 2005). After 10years of
Cassini measurements, data has shown that Saturn’s stratospheric
thermal structure is complex, with a 40 K pole-to-pole gradient
after solstice (Fletcher et al., 2010), and thermal oscillations in
the equatorial zone (Orton et al., 2008; Fouchet et al., 2008;
Guerlet et al., 2011).

For the moment, there is no 2D photochemical model that
simultaneously accounts for seasonal forcing, meridional transport
and the evolution of the stratospheric temperature. In this paper,
we present a new step toward this model, applied to Saturn.
These latitudinally and seasonally variable 1D models, coupled
by a 3D-radiative transfer model, can be seen as an intermediate
class of model between the 1D photochemical models that have
the most complete chemistries and the GCMs that are focused on
3D dynamics. In this paper, we present a restricted version of our
full-2D model. The goal of this preliminary study is to evaluate
the atmospheric chemical response to seasonal forcing in terms
of solar radiation and atmospheric temperatures. The meridional
transport is therefore set to zero for this study in order to focus
on photochemical effects. In forthcoming papers we will focus on
the effect of 2D advective and diffusive transport on the predicted
abundances.

In the first part of this paper, we present in detail how the sea-
sonally variable parameters are accounted for in the model, includ-
ing Saturn’s orbital parameters and the thermal field. Then, we
describe the photochemical model, the chemical scheme used in
that model and the 3D radiative transfer model used to calculate
the attenuation of the UV radiation in the atmosphere. We after-
wards describe the seasonal evolution of the chemical composi-
tion, first by assuming that the thermal field does not evolve
with time and latitude, to compare with previous findings, then
by considering a more realistic thermal field with
spatio-temporal variations. We underline the effect of such ther-
mal field variations on the chemical composition. Finally, we will
compare our results with the Cassini/CIRS observations.

2. Seasonal modeling of the photochemistry
2.1. Introduction

The amount of solar radiation striking the top of the atmo-
sphere at a given latitude varies with seasons because of
Saturn’s obliquity and eccentricity. Atmospheric heating occurs
through methane near-IR absorption of this radiation. Cooling
is preponderant in the mid-IR range, mainly through emissions
from acetylene, ethane, and, to a lesser extent, methane (Yelle
et al., 2001). These IR-emissions increase with increasing atmo-
spheric temperatures and/or abundances of these compounds.
Therefore, the temperature field, as a function of altitude and
latitude, mostly depends on the seasonal distribution of these
species and on their response to the seasonally varying
insolation.

Methane, which is generally assumed to be well-mixed in
Saturn’s atmosphere (see e.g., Fletcher et al., 2009) and optically
thick in its IR bands, can be used as a thermometer to constrain
the thermal field (Greathouse et al., 2005). Asymmetries in
Saturn’s atmospheric temperatures have been observed as a func-
tion of season, from Voyager (Pirraglia et al., 1981; Hanel et al.,
1981, 1982; Conrath and Pirraglia, 1983; Courtin et al., 1984)
and ground-based observations (e.g., Gillett and Orton, 1975;
Rieke, 1975; Tokunaga et al., 1978; Gezari et al., 1989; Ollivier
et al., 2000a; Greathouse et al., 2005). These observations have
been reproduced in an approximate sense by radiative transfer
model predictions (Cess and Caldwell, 1979; Bézard et al., 1984;
Bézard and Gautier, 1985).

The Cassini spacecraft arrived in Saturn’s system in July 2004,
shortly after its northern winter solstice (see Fig. 1). It has pro-
vided full-coverage of the temperatures for the upper tropo-
sphere and stratosphere ever since. It has given us the
opportunity to observe seasonal changes in the temperature field
for over 10 years. For instance, the North/South thermal asym-
metry at the northern winter solstice has been observed: the
southern hemisphere was experiencing summer and was found
warmer than the northern one (Flasar et al., 2005; Howett
et al., 2007; Fletcher et al., 2007). Subsequently, Cassini observed
how the winter hemisphere evolves when emerging from the
shadow of the rings and how the summer hemisphere cools
down when approaching equinox (Fletcher et al., 2010; Sinclair
et al., 2013).

The main driver for atmospheric chemistry comes from solar
UV radiation. This radiation initiates a complex chemistry through
methane photolysis leading to the production of highly reactive
chemical radicals. The kinetics of the chemical reactions triggered
by photolysis generally have a thermal dependence that can
impact the overall production/loss rates of atmospheric con-
stituents over the course of Saturn’s long seasons.

Since we want to evaluate the atmospheric chemical response
to seasonal forcing in terms of solar radiation and atmospheric
temperatures, we thus compare the results of our model obtained
in two different cases:

e The temperature field consists of a single profile applied to all
latitudes and seasons in a similar way to previous 1D studies.
This study case will be denoted (U)

e The temperature field is vertically, latitudinally and seasonally
variable. This study case will be denoted (S)

We stress again that the latitudes are not connected in the fol-
lowing study, i.e., the meridional transport is set to zero, so as to
better quantify the effects of a seasonally variable temperature
field on the distribution of chemical species. We defer the study
of meridional transport to a forthcoming paper.
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Fig. 1. Overview of Saturn’s seasons. The position of Saturn on its orbit is defined by its heliocentric longitude (L;). L = 0°,L; = 90°,L; = 180° and L, = 270° correspond to
Saturn’s northern vernal equinox, summer solstice, autumnal equinox and winter solstice, respectively. The Cassini orbital insertion around Saturn occurred on July 1, 2004,
shortly after the northern winter solstice (October 2002) and Saturn’s perihelion (July 2003). Cassini’s nominal, equinox and solstice missions are indicated. Voyager missions
1 and 2 flew by Saturn system on November 12, 1980 and on August 26, 1981, respectively, for their closest encounters.

2.2. Accounting for Saturn’s eccentric orbit

Due to Kepler's second law, Saturn’s southern summer is
shorter and hotter than the northern one, as Saturn reaches its per-
ihelion shortly after the southern summer solstice (see Fig. 2). In
the present model, Saturn’s elliptic orbit is sampled using a regu-
larly spaced heliocentric longitude grid of 10°. From one orbital
point to the next one, the integration time of the photochemical
model is computed from the Kepler equation and Saturn’s true
anomaly. The true anomaly and heliocentric longitude are similar
quantities, only differing by their relative origin, the former one
being Saturn’s perihelion whereas the latter being the Vernal equi-
nox. The offset position in heliocentric longitude of Saturn’s peri-
helion was set at 280.077° (Guerlet et al., 2014), a value based on
J2000 parameters. Similarly to Moses and Greathouse (2005), inte-
gration over several orbits was needed for the simulations to con-
verge down to the 100 mbar pressure level. Although the eddy
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Fig. 2. Variation of solar declination (left scale) as a function of the orbital fraction,
assuming Saturn’s eccentricity (red solid line) and null eccentricity (red dotted
line). The origin of the orbital fraction is taken at the northern spring equinox. The
corresponding variation of the heliocentric distance (dashed line, right scale) is also
plotted. Saturn’s perihelion occurs shortly after the northern winter solstice. The
solid vertical line at t/T,, = 0.5 denotes the moment when the planet has spent half
of its orbital period. At this point the subsolar point is still on the northern
hemisphere, due to Saturn eccentricity. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

diffusion coefficient profile as a function pressure was identical
in every simulation, differences were found in the number of orbits
required for convergence in the simulations depending on the ther-
mal field. We will explain the reasons for these differences in
Section 4.2.

The variation of the solar declination as a function of the orbital
fraction, starting from vernal equinox, is displayed in Fig. 2. As
Saturn’s perihelion occurs shortly after the southern summer sol-
stice, the orbital fraction during which the subsolar point is on
the northern hemisphere is longer than the opposite one. This is
shown by the solid curve being shifted to the right, at orbital frac-
tion of 0.5, with respect to the circular case (dotted line).

2.3. Temperature field

2.3.1. Spatially uniform thermal profile

In our first study case, the temperatures over the planet only
vary with altitude and are constant with time and latitude, consis-
tent with Moses and Greathouse (2005). We have taken the ther-
mal profile that was used to obtain the reduced chemical scheme
(Dobrijevic et al., 2011) we employ in our model. The temperatures
below the 10~ mbar pressure level come from a retrieval per-
formed by Fouchet et al. (2008) on Cassini/CIRS data observed at
a planetographic latitude of 20°S. Extrapolation to the upper
stratosphere has been made using data from Smith et al. (1983)
(see Fig. 4). This thermal profile is presented in Fig. 4. In what fol-
lows, we will refer to this case as the “spatially uniform” (U) tem-
perature field case.

2.3.2. Seasonally variable thermal field

The second temperature field we considered comes from the
seasonal radiative climate model of Greathouse et al. (2008), which
has already been compared to Cassini/CIRS observations (Fletcher
et al., 2010). This radiative transfer model takes into account heat-
ing and cooling from Saturn’s major atmospheric compounds, i.e.,
CH4, C3H,, and C,Hg, as well as seasonal variation of Saturn’s orbi-
tal parameters, i.e., solar declination, heliocentric distance and
eccentricity. It also includes ring shadowing and accounts for
Saturn’s oblate shape. In this second study case, the temperature
varies with altitude, latitude and time. This case will be referred
to as the “seasonal” (S) temperature field case.
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The seasonal thermal field used in this paper is shown in Fig. 3
as a function of planetocentric latitudes and heliocentric longi-
tudes, and is presented for two pressure levels: 0.1 mbar and
10 mbar. Hereafter, all quoted latitudes are planetocentric, if not
otherwise specified. The North-South asymmetry during the sum-
mer is caused by Saturn’s eccentricity. The effects of ring shadow-
ing are clearly observed at 0.1 mbar, around the solstices between
0° and 40° planetocentric latitude in the winter hemispheres.
Time-lag between temperatures and seasons, due to the atmo-
spheric thermal-inertia, can be seen at 10 mbar by the difference
in temperature profile at 0.1 and 10 mbar. The thermal field has
been computed by taking, as a first guess, the CH4, C;H, and
C,Hg vertical distributions observed by Cassini (Guerlet et al.,
2009) at planetographic latitude of 45°S and held fixed with time.

The temperature map predicted from the radiative climate
model is calculated within the pressure range from 500 mbar to
10~ mbar (Fletcher et al, 2010; Greathouse et al, 2008).
Although the seasonal model of Greathouse et al. (2008) extends
down to 500 mbar, temperatures are only accurate to 10 mbar as
this model was created primarily to model the stratosphere. At
lower altitudes, the model lacks aerosol absorption and scattering
and convective adjustment. Due to this lack of aerosols, the tropo-
spheric temperatures are lower by 5-15K than measured by
Cassini. We note this discrepancy, but are focused on understand-
ing effect of temperature on stratospheric photochemistry occur at
altitudes above the 10 mbar level where the physics are self consis-
tent. Below the 500 mbar level we extrapolate the temperature
assuming a dry adiabatic lapse rate, using a specific heat of
¢, =10,658 J kg ' K~! (Irwin, 2006) and a latitude-dependent grav-
ity field (see Supplementary Materials of Guerlet et al., 2014).
Above 107> mbar, where non-LTE effects dominate, the tempera-
ture was held constant, and no thermosphere is assumed above
the stratosphere in this model. The lowest pressure level in our
grid is set in order to ensure that each monochromatic optical
depth is smaller than 1 in the UV at the top of the atmosphere.
Fig. 4 displays the resulting temperature profiles at 4 latitudes:
80°S (upper-left panel), 60°S (upper-right panel), 40°S (lower left
panel) and the equator (lower right panel). The colored solid lines
represent the atmospheric temperatures inferred from the radia-
tive climate model at solstices and equinoxes and the reconstruc-
tion procedure described above.

2.3.3. Thermal evolution
The first case studied in this paper, namely the spatially uni-
form thermal field does not require special care on how the
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pressure-altitude background is treated, as it remains constant
all along the year. However, when the temperature changes,
i.e., in the case of a seasonally variable thermal field, the pres-
sure-altitude background also changes and has to be handled
carefully.

Two ways of dealing with changes in the atmospheric pressure—
temperature background in photochemical modeling exist. Either
the altitude grid is held constant and the pressure varies with tem-
perature, or the pressure grid is held constant and the altitude grid
is free to contract or expand (e.g., Agtindez et al., 2014). Since the
two approaches are self-consistent, we have chosen to hold the
altitude grid constant and let the pressure grid vary with
temperature.

This choice has been made to allow two latitudinally-
contiguous numerical cells to exchange material through their
common boundary, for future 2D-modeling including circulation
and meridional advection.

The altitude-temperature grid at all latitudes and heliocentric
longitudes is built assuming hydrostatic equilibrium. Variations
in scale height due to Saturn’s latitudinally and altitudinally-
dependent gravity field and variations in the mean molecular mass
in the upper atmosphere due to molecular diffusion are included
when solving the hydrostatic equilibrium equation. The
latitudinal-dependency adopted here follows the prescription of
Guerlet et al. (2014). We have made sure that the pressure-tem-
perature background using this prescription is consistent with
the latitudinally dependent gravitational field published by
Lindal et al. (1985) and combined with the Voyager 2 zonal wind
measurements (Smith et al., 1982; Ingersoll and Pollard, 1982).

The effect on the pressure-altitude grid can be large as shown
in Fig. 5, which presents this grid for 80°N at the equinoxes and sol-
stices. Solid and dashed lines respectively represent this grid when
the latitudinally-dependent gravity is included and when consider-
ing a constant surface gravity, set to the equatorial one. The pres-
sure-altitude grid of the uniform model (see Section 2.3.1) is also
shown (black solid line) for comparison. Differential surface grav-
ity due to Saturn’s high rotation rate results in more contracted
atmospheric columns at polar latitudes. Hence, at the same alti-
tude level, the pressure is lower at the poles relative to the equator
when considering variable surface gravity. At a given latitude, the
column also expands or contracts with temperature as shown in
Fig. 5. This example at 80°N is extreme as the amplitude of the
temperature variation with season is maximum at polar latitudes.
The seasonal variation of the pressure-altitude grid is damped
toward the equator, as the seasonal thermal gradient is reduced
in this region.
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Fig. 3. Seasonal temperature field inferred from the radiative climate model of Greathouse et al. (2008) as a function of planetocentric latitude and heliocentric longitude. The
temperature variation at 0.1 mbar is twice as large as that at 10 mbar due to the increase in thermal inertia with depth in the atmosphere (note the color range is stretched
differently for the two plots). Left panel: Temperatures at 0.1 mbar. Right panel: Temperatures at 10 mbar. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 4. Temperature profiles used in this work as a function of pressure. The colored lines depict the seasonally variable thermal field (S) predicted from the radiative climate
model at the solstices and equinoxes, for 4 latitudes: 80°S (upper-left panel), 60°S (upper-right panel), 40°S (lower left panel) and the equator (lower left panel). L; = 0°, 90°,
180° and 270° correspond to northern fall equinox, summer solstice, spring equinox and winter solstice, respectively (see Fig. 1). The black solid lines display the spatially
uniform thermal field (U) we consider in this work. This profile comes from Cassini/CIRS observations (Fouchet et al., 2008) and Voyager 2 observations (Smith et al., 1983)
(see text for details). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Pressure-altitude grid at 80°N for the solstices and equinoxes, assuming a constant surface gravity (dashed colored lines) and a latitudinally-variable surface gravity
(solid colored lines). Ly = 0°, 90°, 180° and 270° correspond to northern fall equinox, summer solstice, spring equinox and winter solstice, respectively (see Fig. 1). 0 km is
equal to the 1 bar level. The black solid line represents the pressure-altitude grid of the uniform temperature profile. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

In the present paper, we have chosen to work with a com- species are expressed as a function of pressure and thus fol-
mon altitude grid for all latitudes and seasons that start at a low the same contraction/expansion as the pressure grid.
common origin (z=0km and P =1 bar). Above that origin, the Therefore, each time the temperature/pressure grid changes,
pressure grid expands or contracts according to temperature the mole fraction profiles are interpolated onto the new pres-
changes. The mole fraction vertical profiles of the model sure grid.
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Fig. 6. Seasonal evolution of temperature (left scale, solid lines) and pressure (right
scale, dashed line) at altitudes of 300 km (red lines), 200 km (brown), 100 km (blue)
and 0 km (orange). The quantities are presented for a planetocentric latitude of
80°N, where the variations are most noticeable. The black solid lines indicate the
position of the solstices and equinoxes (see Fig. 1). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

It is instructive to represent the seasonal evolution of the tem-
perature and pressure at a given latitude for a few altitude levels
(see Fig. 6 for an illustration at 80°N). When the temperature rises,
the atmospheric column expands, and the associated pressure at
the same altitude increases. It should be noted that temperature
and pressure are not totally in phase, as the pressure at a given alti-
tude depends on the thermodynamical conditions of the altitude
levels underneath. Therefore the temperature at a few altitude
levels below the considered altitude are presented on the same fig-
ure. We note that the increase in the pressure at 300 km is in phase
with the temperature changes at altitude levels below that level.

3. Latitudinally and seasonally variable 1D models
3.1. General description

In an atmosphere, the spatio-temporal distribution of each spe-

cies’ number density is governed by the continuity-transport equa-
tion, that is:
%:Pi—niLi—V~(<l),v) (1)
where n; (cm™3) is the number density, P; (cm~3s~!) the (photo)
chemical production rate, L; (s~!) the (photo) chemical loss rate
and @; (cm?s7') is the particle flux due to transport.
Longitudinal mixing timescales appear to be relatively short in
Jupiter’s atmosphere (e.g., Banfield et al., 1996) and deviations from
the mean zonal temperatures are limited (Flasar et al., 2004). We
assume the situation is similar at Saturn and we thus do not con-
sider longitudinal variability in this study. The continuity equation
is then solved on a 2D altitude-latitude spherical grid. We use a
13 km altitude grid resolution, in order to have at least 3 altitudinal
numerical cells per scale height at all times throughout the year.
The planet radius considered here is Saturn’s mean radius,
R=58,210 km (Guillot, 2005), which corresponds to the altitude
level z= 0 km. The flux @; includes transport processes in the verti-
cal and the meridional directions.

Taking these mixing processes into account at all scales and in
detail would require a full hydrodynamical model, which is beyond
the scope of this work. In our model, the physical processes that are
accounted for through the vertical flux @7, are eddy diffusion, molec-
ular diffusion and vertical advection. This flux is expressed as:
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where y; is the mole fraction of species i, defined as the ratio
between the number density of i over the total number density.
H; and H (cm) are respectively the specific and the mean density
scale height, D; (cm?s~') the molecular diffusion coefficient, K,,
(cm?s™') the vertical eddy diffusion coefficient and »? (cms™!)
the vertical wind. The numerical scheme used in this study is sim-
ilar to the one used by Agtindez et al. (2014) in their pseudo-2D
photochemical model except that we use an upwind scheme to
treat the advective part of the molecular diffusion (Godunov,
1959). The meridional flux @! is set to zero for the current study.
The vertical eddy diffusion coefficient K, is a free parameter in
the model to account for mixing processes caused by dynamics
occurring at every scale. This parameter may vary with altitude
and latitude, but our knowledge for giant planet stratospheres is
very limited (see for instance Moreno et al., 2003 and Liang et al.,
2005). This coefficient is related to the small-scale waves and is
therefore expected to be influenced by the atmospheric number
density (Lindzen, 1971, 1981). Consequently, 2D/3D models will
probably have to account for its latitudinal and longitudinal vari-
ability. In this study, we consider that K, is fixed with respect to
the pressure coordinate. Due to the lack of constraint on that
parameter, we consider this does not vary with latitude. The
reduced chemical scheme we use has been obtained using the
K,, profile of Dobrijevic et al. (2011). Therefore, we consistently
take their K,,. The molecular diffusion coefficient we adopt is based
on experimental measurements of binary gas diffusion coefficients
(Fuller et al., 1966, 1969). As a first step in this study, we set K, v*
and 7’ to zero. These parameters will be studied in a forthcoming
paper, either by trying to fit them from the observations or by test-
ing outputs of the yet-to-be-finalized GCM of Guerlet et al. (2014).
At the lower boundary of the model (i.e., 1 bar), the H, and He
mole fractions are set to 0.8773 and 0.118, respectively (Conrath
and Gautier, 2000). The methane mole fraction was set to
4.7 x 1072 according to recent Cassini/CIRS observations (Fletcher
et al., 2009). At this boundary, all other compounds diffuse down
to the lower troposphere at their maximum diffusion velocity,
i.e., v= —K,;(0)/H(0). At the upper boundary of the model, all fluxes
are set to zero except for atomic hydrogen. Following Moses et al.

(2005), we set its influx to &, = 1.0 x 108 cm 2 s~ ! at all latitudes.

3.2. Chemical scheme

In typical 1D photochemical models, the chemical schemes con-
tain as many reactions as possible, i.e., usually hundreds, and
numerous species. This makes it extremely difficult for current
computers to solve Eq. (1) in a reasonable time when extending
such models to 2D or 3D. Dobrijevic et al. (2011) have developed
an objective methodology to reproduce the chemical processes
for a subset of compounds of interest (usually observed com-
pounds) with a limited number of reactions. These are extracted
from a more complete chemical scheme by running a 1D photo-
chemical model and applying propagation of uncertainties on
chemical rates and a global sensitivity analysis.

Uncertainties in the chemical rate constants are a critical source
of uncertainty in photochemical model predictions (Dobrijevic and
Parisot, 1998), as chemical schemes generally include tens to hun-
dreds of chemical compounds, non-linearly coupled in even more
reactions. Propagating uncertainties on each chemical reaction,
using a Monte Carlo procedure for instance, can lead to several
orders of magnitude in uncertainty (Dobrijevic et al., 2003). By
computing correlations between reaction rate uncertainties and
photochemical model predictions, Dobrijevic et al. (2010a,b)



V. Hue et al./Icarus 257 (2015) 163-184 169

- C2H6
- 10™ E
o]

0
é 1072 -
(0]
.
a
n 10° -
(0]
—
a

102 -

10* e

1078 1077 107® 107° 107
Mole fraction
T T T T

10 L C2H2
— 1071
o
Q
E/ 1072
[0}

—
3
B 100k
[0}
—
a

10% -

104 7 e Il 1 1

107" 107° 1078 1077 107 1078

Mole fraction

Fig. 7. Red solid line: C;Hg (top panel) and C;H, (botom panel) vertical profile with
the reduced chemical scheme. Blue line: nominal vertical profile obtained using the
initial chemical scheme. Black dotted line: median profile of the full-scheme
distribution. Black dashed-dotted lines: 5th and 15th 20-quantiles of the full-
scheme distribution. Black dashed lines: 1st and 19th 20-quantiles of the full-
scheme distribution. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 1
List of the 22 chemical compounds included in the scheme.

He; H; H,

CH; C; "CH,; 3CH,; CHs; CHy

CoH; GHy; GoHs; CoHy; CoHs; GoHg
0°P; 0'D; OH; H,0

CO; COy; HCO

developed a global sensitivity analysis methodology to identify key
reactions in chemical schemes. These reactions have a major
impact on the results, either because their uncertainty is intrinsi-
cally high, or because they significantly contribute in the produc-
tion/loss terms of the compound of interest (or one of the
compounds related to it).

A reaction that has a low degree of significance means that
changing its rate constant (within its uncertainty range) does not
significantly change the results of the model, or well inside the
model error bars. Building a reduced network then consists in
removing reactions, and thus compounds once they are no longer
linked by reactions, that have a very low degree of significance.
The results stay very close to the median profile of the full chem-
ical scheme for the remaining compounds.

A reduced chemical scheme is valid when it agrees with the full
chemical scheme, given the uncertainties of each chemical com-
pound profile. The initial scheme we consider includes 124

compounds, 1141 reactions and 172 photodissociation processes
and comes from Loison et al. (2015). The compounds we have
selected to build the reduced chemical scheme are the ones mon-
itored by Cassini/CIRS and most relevant regarding stratospheric
heating and cooling: CH4, C3H,, and C;Hg (Guerlet et al., 2009;
Sinclair et al., 2013). We based our reduction scheme on the model
validation performed for Saturn’s hydrocarbons by Cavalié et al.
(2015). C3H,, and C,Hg vertical profiles using the reduced chemical
scheme are in good agreement with the full chemical scheme
results (Fig. 7). The reduced scheme produces vertical profiles that
are within the 5th and 15th of the full-scheme 20-quantiles distri-
bution for C,Hg at all pressure levels and for C,H, above 10 mbar.
Below 10 mbar, the C;H, vertical profile is almost superimposed to
the 15th 20-quantiles of the distribution.

Three main oxygen compounds have also been added to the
reduced scheme which are present in Saturn’s stratosphere
(H20, CO, and CO,) as ground work for a forthcoming paper on
the spatial distribution of H,0, following observations by
Herschel (Hartogh et al., 2009, 2011). The oxygen species will
not be used in the present study and will not be presented nor
discussed any further. In the end, the reduced scheme used in
the present study includes 22 compounds, 33 reactions, and 24
photodissociations, listed in Table 1. Such a reduced chemical
scheme enables extending photochemical computations to
2D/3D. The chemical reaction rates and the photochemical reac-
tions of the reduced chemical network are respectively listed in
Table 2 and Table 3.

3.3. Actinic flux

The knowledge of the solar UV flux at any latitude/altitude/sea-
son is required to properly compute photodissociation coefficients.
We use a full-3D spherical line-by-line radiative transfer model,
improved over the model initially developed by Brillet et al.
(1996), to account for the attenuation of solar UV in the atmo-
sphere. It now accounts for the full 3D distribution of absorbers
instead of assuming vertically homogeneous distributions in lati-
tude and longitude as in Brillet et al. (1996). However, as stated
previously, we consider here a zonally mixed atmosphere and limit
variability to altitude and latitude. Absorption is formally calcu-
lated by the exact computation of the optical path. Rayleigh diffu-
sion is also accounted for using single photon ray tracing in a
Monte Carlo procedure. The wavelengths considered here range
from 10 nm to 250 nm, because the hydrocarbons considered in
this study do not substantially absorb beyond these limits. The
radiative transfer procedure uses the altitude-latitude absorption
and diffusion coefficients, extrapolated onto a 3D atmosphere
assuming zonal homogeneity. Correspondence between subsolar
and planetocentric coordinates is then made assuming Saturn’s
orbital parameters at the moment of the Kronian year, i.e., when
the altitude-latitude-longitude actinic flux needs to be computed.
Saturn'’s ellipsoidal shape is not taken into account, while the ellip-
tical orbit is. The elliptical orbit causes a peak in actinic flux during
southern summer.

The daily-averaged actinic flux (W m~2) at the top of the atmo-
sphere is shown in Fig. 8. Actinic flux, unlike solar insolation, does
not refer to any specifically oriented collecting surface. This is a
fundamental quantity for photochemistry, since we consider that
molecules do not preferentially absorb radiation with respect to
any particular orientation in space. This quantity is therefore not
corrected by the cosine of the incident angle, unlike insolation.
From this 3D actinic flux, the daily-averaged insolation is com-
puted. As a comparison with Figs. 8 and 9 presents the
daily-averaged solar insolation (W m~2) received by a horizontal
unit surface in Saturn’s atmosphere. Following Moses and
Greathouse (2005), we use a solar constant of 14.97 Wm 2 for
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Table 2

List of reactions of the reduced network (references can be found in Loison et al. (2015)). k(T) = & x (T/300)" x exp(—7/T) in cm> molecule's
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model.
Reactions Rate coefficients

R1 H+CH — C+H, 1.24 x 107'° x (T/300)%%

R2 H+3CH, — CH+H, 2.2 x 1071 x (T/300)°3?

R3 H+3CH, — CHs ko = 3.1 x 107°° x exp(457/T)
ke =15x1071°
k=0

R4 H+ CHs — CHy ko =8.9 x 1072 x (T/300) "% x exp(—31.8/T)
ko =3.2 x 10710 x (T/300)°"* x exp(—2.54/T)
Ky =1.31 x 10716 x (T/300) ' x exp(19.6/T)

R5 H+CH, — CoHs ko = 2.0 x 1072° x (T/300) %7 x exp(—83.8/T)
ke =1.17 x 1013 x (T/300)%*" x exp(—359/T)
k=0

R6 H+CH; — GHy +Hy 6.0x10°"

R7 H+CH; — CoHy ko = 3.47 x 107%" x (T/300)" "
ke =1.0x1071°
k=0

R8 H+CHy — GHs ko = 1.0 x 1072 x (T/300) *' x exp(—72.9/T)
ks =6.07 x 10713 x (T/300) >3 x exp(174/T)
k=0

R9 H+ C,Hs — CoHe ko = 2.0 x 10728 x (T/300)7"
ke =1.07 x 10710
k=0

R10 H+CHs — CH3 + CH3 ko = koo — Kadduct

R11 C+H, — 3CH, ko = 7.0 x 10732 x (T/300) 7'
ks =2.06 x 107! x exp(—57/T)
k=0

R12 CH +H, — CH; ko =6.2 x 1073 x (T/300)"'6
ke = 1.6 x 1071° x (T/300) %
k=0

R13 CH + CH, — GHa+H 1.05 x 1071° x (T/300) % x exp(—36.1/T)

R14 1CH, + H, — 3CH+H, 1.6 x 107! x (T/300) %°

R15 ICH, + H, — CH;+H 8.8 x 107" x (T/300)**

R16 3CH,+H, — CHz+H 8.0 x 10712 x exp(—4500/T)

R17 3CH, + CHs — GHa+H 1.0x 1071

R18 3CH, + C,H3 — CoHp + CH3 30x10° "

R19 3CH, + C,Hs — CoHg + CH3 30x10° "

R20 CH; + CH3 — CoHg ko = 1.8 x 1076 % (T/300) >77 x exp(—61.6/T)
ke = 6.8 x 107" x (T/300)7°3%° x exp(—30.2/T)
k=0

R21 CoH + Hy — GHy +H 1.2 x 107" x exp(—998/T)

R22 CoH + CHy — GHy + CH3 1.2 x 107" x exp(—491/T)

R23 CoHz +H, — GHs+H 3.45 x 10 x (T/300)*® x exp(—2530/T)

R24 CoHs + CHy — CHy + CH3 2.13 x 107 x (T/300)*%? x exp(~2750/T)

R25 O(3P) + CH3 — CO+Hy+H 29x 107"

R26 O(3P) + CHs — H,CO+H 1.1x1071°

R27 O(3P) + C,H5 — OH + CoHy 3.0x 10"

R28 0('D) +H, — OH+H 1.1x1071°

R29 OH +H, — H,0+H 2.8 x 10712 x exp(—1800/T)

R30 OH + CH3 — Hy0 +'CH, 32x10"

R31 OH + CH; — HyCO +H, 8.0x 10712

R32 OH +CO — CO,+H 13x10° 1

R33 H,CO+C — CO+3CH, 40x107'°

these calculations. In both figures, the effect of Saturn’s elliptical
orbit is obvious. Since Saturn reaches its perihelion shortly after
the summer solstice, the amount of solar flux is more important
at this time. The dark blue areas in the winter hemispheres indi-
cate polar nights.

Ring shadowing effects due to the A-B-C rings and to the Cassini
division are also included. Brinkman and McGregor (1979) and
Bézard (1986) have first calculated ring shadowing in atmospheric
models, however we adopt the prescription of Guerlet et al. (2014),
which is more suited for implementation in our photochemical
model. This method calculates whether or not a point on the planet

at a given latitude and longitude is under the shadow of the rings. If
this is the case, the solar flux at this point is reduced by the ring
opacity. We adopt the normal opacity profile of the rings from
Guerlet et al. (2014), which is based on more than 100 stellar occul-
tations measured by the UVIS instrument aboard Cassini (Colwell
etal.,, 2010). Finally, these normal opacities are corrected to account
for the incidence angle of radiation over the rings. Diffusion effects
from the ring are not included. We account for the latitudinal extent
of the numerical cells in our calculations. Here we present results
from simulations that use 10°-wide latitudinal cells. Therefore,
the ring occultation is averaged over these 10°-wide cells. Each of
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Table 3
Photodissocation processes (references can be found in Loison et al., 2015).
Photodissociations

R34 OH +hv — 0('D)+H
R35 H,0 + hy — H+OH
R36 — Hy,+0('D)
R37 — H+H+0(P)
R38 CO+hv — C+0(’P)
R39 CO, +hv — C+0('D)
R40 — CO+0(°P)
R41 H,+hy — H+H
R42 CHy4 + hy — CH3+H
R43 — ICHy,+H+H
R44 — 1CH, + H2
R45 —3CH;+H+H
R46 — CH+Hy,+H
R47 CHs + hy — ICH, +H
R48 CoH, + hy — CH+H
R49 CyHs + hy — CH, +H
R50 CoHg + hy — CoHz +Hy
R51 — CoHy +H+H
R52 — CH3+H
R53 CoHg + hv — CoHy + Hy
R54 — CoH4+H+H
R55 — CyHp + Hy + Hy
R56 — CH4 + Hy + Hy
R57 — CH; +CHs3
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Fig. 8. Daily mean actinic flux in (W m~2) as a function of planetocentric latitude
and heliocentric longitude. Ring shadowing is included in the lower panel. The black
solid lines indicate the position of the solstices and equinoxes (see Fig. 1). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

the 10°-wide cells have been sampled over 0.1°-wide sub-cell. The
effect of ring shadowing can be seen at mid latitudes in the winter
hemispheres in Figs. 8 and 9.

4. Results

In this section, we first present results from our photochemical
model using the spatially uniform thermal field (U) described in
Section 2.3.1 in order to compare with existing models (Moses
and Greathouse, 2005). We detail the variability in hydrocarbon
abundances as a function of altitude/latitude/time only due to
the variation of the heliocentric distance of Saturn and of the lati-
tude of the sub-solar point. Then, we give a brief overview of the
influence of the rings on chemistry. Finally, we present the effect
induced by the seasonal temperature field (S) and compare the
results with the spatially uniform case. The interest here lies in
the fact that we first present photochemical results using a simple
test-case, i.e., a spatio-temporally uniform case previously studied
(Moses and Greathouse, 2005), before adding more complexity by
considering a more realistic thermal field.

4.1. Seasonal variability with the spatially uniform thermal field

We present here the results from seasonal simulations using the
spatially uniform (U) temperature field, with an emphasis on
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Fig. 9. Daily mean insolation in (W m2) as a function of planetocentric latitude
and heliocentric longitude (i.e., seasons) received by a horizontal unit surface in
Saturn’s atmosphere. Ring shadowing is included in the lower panel. The black solid
lines indicate the position of the solstices and equinoxes (see Fig. 1).
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Fig. 10. Seasonal evolution of CHy (left), C;Hg (center) and C,H, (right) vertical profiles computed for the whole Kronian year (360° in heliocentric longitude using a 30° step).
Three latitudes are presented: 80°S (top), 40°S (middle) and the equator (bottom). CH4 does not show any strong seasonal variability, even at high latitudes. Its shape is
controlled by vertical mixing rather than photolysis (Romani and Atreya, 1988). The seasonal variability on C;Hg and C,H; is clearly seen at low-pressure levels and high
latitudes due to the large insolation variation at such latitudes over one Kronian year. The (U) thermal field has been used for these calculations.
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Fig. 11. C;H, column density (cm~2) above 103 mbar (top left), 1072 mbar (top right), 0.1 mbar (bottom left), and 1 mbar (bottom right). Ring shadowing is clearly seen
around the winter solstice in the winter hemisphere. The solid line indicate the solstices and equinoxes, while the dashed line indicates the position of the subsolar point
along the year. The North-South asymmetry between the summer hemispheres is caused by Saturn’s eccentricity, its perihelion occurring shortly after the southern summer
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insolation level, i.e., at the solstice itself.
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methane, ethane and acetylene as they are the most important
compounds with respect to the radiative heating/cooling of the
atmosphere (Yelle et al., 2001).

4.1.1. Methane (CH,4), ethane (C,Hg) and acetylene (CoHs)

The vertical profiles of CHy4, C;Hg, and CyH,, using the spatially
uniform temperature field, are displayed in Fig. 10.

CH4 does not exhibit strong seasonal variations, as eddy mixing
and molecular diffusion, rather than photolysis, are the major pro-
cesses controlling the shape of its vertical distribution (Romani and
Atreya, 1988). Indeed, due to its relatively high abundance, CHy is
never depleted enough to show seasonal variations.

The seasonal variability on C,Hg is clearly seen at low-pressure
levels. The shape of its vertical profile is mostly governed by reac-
tion R20 (CH3 + CH3 — C,Hg). Methyl is produced from the CH,4 pho-
tolysis around 10~ mbar. At higher pressures, C;Hg is mostly in
diffusive equilibrium (see Zhang et al., 2013 for instance) and its
shape is governed by the slow diffusion of C;Hg produced at lower
pressure levels. The seasonal variability of this compound is corre-
lated with insolation and is therefore maximum around the poles.

C,H, shows a seasonal variability similar to C;Hg, with some
differences around the 1 mbar pressure level, because C;H; has
substantial production at this pressure level by reactions R21
(CoH +Hy — CoH, + H) and R6 (H + C;H3 — CoHj + Hy), and deple-
tion by R48 (Csz +hy — CzH + H) and R5 (H + C2H2 — C2H3).

4.1.2. Evolution of the C;H, column density
The CyH, column densities computed for pressures lower
than 103 mbar, 102 mbar, 0.1 mbar and 1 mbar are presented
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in Fig. 11, as a comparison with Fig. 8 of Moses and
Greathouse (2005). The results concerning the temporal evolu-
tion of this column density are in good agreement. The differ-
ences in the column density absolute values can be attributed
to differences in the temperature/pressure background, the eddy
diffusion profile or the chemical network. At 1073 mbar, an
asymmetry between northern and southern summer solstices is
caused by Saturn’s eccentricity. The maximum value in column
density is reached around the southern summer pole, shortly
after the southern summer solstice, at L; ~280°. The signature
of the rings is clearly visible at low latitudes near the solstices
in the winter hemisphere. The amount of radicals (and therefore
chemical compound produced from radicals) is reduced (see for
instance Edgington et al., 2012) due to the partial absorption
of the UV radiation by Saturn’s rings. At higher pressure levels,
the ring signature is damped, and disappears almost completely
at 0.1 mbar. From that pressure level to higher ones, the abun-
dance of C,H, is mainly controlled by the downward diffusion
of C,H, produced at lower pressure levels. Therefore, from that
pressure level, the column density features (e.g., maxima and
minima) are increasingly phase-lagged with increasing pressure.
These plots also show that the maximum value of the C;H, col-
umn density is shifted from high latitudes to equatorial latitudes
with increasing pressure in agreement with previous work of
Moses and Greathouse (2005). Indeed, this column density mim-
ics the seasonal solar actinic flux at high altitudes (around 10 -
mbar), while it follows the annually averaged actinic flux at
lower altitudes (at 1 mbar and below) where the column density
is maximum at the equator.

Pressure (mbar)

107 107 10 1077 10® 107
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Fig. 12. Seasonal evolution of the mole fraction of atomic hydrogen (H, top left), ethylene (C;Hy, top right), methyl (CHs, bottom) as a function of pressure and heliocentric

distance (Ls) at 80°S. The profiles are presented using a 30° step in L;.
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Fig. 13. C;H, mole fraction at 10 * mbar (top) and 10~2 mbar (bottom) as a
function of heliocentric longitude. The solid lines include ring-shadowing effects,
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The mole fraction minima and maxima are damped and phase-lagged at 102 mbar
with respect to 104 mbar.

4.1.3. Other species

The seasonal evolution of the vertical profiles of several other
compounds of interest are presented in Fig. 12 for 80°S, where vari-
ability is expected to be most noticeable. Radicals, such as atomic
hydrogen (H) and methyl (CHs3), show a strong seasonal variability,
as they mainly result from the photolysis of CH4 and depend there-
fore on insolation conditions. These short-lived radicals undergo a
drastic decrease in their abundances in winter conditions at this
latitude, i.e., when CH4 photolysis is stopped by the polar night.
Ethylene (C;H,4) also shows significant seasonal changes around
10~% mbar as they mainly result from reactions involving CH radi-
cals and methane (R13: CH + CH4 — CoH4 + H). Below that level,
C,H, production rate through reaction R7 (H+ CyHs — CoHy)
becomes increasingly important, consistently with Moses and
Greathouse (2005), to be its main production process around
1 mbar.

4.1.4. Impact of the rings on chemistry

The impact of the UV absorption by the rings on the seasonal
evolution of C;H, and C,Hg mole fractions are depicted in Fig. 13
and 14. As expected from geometrical considerations, and given
the latitudinal extent of the numerical cells of the model, the ring
shadowing effect is maximum at latitudes below 50° in the winter
hemisphere, at the solstice itself, i.e., when the shadow cast by the
ring on the planet are the most extended in that hemisphere. The

impact of the ring shadowing is more localised in time at a latitude
of 40° than at a latitude of 20° in the winter hemisphere. At these
latitudes, the main impact on chemistry of the ring shadowing
effect comes from Saturn B ring. At a latitude of 20° in the winter
hemisphere, the ring shadowing effects are effective over 140° in
Ls, while at a latitude of 40°, they are effective over 80° in L;. At
higher pressure levels, and similarly to the column density, the
mole fraction minima and maxima are damped and phase-lagged.

4.2. Accounting for the seasonal temperature field

In this section, we present results from the seasonal simulations
using the seasonal (S) thermal profiles. The vertical profiles of CHg,
CyHg, and C,H,, using this thermal field are displayed in Fig. 15.
These profiles have to be compared with Fig. 10, where the (U)
thermal field was used.

Taking the (S) field into account leads to differences with respect
to the (U) case in the amplitude of the seasonal variability of C;H,
and C,Hg at pressure levels ranging from 107> to 10~! mbar. C,H,
now shows a small seasonal variability at pressure levels ranging
from 0.5 to 10 mbar, which was not the case previously. The posi-
tion of the homopause is also expected to vary, as the molecular dif-
fusion coefficient has a thermal dependency (D; « T'”®/p). Using
the (S) field, the homopause is generally shifted to a lower pressure,
due to the fact that the (U) thermal field corresponds to summer
conditions at latitude of 20° in the summer hemisphere.

The seasonal evolutions of the C;H, and C,Hg mole fractions at
three pressure levels (10~4, 102 and 1 mbar) and considering the
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Fig. 14. Same as Fig. 13 for C;Hg. Solid and dotted lines represent photochemical
predictions with and without ring shadowing, respectively.
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Fig. 15. Seasonal evolution of CH,4 (left), C;Hg (center) and C,H, (right) vertical profiles computed for the whole Kronian year (360° in heliocentric longitude using a 30° step)

and using the seasonal (S) thermal field.

(S) and (U) thermal fields are shown in Figs. 16, 18 and 20. For the
sake of comprehension, the seasonal evolution of temperatures at
these same pressure levels are shown alongside as well as the posi-
tion of the different solstices and equinoxes. We only present these
seasonal evolutions at a few latitudes in the southern hemisphere,
although the same occurs in the northern hemisphere. Therefore,
in what follows, summer and winter refer to these seasons in the
southern hemisphere, if not otherwise specified.

o Fig. 16: At 10~* mbar, C,H, and C,Hg mole fractions, as pre-
dicted using both (S) and (U) thermal fields, evolve in phase.
Around the summer solstice (Ls = 270°), the abundance of these
compounds is increased when considering the (S) thermal field
and they both show a positive abundance gradient from the equa-
tor to the south pole. Note that, when considering the (U) field,
C,Hg shows a very small abundance gradient at the summer
solstice.

The differences in C;H; and C;Hg abundances between both (S)
and (U) thermal field calculations never exceed 50% except at high
latitudes at summer solstice where C;H, and C,Hg abundances are
enhanced by a factor of 1.4 and 1.5, respectively. The small bump
observed at the equator with both thermal fields is due to the
absence of ring shadowing due to the thin nature of the rings.
The ring opacity on the UV field is averaged over the latitudinal
extent of the numerical cells, which are 10°-wide here. A local
maximum on the UV field is expected at the equator at L; = 0°
and 180°, i.e., when the projection of the rings over Saturn’s plan-
etary disk is negligible, given the latitudinal extent of the numeri-
cal cells. The temperatures at 40°S for L; ranging from 50° to 140°
vary abruptly with times due to the shadowing from the different
rings. The temperature of the (U) thermal field at this pressure
level is 1 K warmer than the one of (S) thermal field at latitude
of 80°S around the summer solstice.

At 10~ mbar, the C;H, production is mainly controlled by reac-
tions R50 (C2H4 +hv — CH, + Hz) and R51 (C2H4 +hv — CH, + H
+H) as displayed on Fig. 17 (left panel). The integrated production

rates above that pressure level computed using the (S) thermal
field are always greater than the ones computed with the (U) field.
These differences are caused by the temperature which affects the
position of the homopause and allows the UV radiation to pene-
trate deeper in the (U) thermal field case. This ultimately leads to
an increase in the integrated production rate above 10~* mbar of
CH radical from methane photolysis. Since the (U) thermal field
is hotter than the (S) thermal field at all times along the year, the
integrated production rates of C,H, and C,Hg above 10~ mbar in
the former case are always expected to be greater than the (U)
case. From this radical, CobH4 is produced through reaction R13,
and then photolysed through reactions R50 and R51. We note that
the differences in the integrated production rates between these
two thermal fields reach a minimum at 40°N around the northern
winter solstice (Ls = 270°) while, at the same time, the C;H, mole
fraction becomes more important when considering the (U) ther-
mal field than when using the (S) thermal field. These differences
are produced by the decrease in the diffusion timescale due to
the contraction of the atmospheric column which cools down
around the winter solstice as explained below.

A similar behavior is observed for CoHg (Fig. 17, right panel)
whose integrated production rates are controlled by reaction
R20. We can however note that, at 80°S and around the winter sol-
stice (Ls; = 90°) the integrated production rate considering the (S)
thermal field is more important than the one using (U) thermal
field, consistent with the predicted greater abundance of C,Hg at
that time.

e Fig. 18: At 1072 mbar, C,H, is less abundant at every latitude
when the (S)field is accounted for. Its abundance gradually increases
with latitude from the equator to the south pole during the summer
season. However, at this pressure level, the peak in the C;H, and
C,Hg abundances during summer is occurring earlier at high lati-
tudes than at mid-latitudes due to Saturn’s obliquity. C,Hg becomes
as abundant with the (S) thermal field as it was with the (U) thermal
field during the summer season. A slight dephasing is noted between
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Fig. 16. Evolution of the C,H, mole fraction (top panel), the C;Hg mole fraction
(middle panel) and temperature (bottom panel) at 10~ mbar. The evolution of
mole fractions and temperature is plotted as a function of heliocentric longitude for
latitudes of 80°S, 40°S and at the equator. Values obtained with the (S) and (U)
thermal fields are displayed with solid and dotted lines, respectively. The black
solid lines indicate the position of the solstices and equinoxes (see Fig. 1).

the two thermal field calculations when C,H, and C,Hg reach both
their maximal and minimal values. At 80°S, the abundance of C,H,
and C,Hg is decreased by a factor 2.3 and 2.1, respectively, during
the winter season when we consider the (S) thermal field. At this
pressure level, the temperatures of the (U) field are 2 Kand 6 K war-
mer than the equatorial temperatures of the (S) field at the summer
solstice and the winter solstice respectively.

At 1072 mbar, the C,H, production is mainly controlled by reac-
tion R6. The seasonal evolution of the integrated production rate of
this reaction above this pressure level is presented in Fig. 19 (left
panel) at latitudes of 80°S and 40°N. Around the summer solstice
(Ls = 270° for 80°S and L, = 90° for 40°N), the integrated production
rate of reaction R6 in the (U) and (S) cases are very similar, consis-
tent with the predicted C;H, mole fraction. Around the winter sol-
stice (Ls = 90° for 80°S and Ls = 270° for 40°N), the (S) integrated
production rate is higher than the (U) one, also consistent with
the predicted C;H; mole fractions.

Similarly to the situation at lower pressure levels, the inte-
grated C;Hg production rate (Fig. 19, right panel) is controlled by
reaction R20. The integrated production rates of this reaction are
very similar between the two thermal field cases, all along the year
except around the southern winter solstice at high latitudes.
Indeed, the integrated production rate become less important in
the (S) case than in the (U) case.

At this pressure level, the differences between the two thermal
field cases observed in the C;H, and C,Hg abundances are mainly
controlled by two quantities. First, a higher integrated production
rate above that level will produce a greater quantity of the consid-
ered molecule. At the same time, the contraction of the atmo-
spheric column during the winter season will increase the
diffusion of the produced hydrocarbons to higher pressure levels.
This former effect is clearly noticed for C;Hg at 40°N during the
northern winter season where its integrated production rate above
that level with the (S) thermal field is slightly greater than the one
with the (U) thermal field, while its predicted abundance is lower
in the (S) case than in the (U) case.

e Fig. 20: At 1 mbar, C;H, still shows seasonal variability while
C,Hg seasonal variability is negligible with the (U) thermal field.
The variability of these compounds persists at higher-pressure
level when the (S) thermal field is accounted for. The dephasing
between the two thermal field calculations which was observed
at 1072 mbar is now enhanced here. C;Hg is slightly more abundant
at the equator using the (S) field, and has now a steeper abundance
gradient toward the South pole. The temperature of the (U) field
corresponds to temperatures of the (S) field at 40°S during the win-
ter solstice.

Note that the resolution of the model in the pressure space var-
ies with thermodynamic conditions as discussed in Section 2.3.2,
while the vertical resolution of the model is constant. The altitudi-
nal resolution of the model has been doubled in order to assess if
the differences observed between the two thermal fields at high
latitudes in the winter hemisphere where not due to numerical
artifact. The results obtained were identical.

It is clear from Figs. 18 and 20 that accounting for the (S) ther-
mal field leads to a decrease in the seasonal lag of C;Hg and C,H; at
pressure levels higher than 1072 mbar. We also noted that these
two compounds still show seasonal variability at 1 mbar while this
variability has already vanished for C;Hg with the (U) thermal field.
The temporal positions of the maximum and minimum abundance
values as a function of pressure, corresponding to summer and
winter conditions (hereafter called summer peak and winter hol-
low, respectively), are displayed in Fig. 21. We note an increase
in the phase lag between the (U) and the (S) thermal field calcula-
tions with increasing pressure from the 1072 mbar to the 1 mbar
pressure level. At 1 mbar, the depletion in the C;Hg abundance
due to low-insolation winter conditions (winter hollow) is occur-
ring 90° in heliocentric longitude earlier with the (S) thermal field
than with the (U) thermal field. Similarly, the increase in C;Hg
abundance due to summer conditions (summer peak) is occurring
40° in heliocentric longitude earlier.

We can note here some discrepancies between both our study
cases and the following statement previously made by Moses
and Greathouse (2005): “Our assumption of a constant thermal
structure with time and latitude introduce mole-fractions errors of a
few percent but will not affect our overall conclusions.” This state-
ment seems to be clearly in disagreement with the results pre-
sented in Figs. 16, 18 and 20 where the differences between the
(U) and (S) cases are well beyond a few percent. The fact that we
did not reach the same conclusions lies in the different approach
we had. In the present model, we assumed that the compounds
mole fractions followed the atmospheric contraction/dilatation in
the pressure space with changing thermodynamic conditions (see
Section 2.3.3). Therefore, when the atmosphere column contracts,
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Fig. 18. Same as Fig. 16 at 10~ mbar.

the mole fraction vertical gradients in altitude are increased and
the diffusion to higher pressure levels becomes faster. On the other
hand, when the thermal structure does not evolve with time (i.e.,
the (U) study case), our approach is identical to the work of
Moses and Greathouse (2005).

The diffusion timescale is therefore decreased at all times in the
(S) model with respect to the (U) model, due to the thermal evolu-
tion of the (S) model. Consequently, this decrease in the diffusion
timescale shifts to higher pressures the level where the seasonal
variations vanish. This effect is maximized at the poles where the
seasonal variations in temperature are important.

We remind the reader that we assumed a seasonally and latitu-
dinally constant eddy diffusion profile, due to the lack of constraint
on this free-parameter.

5. Comparison with Cassini/CIRS data

After Cassini’s arrival in the Saturn system, observations of
hydrocarbons have been performed with an unprecedented spatial
and temporal coverage, either with nadir (Howett et al., 2007;
Hesman et al., 2009; Sinclair et al., 2013) or limb (Guerlet et al.,
2009, 2010) observing geometries. Howett et al. (2007) reported
the meridional variability of C;Hg and C,H, from 15°S to almost
70°S at a pressure level around 2 mbar between June 2004
(Ls =~ 292°) and November 2004 (L; ~298°) with Cassini/CIRS.
The C,H, distribution was found to peak around 30°S and
decreases towards both the equator and the South Pole. C;Hg
showed a rather different and puzzling behavior, with an increas-
ing abundance southward from the equator, confirming the earlier
findings of Greathouse et al. (2005) and Simon-Miller et al. (2005).

Sinclair et al. (2013) reported observations of C,Hg and CH;
around the 2.1 mbar pressure level, acquired in nadir observing
mode with a good spatial coverage, from South to North Pole.
These observations range in time from March 2005 (L; ~ 307°) to
September 2012 (L; ~ 37°). However, the most recent ones were
contaminated with the signature of Saturn’s 2011 Great Storm
(Fletcher et al., 2011; Fischer et al.,, 2011; Sanchez-Lavega et al.,
2011), which stratospheric aftermath was studied extensively by
Fletcher et al. (2012). Their retrieval suggests that C;H, is abundant
at the equator and decreases toward the poles. Similarly to previ-
ous findings, C;Hg showed a behavior different from C,H,. The
observed trend suggests an enrichment in C;Hg at high southern
latitudes.

The observations retrieved by Guerlet et al. (2009, 2010) from
Cassini/CIRS limb-scans, enabled constraining the vertical distribu-
tions of C;H, and C;Hg from 5 mbar to 5 pbar. The retrieved mole
fraction meridional profiles of C;H, and C,Hg at 1 mbar are
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presented in Fig. 22 for a better comparison with already published
nadir observations (Howett et al., 2007; Sinclair et al., 2013). When
considering the meridional profiles only, the systematic errors are
not considered and therefore the observational errors have been

reduced of 20% in Fig. 22. We chose not to rescale our predictions
to superimpose them to the observations, although it is occasion-
ally observed in the literature. Dobrijevic et al. (2003, 2010a)
showed that uncertainty propagations in giant planet photochem-
istry lead to uncertainties of about an order of magnitude in the C2
species’ abundances at around the 1 mbar pressure level. Recent
improvement on the chemical scheme greatly reduced these
uncertainties (Hébrard et al., 2013; Dobrijevic et al., 2014; Loison
et al., 2015) (see Fig. 7) by a factor of 1.8 for C;Hg and a factor of
4.2 for C;H,. The absolute differences between the photochemical
predictions and the observations shall not be seen as a concern if
it remains within the photochemical uncertainties. What can
(and have to) be compared between observations and models are
the general trends seen in the meridional distributions at the rele-
vant pressure levels.

The Cassini limb-observations offer latitude and altitude infor-
mation. The retrieved abundances of these two molecules over
the pressure sensitivity range are presented in Fig. 23 at a few
observed planetographic latitudes. We have selected these lati-
tudes in order to display the different features noted when con-
fronting these observations with the model, e.g., a large
over-prediction of their abundance at high southern latitudes
and low pressure level, a good agreement at mid-to-low latitudes,
and an under-prediction at mid-to-high northern latitudes and
high pressure levels, especially noted for C;Hg. It is worth present-
ing a comparison with these data in two-dimensional plots for the
sake of clarity. The relative differences between the Cassini obser-
vations of C;Hg and C,H, from the photochemical predictions using
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Fig. 21. Evolution of the seasonal maximum value (summer peak, dashed lines) and
minimum value (winter hollow, solid lines) reached by the C,Hg mole fraction as a
function of pressure at 80°S. Calculations using the (S) and the (U) thermal fields are
denoted by blue and red colors, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)



V. Hue et al./Icarus 257 (2015) 163-184 179

1.2 10
. Ls = 320.0° CH, . Ls = 320.0° CH,
€ 1.0F ot 1mbor € ot 1 mbor
a a
S =
c c
Lo 2
T T
<] o
e e
w w
Q@ Ry
<) o
= =

0.0 . . . . . .

-50 0 50 -50 0 50
Planetocentric Latitude Planetocentric Latitude

Fig. 22. Comparison between the Cassini/CIRS limb observations (Guerlet et al., 2009) for heliocentric longitudes ranging from L, ~ 300° to L; ~ 340° and the photochemical
model predictions. Photochemical predictions are presented for a heliocentric longitude of 320°. C,H, and C,Hg are respectively shown in the left and right panels. Model
outputs using the (S) and (U) thermal fields are denoted by solid and dotted lines, respectively. No rescaling factors have been applied, see text for details.

0.001 T T 0.001 T
C,H,at 455 C,H, at 455
5 001w0f 3 5 oow0f : : 3
o o N N
£ £
© 0100 E © 0.100 H / E
A 2 3 ’
a 1.000 F E a 1.000 F , E
10.000 10.000 .
0.001 0.001 t
C,H,at 10S
S 0010f 1 5 oowf 3
o o
E £
® 0.100F E ®© 0.100 F E
@ @
o o
a 1.000 E E a 1.000 F 3
10.000 10.000
0.001 0.001
CH,at 15N CH at 15N
= 0.010F 3 = 0.010 E E
(o] (o]
o o
€ €
E E
o 0.100F E o 0.100F E
e
a a
o o
& 1.000EF 3 & 1.000 E E
10.000 ) 10.000
0.001 t 0.001
C,H, at 40N
T 0010 E = 0.010 3
o o
Fa) Fa)
£ £
o 0.100F E o 0.100 E
I I
=] =]
(2] (2]
(2] (2]
2 2
& 1.000F E & 1.000 F 3
10.000 ) ) ) 10.000 )
1078 1077 1078 107° 107® 107°
Mole Fraction Mole Fraction

Fig. 23. Comparison between the C;H, (left panels) and C;Hg (right panel) retrieved abundances with the photochemical predictions over the pressure sensitivity range at
few observed planetographic latitudes. Photochemical predictions that uses the (S) and (U) thermal field are displayed by solid blue and red colors, respectively. Solid and
dotted black lines represent the observed abundances of Guerlet et al. (2009) with the 1 — ¢ uncertainties, respectively. Photochemical predictions are presented for a
heliocentric longitude of 320°. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(S) thermal field are displayed in Fig. 24 using a logarithmic scale. abundance of these compounds, respectively. The quantity
The positive and negative values therefore denote the regions log(y®s /yt™) is plotted as a function of the pressure range and
where the photochemical model under and over-predicts the  the latitude, where y; denotes respectively the mole fraction of
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Fig. 24. Comparison between observations (Guerlet et al., 2009) and photochemical
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Observations are compared to photochemical predictions at Ls=320°. The
logarithm of the difference between Cassini observations of these compounds and
the photochemical predictions that use (S) thermal field is plotted here. Positive/
negative values denote an under/over-prediction of the photochemical models. The
vertical lines denote the latitudes for which observations have been made. The thick
portions of those lines show the region where the photochemical predictions are
within the observation uncertainties. Uncertainties on the photochemical predic-
tions are not taken into account. No scaling factor have been applied.

species i, while PM stands for photochemical model. Because the
latitudinal coverage of Cassini limb-observations is limited, we
have indicated the latitude of each observation by black vertical
lines.

5.1. G;H»

At the 1 mbar pressure level (Fig. 22), our photochemical
model simulations agree reasonably well with the meridional
trend seen in the C,H, meridional profiles, namely the poleward
decrease of its abundance, as reported by Guerlet et al. (2009,
2010) and Sinclair et al. (2013). Differences are observed in the
equatorial regions, at latitudes lower than 15° and Northward
of 35°N.

Below the 0.1 mbar pressure level (see Fig. 24), the agreement
with the C;H, distribution reported by Guerlet et al. (2009) is
within the uncertainty range of the observations from the equator
to +40°. The agreement is however poor at lower-pressure levels

and high-southern latitudes, where C;H, abundance tends to be
over-predicted.

In the equatorial zone, the differences between our photochem-
ical predictions and the observations change sharply over a short
latitudinal range. Fig. 22 shows that our model does not reproduce
the equatorial peak of C;H, abundance (between 5°S and 5°N
roughly). This peak is thought to be caused by Saturn’s thermal
Semi-Annual Oscillation (SSAO) (Orton et al., 2008; Fouchet et al.,
2008; Guerlet et al., 2009, 2011).

In the southern hemisphere, from 10°S to 50°S, we over-predict
the C,H, mole fraction at pressures lower than 0.1 mbar. This fea-
ture is also observed when comparing C,Hg predictions to observa-
tions and is discussed below.

5.2. C2H6

Moses and Greathouse (2005) have shown that the seasonal
variability of CoHg at pressures higher than 0.8 mbar was negligi-
ble, because the timescale driving this compound’s abundance
becomes longer than the Saturn year below that pressure level.

Due to the larger chemical evolution timescale of C,Hg with
respect to C;H,, this compound is expected to be more sensitive
to transport processes than the latter one. In addition to that, the
uncertainties on the reactions involved in the production or
destruction of C;H, lead to an important error bar on its vertical
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profile (recall Fig. 7), whereas the predicted shape of C,Hg has
smaller error bars. Therefore, CoHg is a compound that should
be first used to trace dynamics rather than C;H,. C;Hg is reason-
ably well reproduced from the equator to 40° in both hemi-
spheres below the 0.1 mbar pressure level. An equatorial peak
similar to the one observed in the C,H, meridional profile (see
Fig. 22), though with a smaller relative amplitude, is present in
the C;Hg meridional profile and could also be caused by the
SSAO. Similarly to C;H,, we underpredict C;Hg abundance from
40°S to south pole below the 0.1 mbar pressure level, and we
overpredict its abundance at latitudes ranging from 10°S to
40°S above the 0.1 mbar pressure level. These similar over/under-
prediction seen in C;H, and C;Hg could be caused by large scale
dynamical cell redistributing species meridionally in Saturn’s
stratosphere, as suggested by Guerlet et al. (2009, 2010),
Sinclair et al. (2013).

At the 1 mbar pressure level (Fig. 22), the photochemical pre-
dictions that use the (S) thermal field predict a steeper
equator-to-pole gradient, which arise from the faster diffusion to
higher-pressure levels when considering the (S) thermal field.
Fitting these meridional profiles with dynamical processes could
help to constrain meridional mixing processes and will be the
object of a forthcoming study.

5.3. Does accounting for the seasonal evolution of the thermal field
better fit Cassini data?

Fig. 25 presents the comparison between Cassini-limb observa-
tions with photochemical predictions using the (U) thermal field in
a similar way as Fig. 24. C;Hg is better predicted using (U) thermal
field below 1 mbar while C,H, is better predicted at all pressure
levels using (S) thermal field. The region where C,Hg was widely
under-predicted with the (S) thermal field from mid-southern lat-
itude to South pole (recall Fig. 24), is now slightly reduced, but it
remains significant.

The evolution of the Chi-Square goodness-of-fit between the
predicted C,H, and C,Hg abundance (using both thermal fields)
and Cassini observations for every observed latitudes is shown in
Fig. 26. These values are computed first by interpolation of the
photochemical prediction on the observed latitudes and pressure
levels, then the Chi-Square coefficient presented in Fig. 26 is com-
puted and summed over the observed latitudinal range. Using the
(S) thermal field in the predicted C;Hg profile represents a slight
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Fig. 26. Evolution of the y square goodness-of-fit factor for C;H, (dotted lines) and
C,Hg (solid lines) over the sensitivity pressure ranges of the Cassini/CIRS limb
observation mode. This factor is presented when using (S) and (U) thermal fields,
denoted by the blue and red lines respectively. This factor is summed for all
observed latitudes. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

improvement at pressures lower than 0.1 mbar. However, in the
lower stratosphere, from 0.2 mbar to 5 mbar, the predicted C;Hg
shape is better reproduced using the (U) thermal field. C;H, is bet-
ter reproduced using the (S) thermal field at all pressure levels.

5.4. Discussion

As noted above, it has been shown that both C;Hg and C,H,
were overpredicted at mid-southern latitudes and above 0.1 mbar,
while C;Hg was underpredicted at high-southern latitudes and
below 0.1 mbar (recall Fig. 24). It can be pointed out that the eddy
diffusion coefficient used in this work was possibly not the most
optimal one. We remind the reader that the coefficient used here
was chosen so that it provides a satisfactory fit of the CH4 vertical
profile in comparison to Voyager/UVS and Cassini/CIRS data (Smith
et al., 1983; Dobrijevic et al., 2011).

However, when looking carefully at the southern mid latitudes
in Figs. 23 and 24, where we overpredict the C;Hg abundance
above 0.1 mbar and underpredict its abundance below 1 mbar, a
diffusion coefficient greater in the upper stratosphere (above
0.1 mbar) and smaller below that level might provide a better fit
at these latitudes. We have performed a sensitivity study on that
parameter by using several dozen different eddy diffusion coeffi-
cients. The seasonal model was run from the converged state with
the nominal eddy diffusion profile presented in this work. From
that point, the eddy diffusion profile was modified and several
additional iterations over Saturn orbits were necessary for the sys-
tem to converge, depending on the new eddy diffusion coefficient.
Several different eddy diffusion coefficients provide a better fit of
mid-latitudes in the southern hemisphere, but at the same time
the good agreement in the northern hemisphere vanishes.

All along this study, we have assumed an eddy coefficient con-
stant with latitudes. However, the sensitivity study on that free
parameter has shown us that some latitudes that were not prop-
erly reproduced with an eddy diffusion coefficient based on glob-
ally averaged observations could be reproduced when adjusting
this coefficient. In principle, it could therefore be possible to fit
all the observed latitudes by finding the most adapted diffusion
coefficient at each latitude. We have not explored this possibility
more extensively since the meridional variability of that parameter
has not yet been demonstrated with the observation of the latitu-
dinal variability of CH4 homopause.

Another likely possibility would be the existence of large scale
meridional transport (diffusive and/or advective), as the associated
atmospheric motions might be an important source of departure
from the photochemical predictions (Moses and Greathouse,
2005; Guerlet et al., 2009, 2010; Friedson and Moses, 2012;
Sinclair et al., 2013). However, it is difficult to assess the validity
of this hypothesis without further numerical testing. Such work
is deferred to a later paper. The recommended methodology would
be first to retrieve the latitudinal variability of the CH4 homopause
in order to better constrain the latitudinal variability of the eddy
diffusion coefficient before fitting the Cassini/CIRS observations
with meridional transport.

Predictions of the existence of large-scale circulation have
already been studied using numerical models. Conrath et al.
(1990), using a 2D zonally averaged model, have predicted a
summer-to-winter pole stratospheric circulation cell for Saturn at
solstice with upwelling around the summer pole and downwelling
around the winter pole. They also found a double circulation cell at
equinox, with upwelling at equator and downwelling at both poles.
However their calculations did not include aerosols heating which
is known to impact the radiative budget in the atmosphere.
Afterwards, West et al. (1992) included such heating for a
jovian-like planet and showed that circulation was altered above
100 mbar, with downwelling at equator and upwelling at the
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poles. We note that they have not presented the effect of aerosol
heating on a Saturn-like planet at solstice. Recently, Friedson and
Moses (2012) predicted a seasonally reversing circulation cell
using a 3D GCM, with upwelling at the equator and downwelling
at low latitudes in the winter hemisphere. The next step of this
study is to evaluate whether these predicted circulation patterns
are sufficient for our full 2D photochemical model to reproduce
the Cassini data.

6. Summary and perspectives

We have developed a latitudinally and seasonally variable pho-
tochemical model for giant planets and we have adapted it first to
Saturn. The model takes into account photochemistry, vertical
mixing, Saturn’s obliquity, and variation of seasonally dependent
orbital parameters such as subsolar latitude, heliocentric distance
and ring shadowing. Meridional transport (both advective and dif-
fusive) as well as vertical advective transport have been coded in
the model but have been switched off for the current study. The
present model is therefore run as a sum of 1D seasonally variable
models calculated at different latitudes. This is the first step
toward a full-2D model as it is already coupled to a full-3D radia-
tive transfer model. This first paper is dedicated to the study of the
photochemical effects involved by a seasonally variable thermal
field, which relies on predictions from a radiative climate model
(Greathouse et al., 2008).

Seasonal variability of C;H, and C,Hg — The seasonal variations of
the C2-hydrocarbon mole fractions such as CoH, (acetylene) and
C,Hg (ethane) are important at pressure levels lower than 0.1 mbar
and at high latitudes. These compounds are known to act as the
main stratospheric coolants (Yelle et al., 2001) and we therefore
have emphasized their seasonal variabilities in this work. These
hydrocarbons are produced by chemical reactions involving radi-
cals which strongly depend on insolation. Including the ring shad-
owing effect generally results in lowering the mole fraction of
hydrocarbons at latitudes that are under the shadow of the rings.
The decrease in the mole fraction of these compounds caused by
the rings is more important for C;H, than for C;Hg. This decrease
tends to vanish at higher-pressure levels.

Accounting for a seasonally variable thermal field - We found that
including a seasonally variable thermal field mainly impacts the
seasonal evolution of the hydrocarbon mole fractions in two ways.
First, the modification of the thermal field amplitude will affect the
position of the methane homopause and will impact consequently
the integrated production rates of radicals above the pressure level
of 10~* mbar. Then, accounting for a seasonally variable thermal
field will affect the diffusion of these produced hydrocarbons
through the contraction and dilatation of the atmospheric col-
umns. This will compress the vertical distribution of the atmo-
spheric compounds and will therefore increase the diffusion of
these compounds to higher pressure levels. Because the former
effect is correlated with the seasonal variation of temperature of
the atmospheric column, it is therefore increased with increasing
latitude, i.e., where the seasonal thermal gradients are strong. At
10~ mbar, C;H, and C,Hg seasonal abundance gradients are gener-
ally enhanced. At this pressure level and during the summer sea-
son, C;Hg shows a positive equator-to-summer pole (North or
South) gradient. At 102 mbar, the seasonal abundance gradients
are also increased: the abundance of C;Hg and C,H, are respec-
tively decreased by a factor of 2.1 and 2.3 at a latitude of 80° during
winter, with respect to the (U) study case. We do not reach the
same conclusions than Moses and Greathouse (2005) about the
thermal sensitivity of the photochemical model. While our (U)
study case is similar to their approach, our (S) study case is, on
the other hand, different in a way that the compounds mole frac-
tions are assumed to follow the atmospheric contraction/dilatation

in the pressure space with changing thermodynamic conditions.
This consequently affects the downward diffusion of the seasonally
produced photochemical by-products.

Comparison with Cassini/CIRS data - The Cassini spacecraft has
now provided an important amount of data that includes good spa-
tial and temporal coverage (Sinclair et al., 2013) as well as good
vertical sensitivity (Guerlet et al., 2009, 2010). Our model repro-
duces reasonably well the meridional distributions of C,H, and
CyHg up to mid-latitudes, even without meridional circulation.
However, the overall decrease of C;Hg from the south pole towards
the north pole at L; = 320° is not reproduced. An interesting feature
has been noted: our model tends to underpredict C;Hg abundance
from 40°S to South pole at pressure levels ranging from 5 mbar to
0.1 mbar and overpredict its abundance at latitude ranging from
10°S to 40°S at pressure ranging from 5 x 107> to 0.1 mbar.
These results are consistent with previous findings of Guerlet
etal. (2009, 2010) and Sinclair et al. (2013). This interesting feature
is also observed for C;H,, although in a less pronounced way. The
forthcoming step is to turn on the meridional transport to evaluate
if it can help better fit to the Cassini data.

Coupling radiative climate model and photochemical model
Accounting for these results may have important implications for
radiative climate models and GCMs because the predicted temper-
atures from these models are very sensitive to the amount of these
coolants (Greathouse et al., 2008). From 0.1 to 10~* mbar, where
their seasonal variability is important, the increase in the amount
of these coolants during the summer season will likely counteract
the increase in the atmospheric heating caused by the increase in
the solar insolation at high-latitudes. Depending on the relative
magnitudes of the photochemical timescale over the thermal iner-
tia timescale, the peak in the predicted temperatures at
high-latitudes could happen earlier around the summer solstice
than previously predicted using a radiative climate model which
uses time-independent abundances of atmospheric coolants. The
predicted temperatures are therefore expected to start decreasing
earlier after summer solstice than what would be predicted with
a model that held the amount of these atmospheric coolants con-
stant over time. Moreover, the effect on the lower-stratosphere
could be also interesting, as we showed that accounting for the
seasonal evolution of the thermal field impacts the phase-lag and
the seasonal variability in this region.
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ABSTRACT

Context. Carbon monoxide (CO) has been detected in all giant planets and its origin is both internal and external in Jupiter and
Neptune. Despite its first detection in Uranus a decade ago, the magnitude of its internal and external sources remains unconstrained.
Aims. We targeted CO lines in Uranus in the submillimeter range to constrain its origin.

Methods. We recorded the disk-averaged spectrum of Uranus with very high spectral resolution at the frequencies of CO rotational
lines in the submillimeter range in 2011—2012. We used empirical and diffusion models of the atmosphere of Uranus to constrain
the origin of CO. We also used a thermochemical model of its troposphere to derive an upper limit on the oxygen-to-hydrogen (O/H)
ratio in the deep atmosphere of Uranus.

Results. We have detected the CO(8—7) rotational line for the first time with Herschel-HIFI. Both empirical and diffusion models
results show that CO has an external origin. An empirical profile in which CO is constant above the 100 mbar level with a mole fraction
of 7.1-9.0 x 107°, depending on the adopted stratospheric thermal structure, reproduces the data. Sporadic and steady source models
cannot be differentiated with our data. Taking the internal source model upper limit of a mole fraction of 2.1 x 10~? we find, based
on our thermochemical computations, that the deep O/H ratio of Uranus is less than 500 times solar.

Conclusions. Our work shows that the average mole fraction of CO decreases from the stratosphere to the troposphere and thus
strongly advocates for an external source of CO in Uranus. Photochemical modeling of oxygen species in the atmosphere of Uranus

and more sensitive observations are needed to reveal the nature of the external source.

Key words. planets and satellites: individual: Uranus — planets and satellites: atmospheres — submillimeter: planetary systems

1. Introduction

The detection of water vapor (H,0) and carbon dioxide (CO;) in
the stratospheres of the giant planets and Titan by Feuchtgruber
et al. (1997), Coustenis et al. (1998), Samuelson et al. (1983),
and Burgdorf et al. (2006) has raised several questions: what
are the sources of oxygen to their upper atmospheres? And do
the sources vary from planet to planet? Oxygen-rich deep in-
teriors of the giant planets cannot explain the observations be-
cause these species are trapped by condensation below their
tropopause (except CO; in Jupiter and Saturn). Therefore, sev-
eral sources in their direct or far environment have been pro-
posed: icy rings and/or satellites (Strobel & Yung 1979), in-
terplanetary dust particles (IDP; Prather et al. 1978), and large
comet impacts (Lellouch et al. 1995).

While the relative similarity of the infall fluxes inferred
for H,O by Feuchtgruber et al. (1997) may indicate that IDP
could be the source for all giant planets (Landgraf et al. 2002),
infrared and far-infrared observations have unveiled a quite

* Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA.
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different picture. Infrared Space Observatory, Cassini, Odin, and
Herschel observations proove that the Jovian stratospheric H,O
and CO; originate from the Shoemaker-Levy 9 (SL9) comet im-
pacts (Lellouch et al. 2002, 2006; Cavalié et al. 2008a, 2012,
2013), while Herschel recently shows that the external flux of
water at Saturn and Titan is likely due to the Enceladus geysers
and the water torus they feed (Hartogh et al. 2011; Moreno et al.
2012).

The situation is even more complex for carbon monoxide
(CO). Because CO does not condense at the tropopauses of gi-
ant planets, oxygen-rich interiors are also a potential source. An
internal component has indeed been observed in the vertical pro-
file of CO in Jupiter by Bézard et al. (2002) and in Neptune,
originally by Marten et al. (1993) and Guilloteau et al. (1993),
while an upper limit has been set on its magnitude by Cavalié
et al. (2009) and Fletcher et al. (2012) for Saturn. The measure-
ment of the tropospheric mole fraction of CO can be used to
constrain the deep oxygen-to-hydrogen (O/H) ratio (Lodders &
Fegley 1994), which is believed to be representative of conden-
sation processes of the planetesimals that formed the giant plan-
ets (Owen et al. 1999; Gautier & Hersant 2005). On the other
hand, large comets seem to be the dominant external source, as
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Table 1. Summary of the Herschel-HIFI observations of CO in Uranus.

Date OD Obs. ID v [GHz] At[h] O [7] Ouranus ]
2011-07-01 779 1342223423 921.800GHz  1.82 23.0 3.53
2012-06-15 1128 1342247027 921.800 GHz  2.54 23.0 3.47
2012-06-15 1128 1342247028 921.800GHz  2.54 23.0 3.47
2012-06-15 1128 1342247029 921.800GHz  2.54 23.0 3.47

Notes. OD means operational day, v is the CO line center frequency, At is the total integration time, Gy is the Herschel-HIFI telescope beamwidth,

and Oyranys 18 the equatorial diameter of Uranus.

shown by various studies: Bézard et al. (2002) and Moreno et al.
(2003), for Jupiter, Cavalié et al. (2010), for Saturn and Lellouch
et al. (2005, 2010), Hesman et al. (2007), Fletcher et al. (2010)
and Luszcz-Cook & de Pater (2013), for Neptune.

The first detection of CO in Uranus was obtained by
Encrenaz et al. (2004) from fluorescent emission at 4.7 um. They
derived a mixing ratio of 2 x 10~® by assuming a uniform distri-
bution throughout the atmosphere. The authors tentatively pro-
posed that CO was depleted below the tropopause, suggesting
that CO would have an external origin. Despite this first detec-
tion almost a decade ago, the situation has remained unclear.
Ground-based heterodyne spectroscopy has been used unsuc-
cessfully in the past to try and detect CO in Uranus. Rosenqvist
et al. (1992) first set an upper limit of 4 x 10~8 and subsequent
attempts to detect CO have failed so far (Marten et al. 1993;
Cavalié et al. 2008b). In this paper, we present observations of
CO in Uranus carried out with the Herschel Space Observatory
(Pilbratt et al. 2010) in 2011—2012, which led to the first detec-
tion of CO in Uranus in the submillimeter range.

In the following sections, we will describe the observations,
their modeling, and our derivations of new constraints on the
origin of CO in Uranus and its deep O/H ratio.

2. Observations

We observed the CO(8—7) line at 921.800GHz with the
Heterodyne Instrument for the Far-Infrared (HIFI, de Graauw
et al. 2010) aboard Herschel (Pilbratt et al. 2010) on July 1,
2011, as part of the guaranteed time key program “Water and
related chemistry in the solar system”, also known as “Herschel
solar system Observations” (HssO; Hartogh et al. 2009). The
CO(8—7) line was targeted in Uranus for ~two hours. The re-
sulting spectrum led us to a tentative detection of CO in Uranus
at the level of ~2.5¢ (on the line peak) at native resolution and
encouraged us to perform a deeper integration of this line.

We obtained an ~eight-hour integration (split into three ob-
servations of equal length) of the same line on June 15, 2012,
as part of the Herschel open time 2 program OT2_tcavalie_6.
We performed the observations in double-beam switch mode
with the Wide-Band Spectrometer (WBS) at a nominal spec-
tral resolution of 1.1 MHz (more details given in Table 1). We
processed the data with the Herschel interactive processing en-
vironment (HIPE 9, Ott 2010) up to Level 2 for the horizontal
(H) and vertical (V) polarizations and stitched the WBS sub-
bands together. We determined the baseline ripple frequencies
caused by the strong continuum emission of Uranus with a nor-
malized periodogram (Lomb 1976) and we removed the three or
four strongest sine waves. Those sine waves are caused by the
hot and cold black bodies and by the local oscillator chain of the
instrument and have periods of 90—100 MHz (Roelfsema et al.
2012). We corrected the double-sideband response of HIFI by
assuming a sideband ratio of 1, i.e., a single sideband gain of 0.5
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Fig. 1. Herschel-HIFI observation of the CO(8—7) line in Uranus on
June 15, 2012, expressed in terms of line-to-continuum ratio (//c, black
line). This line can be modeled successfully with either empirical mod-
els: (i) a “uniform” profile with a constant mole fraction of 7.2 x 10~°
throughout the atmosphere (red line); and (ii) a “stratospheric” profile
with a constant mole fraction of 7.1 x 10~ above the 100 mbar level
and zero below it (blue line). The spectrum resulting from the Encrenaz
et al. (2004) uniform source profile is also shown for comparison (grey
line, labeled “E047). The synthetic lines are obtained with the thermal
profile of Feuchtgruber et al. (2013).

(Roelfsema et al. 2012), and identical continuum levels in both
sidebands. The uncertainty on the sideband ratio is 12% (3% on
the single sideband gain), and the continuum levels in the two
sidebands should differ by less than 1%, according to our model.
Finally, we coadded the H and V polarizations after weighting
them according to their respective noise levels (the V spectra
were always noisier than the H spectra). We obtained a clear
detection at the level of 70~ on the line peak, at a smoothed res-
olution of 8 MHz using a gaussian lineshape, on the combined
eight-hour observation shown in Fig. 1. Because we have not
performed any absolute calibration, we analyze this line in terms
of line-to-continuum ratio (I/c). The observed continuum levels
differ by 6% in the H and V polarizations, and so we have to ac-
count for an additional uncertainty of 3% on the continuum level
of our averaged spectrum.

We note that we also targeted the CO (3—2) and (6—5) lines
(at 345.796 GHz and 691.473 GHz, respectively) in Uranus us-
ing the Heterodyne Receiver Array Programme (HARP) receiver
array and the D-band receiver, respectively, of the James Clerk
Maxwell Telescope (JCMT) on October 15—16 and November 2,
2009, as part of the MO9BIO2 project. These observations re-
sulted in the determination of an upper limit of 6 x 10~% uniform
with altitude up to the CO homopause for the CO mole fraction
and will not be discussed further.

3. Models and results
3.1. Radiative transfer model

We performed all spectral line computations with the forward
radiative transfer model detailed in Cavalié et al. (2008b, 2013),
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adapted to Uranus. This line-by-line model accounts for the el-
liptical geometry of the planet and its rapid rotation. Opacity
due to Hy-He-CHy4 collision-induced absorption (Borysow et al.
1985, 1988; Borysow & Frommhold 1986) was included. Orton
et al. (2007) published H,-H; collision-induced coefficient ta-
bles, which reproduce the continuum of Uranus between 700
and 1100cm™' as observed by Spitzer better, but these coef-
ficients do not differ significantly in the wavelength range of
our observations. We used the JPL Molecular Spectroscopy cat-
alog Pickett et al. (1998) and the H,/He pressure-broadening
parameters for CO lines from Sung & Varanasi (2004) and
Mantz et al. (2005), i.e., a collisional linewidth at 300K of
0.0661 cm~' atm™! for the CO(8—7) line and a temperature
dependence exponent of 0.638. We used the thermal profiles
of Feuchtgruber et al. (2013) and Orton et al. (2013a). They
have the same tropopause temperature (53 K), but the profile of
Feuchtgruber et al. (2013) is continuously warmer than the pro-
file of Orton et al. (2013a) in the stratosphere (by 2 K at 10 mbar,
SKat 1 mbar, and 11 K at 0.1 mbar). We present results for both
thermal profiles hereafter. We smoothed all synthetic lines to the
working resolution of 8 MHz using a gaussian lineshape.

The CO line is optically thin with 7 = 0.04—0.25 (depend-
ing on models) and probes the stratosphere of Uranus between
the 0.1 and 5 mbar levels, allowing us to derive information on
the CO abundance. The signal-to-noise ratio (S/N) of the ob-
servations results in error bars of 14%. By adding this uncer-
tainty quadratically with other uncertainty sources (sideband ra-
tio, continuum levels), we end up with an uncertainty of 19% on
the results presented hereafter.

3.2. Empirical models

We tested two classes of empirical models: (i) uniform profiles
(referred to as “uniform” hereafter); and (ii) uniform profiles
in the stratosphere down to a cutoff pressure level (referred to
as “stratospheric” hereafter). These profiles are not physically
plausible mainly due to the low homopause in Uranus (see next
subsection), but were considered for comparison with Encrenaz
et al. (2004) and Teanby & Irwin (2013). Our results are de-
scribed hereafter and are summarized in Table 2.

The uniform distribution of Encrenaz et al. (2004) with a
CO mole fraction of 2 x 10~ overestimates the observed line
core by a factor of 2.5—3. The observed line can be fitted with
a “uniform” profile in which the CO mole fraction is 7.2 x 10~°
with the profile of Feuchtgruber et al. (2013), or 9.3 x 10~ with
the profile of Orton et al. (2013a).

The line can be fitted equally well with a “stratospheric”
profile in which the CO is constant above the 100 mbar level
with a CO mole fraction of 7.1 x 10~° with the thermal pro-
file of Feuchtgruber et al. (2013), or 9.0 x 10~° with the pro-
file of Orton et al. (2013a). For comparison with other papers
(e.g., Encrenaz et al. 2004; Cavalié et al. 2008b; Teanby & Irwin
2013), we set this transition level to 100 mbar, but our computa-
tions show this level could be located anywhere between ~3 and
1000 mbar. Our results in terms of mole fraction would be af-
fected by less than 10%. If set above the 3 mbar level, then more
CO would be needed.

From these empirical models, it is not possible to favor an
internal or an external origin for CO in the atmosphere of Uranus
because the models cannot be distinguished (see Fig. 1).

Fortunately, Teanby & Irwin (2013) recently published
Herschel-SPIRE observations at CO line wavelengths. These ob-
servations are sensitive to the 10—2000 mbar range, with a con-
tribution function peak at 200 mbar (see their Fig. 2b), and they

Table 2. Summary of the empirical and diffusion model results.

Empirical model

Thermal profile Uniform Stratospheric

Feuchtgruber 7.2 %1077 7.1 x 1077

Orton 9.3 x 1077 9.0 x 10~

Diffusion model

Thermal profile  Internal source External source
Yco $co Yo

Feuchtgruber 1.9x 107* 22x10° 3.1 x1077

Orton 2.7% 1078 27%x10° 3.9x1077

Notes. All results are mole fractions, except ¢co (in cm2s~!). The cut-
off level in the “stratospheric” empirical model is at 100 mbar. The inter-
nal source value of yco in the diffusion model enables fitting the CO line
core amplitude, but the line is too broad and additional broad wings in-
compatible with the data are generated.

did not result in any detection. Those authors have set a stringent
upper limit of 2.1 x 10~ on the CO mole fraction in their inter-
nal source model. This is ~3—5 times lower than required by
our observations. It is thus a clear indication that the HIFI line is
caused by external CO.

3.3. Diffusion model

Uranus has the lowest homopause amongst the giant planets
(Orton et al. 1987; Moses et al. 2005). It is located around
the 1 mbar level, where submillimeter observations generally
probe. Therefore, we computed more realistic CO vertical pro-
files by accounting for diffusion processes to see how our previ-
ous results are impacted by the low homopause of Uranus. Such
modeling also shows how the various external sources can be
parametrized.

The vertical profile of CO primarily depends on the sources
of CO, but it is also influenced by other oxygen sources. Indeed,
O produced by H,O photolysis reacts with CH3 and other hy-
drocarbons to produce CO (Moses et al. 2000). The magnitude
of the H,O flux is still quite uncertain, mostly due to limitations
in the knowledge of the thermal structure and eddy mixing at the
time of the observations of Feuchtgruber et al. (1997). For the
sake of simplicity, we ignored (photo-)chemical processes.

We adapted the 1D time-dependent model of Dobrijevic
et al. (2010, 2011) to Uranus and removed all photochem-
ical processes. Orton et al. (2013b) constrained the strato-
spheric K.. within [1000:1500] cm?s~' (vertically constant)
with CHy and C,Hg Spitzer observations. We took their best
fit value (1200 cm? s~ 1) in our model. We tested three sources
of CO, representing simple cases: (i) an internal source; (ii) a
steady flux of micrometeorites (IDP); and (iii) a single large
comet impact'. The three sources tested are controlled by a
few parameters: (i) the tropospheric CO mole fraction yco for
an internal source; (ii) the flux ¢co at the upper boundary of
the model atmosphere for a steady source; and (iii) the equiv-
alent mole fraction of CO y, deposited by a comet and aver-
aged over the planet. We assumed that all the CO was deposited
at levels higher than 0.1 mbar in analogy to the SL9 impacts
(Lellouch et al. 1995; Moreno et al. 2003) and that the impact
time At ~ 300years as it roughly corresponds to the diffusion

! This does not exclude a combination of internal and external sources,
or any intermediate situation between a continuum of micrometeoritic
impacts and a single impact event.
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Fig. 2. Left: Herschel-HIFI observation of the CO(8—7) line in Uranus on June 15, 2012, expressed in terms of line-to-continuum ratio (/c, black
line). For each source, the models that best fit the emission core are displayed: an internal source yielding a mole fraction of 1.9 x 1078 in the
upper troposphere (red line), a steady external flux (due to IDP or a local source) of 2.2 x 10° cm~2 s~ (blue line), and a comet with a diameter of
640 m depositing 3.4 x 10" g of CO above the 0.1 mbar level ~300 years ago (green line). These models were computed with the thermal profile
of Feuchtgruber et al. (2013). The internal source model overestimates the line core width and produces a broad absorption that is not observed in
the data. The external source models can barely be differentiated. Right: vertical profiles associated with the spectra.

time down to 1 mbar in Uranus in our model, but other combina-
tions of deposition time and level are possible. To infer the mass
and diameter of the comet, we assumed the comet density was
0.5gcm™3 (Weissman et al. 2004; Davidsson et al. 2007) and
that the comet yielded 50% CO at impact (Lellouch et al. 1997).

The vertical profiles and resulting spectra corresponding
to the three sources, as obtained with the thermal profile of
Feuchtgruber et al. (2013), are displayed in Fig. 2. The best
fits to the spectrum are obtained for external source models.
Despite resulting in different vertical profiles, a steady flux
dco = 22x10°cm™2s7! and a 640m diameter comet
depositing 3.5 x 1083 g of CO (yg = 3.1 x 1077) result in
lines that are indistinguishable from the standpoint of our ob-
servations. Such impact at Uranus occurs every ~500 years
with a factor of 6 uncertainty (Zahnle et al. 2003). Such
timescales are fully compatible with our assumption on At.
With the thermal profile of Orton et al. (2013a), we obtain
slightly higher values because of lower stratospheric tempera-
tures: gco = 2.7 x 10° cm2s~!'and yy = 3.9 x 1077 (i.e.,
a 700 m diameter comet). All fit parameters are listed in Table 2.
These values remain to be confirmed by more rigorous (photo-
chemical) modeling and higher S/N data.

The amplitude of the CO emission peak is reproduced
with an internal source model in which yco = 1.9 x 1078
(see Fig. 2). With the thermal profile of Orton et al. (2013a),
yco = 2.7x 108, We note that ~three times more tropo-
spheric CO is needed in this model, compared to the “uniform”
empirical model value derived in Sect. 3.2. This is due to the fact
that the observed emission line probes the mbar level, i.e., where
the CO vertical profile sharply decreases because of the low ho-
mopause in the atmosphere of Uranus. As a result, a stronger
internal source is required to reach a sufficient level of abun-
dance of CO around the mbar level. The main outcome of this
model is that it now overestimates the line core width and re-
sults in additional broad absorption because CO is much more
abundant in the lower stratosphere than in the external source
models (by as much as two orders of magnitude at 10 mbar).
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The absence of such a broad CO absorption in the data cannot
be caused by our sinusoidal ripple removal procedure because
we have removed sine waves of much shorter period than the to-
tal width of such broad absorption wings. We can rule out the
internal source model because the width of the line core is not
fitted, there is no broad absorption in the spectrum, and the de-
rived yco values are an order of magnitude larger than the upper
limit set by Herschel-SPIRE observations of this region of the
atmosphere (Teanby & Irwin 2013). Thus, as long as there is no
significant photochemical source of CO in the stratosphere, the
HIFI line is caused by external CO.

3.4. An upper limit on the deep O/H ratio in Uranus

Thermochemistry in the deep interior of Uranus links the CO
abundance to H,O abundance and thus to the internal O/H ratio
(Fegley & Prinn 1988; Lodders & Fegley 1994) with the follow-
ing net thermochemical equilibrium reaction,

H,0 + CH4 = CO + 3H,.

The upper tropospheric mole fraction of CO is fixed at the level
where the thermochemical equilibrium is quenched by vertical
diffusion.

The upper limit of Teanby & Irwin (2013) on the internal
source (yco = 2.1 x 10™%) can be further used to try and con-
strain the deep atmospheric O/H ratio in Uranus. Their obser-
vations probe between 10 and 2000 mbar, i.e., well below the
homopause level (see Fig. 2 right). As a consequence, this upper
limit is valid even if the authors have not accounted for the low
homopause of Uranus.

We have adapted the thermochemical model developed by
Venot et al. (2012) to Uranus to constrain the O/H ratio. This
model accounts for C, N, and O species. We extended our ther-
mal profile to high pressures following the dry adiabat. The pro-
files of Feuchtgruber et al. (2013) and Orton et al. (2013a) are
similar in the upper troposphere and thus give similar deep tro-
pospheric profiles. We constrained the O/H and C/H ratios by fit-
ting the following upper tropospheric mole fractions with errors
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Fig. 3. Molar fraction profiles in the troposphere of Uranus obtained with the model of Venot et al. (2012), targeting the 2.1 x 10~ upper limit
on the upper tropospheric CO mole fraction obtained by Teanby & Irwin (2013). The temperature profile in the troposphere is shown with a
solid black line. Thermochemical equilibrium profiles are plotted in black with the same layout as their corresponding species. CO and CO, are
quenched around 2—3 x 10° mbar. H,O departs from thermochemical equilibrium because of condensation and causes an increase of other species

mole fracgtions2 (th? sum of all mole fractions is normalized to unity at all levels). The model parameters are: O/H = 5010, C/H = 180©, and
=10° cm”s™ .

lower than 4%: 0.152 for He (Conrath et al. 1987),0.016 for CH;  Table 3. Summary of the thermochemical model results.

(Baines et al. 1995; Sromovsky & Fry 2008), and the 2.1 x 10~°

upper limit for CO. The level at which CO is quenched depends Model K. Jeu CH Jco oH

not only on the temperature profile and the deep O/H ratio, but em’s™! x 102 x@°  x10°  x@

also on the deep K,,. By assuming Uranus’ interior is convec- Nominal 10 1.6° 8 71 501

tive, we estimate K. from the planet’s internal heat flux (Stone CH,-rich 108 3.0d 40 2.1 417

1976). Following Pearl et al. (1990), K,. ~ 108 cm?s~!, within low K., 107 1.6 13 2.1 631

one order of magnitude (Lodders & Fegley 1994). The resulting high K, 10° 1.6 23 2.1 339

tropospheric vertical profiles for this nominal model are shown
in Fig. 3. The elemental ratios in this model are 501 times so-
lar for O/H and 18 times solar for C/H (with solar abundances,
© hereafter, taken from Asplund et al. 2009). The N species
have no significant impact on the C and O species. We also
computed the elemental ratios in a series of additional models
to evaluate the influence of parameters like K., and the upper
tropospheric CHy4 mole fraction on the O/H ratio. The results
are displayed in Table 3. We find that the deep O/H is lower than
~5000© (nominal model), but could be even below 340® to be in
agreement with the CO tropospheric upper limit in all cases. On
Neptune, Luszcz-Cook & de Pater (2013) find that “an upwelled
CO mole fraction of 0.1 ppm implies a global O/H enrichment
of at least 400, and likely more than 650 times the protosolar
value”.

4. Discussion and conclusion

We detected the CO(8—7) line at 921.800 GHz in Uranus with
Herschel and we constrained its possible sources.
Herschel-HIFI (this work) and Herschel-SPIRE (Teanby &
Irwin 2013) results show that the average CO mole fraction is
decreasing from the stratosphere to the troposphere. This sug-
gests the deep interior is not the source of the observed CO. Our
diffusion model calculations confirm that the internal source hy-
pothesis is not valid and show that Uranus has an external source
of CO as long as there is not a significant photochemical source

Notes. We obtained values so as to reach the 2.1 x 10~ upper limit of
Teanby & Irwin (2013) for the CO upper tropospheric mole fraction.
(@) Solar C/H volume ratio: 2.69 x 10~* (Asplund et al. 2009). ) Solar
O/H volume ratio: 4.90 x 10~* (Asplund et al. 2009). () Baines et al.
(1995) and Sromovsky & Fry (2008). () Fry et al. (2013); Sromovsky
et al. (2011); and Karkoschka & Tomasko (2009).

of CO in the stratosphere. The data can be successfully fitted
with an empirical model in which CO has a mole fraction of
7.1-9.0 x 10~ above the 100 mbar level (value depending on
the chosen thermal profile). There is a contradiction between this
model’s mole fraction values and the mole fraction reported by
Encrenaz et al. (2004) (3 x 1073 in their external source model).
Regarding this apparent discrepancy, we note that modeling LTE
emission from CO rotational lines is much simpler than inferring
an abundance from non-LTE fluorescence (e.g., Lopez-Valverde
etal. 2005). At any rate, a reanalysis of the Encrenaz et al. (2004)
data in the light of CO distributions proposed in this paper should
be performed.

Comet and steady source models, in which diffusion pro-
cesses are accounted for, give very similar fit to the data. These
results should be confirmed with more elaborate models, i.e.,
photochemical models and more sensitive observations. Oxygen
photochemistry computations, taking nearly concomitant mea-
surements of the thermal profile (Feuchtgruber et al. 2013; Orton
et al. 2013a), of the influx of H,O (Jarchow et al., in prep.), and
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of the influx of CO, (Orton et al. 2013b), into account would
enable us to draw better constraints on the external source of
oxygen. It would certainly reduce the external flux of CO or the
mass of the impacting comet we obtained from a simple diffu-
sion model because the chemical conversion of H,O into CO
would already provide a significant part of the observed strato-
spheric column of CO.

We used the internal source upper limit derived by Teanby
& Trwin (2013) (yco = 2.1 x 10~?), which also contradicts the
detection level of Encrenaz et al. (2004) (2 x 1078 in their inter-
nal source model), to derive an upper limit on the deep O/H ratio
of Uranus. Our thermochemical simulations show that the deep
O/H ratio is lower than 500©, which provides a yco value lower
than 2.1 x 107°. A dedicated probe, as in the mission concepts
proposed by Arridge et al. (2014) and Mousis et al. (2014) in re-
sponse to the ESA 2013 Call for White Papers for the Definition
of the L2 and L3 Missions in the ESA Science Programme, or
radio observations might be the only way to measure the deep
O/H ratio in Uranus.
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ABSTRACT

Context. In the past 15 years, several studies suggested that water in the stratosphere of Jupiter originated from the Shoemaker-
Levy 9 (SL9) comet impacts in July 1994, but a direct proof was missing. Only a very sensitive instrument observing with high
spectral/spatial resolution can help to solve this problem. This is the case of the Herschel Space Observatory, which is the first tele-
scope capable of mapping water in Jupiter’s stratosphere.

Aims. We observed the spatial distribution of the water emission in Jupiter’s stratosphere with the Heterodyne Instrument for the Far
Infrared (HIFI) and the Photodetector Array Camera and Spectrometer (PACS) onboard Herschel to constrain its origin. In parallel,
we monitored Jupiter’s stratospheric temperature with the NASA Infrared Telescope Facility (IRTF) to separate temperature from
water variability.

Methods. We obtained a 25-point map of the 1669.9 GHz water line with HIFI in July 2010 and several maps with PACS in
October 2009 and December 2010. The 2010 PACS map is a 400-point raster of the water 66.4 um emission. Additionally, we
mapped the methane v, band emission to constrain the stratospheric temperature in Jupiter in the same periods with the IRTF.
Results. Water is found to be restricted to pressures lower than 2 mbar. Its column density decreases by a factor of 2—3 between
southern and northern latitudes, consistently between the HIFI and the PACS 66.4 ym maps. We infer that an emission maximum seen
around 15 °S is caused by a warm stratospheric belt detected in the IRTF data.

Conclusions. Latitudinal temperature variability cannot explain the global north-south asymmetry in the water maps. From the lat-
itudinal and vertical distributions of water in Jupiter’s stratosphere, we rule out interplanetary dust particles as its main source.
Furthermore, we demonstrate that Jupiter’s stratospheric water was delivered by the SL9 comet and that more than 95% of the ob-

served water comes from the comet according to our models.

Key words. planets and satellites: individual: Jupiter — planets and satellites: atmospheres — submillimeter: planetary systems

1. Introduction

Thermochemistry, photochemistry, vertical and horizontal trans-
port, condensation, and external supplies are the principal
physico-chemical processes that govern the 3D distributions of
oxygen compounds in giant planet atmospheres. There are sev-
eral sources of external supply for oxygen material in the atmo-
spheres of the outer planets: interplanetary dust particles (IDP;
Prather et al. 1978), icy rings and satellites (Strobel & Yung
1979), and large comet impacts (Lellouch et al. 1995). The ver-
tical and horizontal distributions of oxygen compounds are a

* Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and with im-
portant participation from NASA.

** Figures 1 and 3 are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

diagnostic of their source(s). The temporal evolution of these
distributions can also contain the signature of a given source,
especially if sporadic (as in the case of a comet impact).

Water in the atmospheres of the outer planets has both an
internal and an external source (e.g., Larson et al. 1975 and
Lellouch et al. 2002 for Jupiter). These sources are separated
by a condensation layer, the tropopause cold trap, which acts
as a transport barrier between the troposphere and the strato-
sphere. Thus, the water vapor observed by the Infrared Space
Observatory (ISO) in the stratosphere of the giant planets has an
external origin (Feuchtgruber et al. 1997). While Saturn’s wa-
ter seems to be provided by the Enceladus torus (Hartogh et al.
2011), the water origin in Uranus and Neptune remains unclear.
For Jupiter, IDP or the Shoemaker-Levy 9 (SL9) comet, which
collided with the planet in July 1994 at 44 °S, are the main can-
didates (Landgraf et al. 2002; Bjoraker et al. 1996).

A21, page 1 of 16
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Several clues or indirect proofs have suggested a cometary
origin for the source of external water in Jupiter. First, Lellouch
et al. (2002) analyzed the water and carbon dioxide (CO,)
observations by ISO. They could only reconcile the short-
wavelength spectrometer (SWS) and the long-wavelength spec-
trometer (LWS) water data by invoking an SL9 origin but failed
at reproducing the Submillimeter Wave Astronomy Satellite
(SWAS) observation with their water vertical profile. In paral-
lel, they showed that the meridional distribution of CO,, pro-
duced from the photochemistry of water, was a direct proof that
CO, was produced from SL9 (higher abundance in the southern
hemisphere). Then, the analysis of the SWAS and Odin space
telescope observations seemed to indicate that the temporal evo-
lution of the 556.9 GHz line of water was better modeled assum-
ing the aftermath of a comet impact (Cavalié et al. 2008b, 2012).
However, IDP models have never been completely ruled out by
these studies because the signal-to-noise ratio (S/N) and/or spa-
tial resolution were never quite good enough.

The reason why some doubts have remained on the source of
water in Jupiter’s stratosphere is in the first place the lack of ob-
servations prior to the SL9 impacts. Since then, the lack of
very high S/N and spectrally/spatially resolved observations pre-
vented differentiating the SL9 source from any other source.
High-sensitivity observations in the (sub)millimeter and in the
infrared have led to converging clues for carbon monoxide (CO),
advocating for a regular delivery of oxygen material to the gi-
ant planet atmospheres by large comets (Bézard et al. 2002
and Moreno et al. 2003 for Jupiter; Cavalié et al. 2009, 2010
for Saturn; Lellouch et al. 2005, 2010 and Hesman et al. 2007
for Neptune). High-sensitivity (sub)millimeter line spectroscopy
performed with the Herschel Space Observatory now offers the
means to solve this problem for water. Indeed, the very high
spectral resolution in heterodyne spectroscopy enables the re-
trieval of line profiles and thus vertical distributions, while the
horizontal distributions can be recovered from observations car-
ried out with sufficient spatial resolution. Obviously, temporal
monitoring of these distributions can be achieved by repeating
the measurements.

In this paper, we report the first high S/N spatially resolved
mapping observations of water in Jupiter carried out with the
ESA Herschel Space Observatory (Pilbratt et al. 2010) and its
Heterodyne Instrument for the Far Infrared (HIFI; de Graauw
et al. 2010) and Photodetector Array Camera and Spectrometer
(PACS; Poglitsch et al. 2010) instruments. These observations
have been obtained in the framework of the guaranteed time key
program “Water and related chemistry in the solar system”, also
known as “Herschel solar system Observations” (HssO; Hartogh
et al. 2009b). We also present spatially resolved IRTF observa-
tions of the methane v4 band, obtained concomitantly, to con-
strain the stratospheric temperature. In Sects. 2 and 3, we present
the various Jupiter mapping observations and models we used to
analyze the water maps. We describe our results on the distribu-
tion of water in Sect. 4 and discuss the origin of this species in
Sect. 5 in view of these results. We finally give our conclusions
in Sect. 6.

2. Observations
2.1. Herschel observations
2.1.1. Herschel/HIFI map

The HIFI mapping observation (Observation ID: 1342200757)
was carried out on July 7, 2010, operational day (OD) 419, in
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dual beam switch mode (Roelfsema et al. 2012). We obtained
a 5 x 5 pixels raster map with a 10” separation between pixels,
that is, covering a region of 40" x 40", centered on Jupiter. More
details are given in Table 1.

We targeted the water line at 1669.905 GHz (179.5 um) with
a half-power beam width of 1277. Because of the fast rotation
of Jupiter, the line is Doppler shifted. Because the bandwidth
of the High Resolution Spectrometer (HRS) was too narrow to
encompass the whole water line, we only used the Wide Band
Spectrometer (WBS) data, whose native resolution is 1.1 MHz.
We processed the data with the standard HIPE 8.2.0 pipeline
(Ott 2010) up to level 2 for the H and V polarizations. The
HIPE-8-processed data are displayed in Fig. 1 and the pixel num-
bering (following the raster observation order) is also presented
in this figure.

We extracted the 50 spectra (25 pixels, two polarizations) in-
dependently. Because we performed no absolute calibration, we
analyzed the lines in terms of line-to-continuum ratio (//c), after
correcting the data for the double sideband (DSB) response of
the instrument and assuming a sideband ratio of 0.5 (Roelfsema
et al. 2012). Each pixel was treated for baseline-ripple removal
when necessary by using a Lomb (1976) algorithm. Then, we
checked if the observations had suffered any pointing offset.
While the relative pointing uncertainty within the map should be
very low, the position of the whole map with respect to Jupiter’s
center is subject to the pointing uncertainty of Herschel. The rea-
son why we had to determine the true pointing for the map was
to avoid confusing thermal/abundance variability effects with
purely geometrical effects on the //c. For instance, the effect of a
pointing offset in a given direction leads to an increase/decrease
of the line peak intensity in connection with limb-brightening in
the line and limb-darkening in the continuum compared to what
is obtained with the desired pointing. Retrieving the true point-
ing offset can be achieved by measuring the relative continuum
level in the 50 spectra and comparing it to model predictions. For
each polarization we measured the continuum in each pixel of
the map and adjusted the pointing offset to minimize the resid-
uals between the observations and the model in the 25 pixels.
According to Roelfsema et al. (2012), the H and V receivers are
misaligned by less than 1”. We found that the continuum pat-
terns seen in H and V could be reproduced with mean pointing
offsets of (-7, —(0”7) in right ascension and declination with
differences between H and V of ~0”3. The difference is small
enough compared to the beam size that we averaged the H and
V maps to improve on the noise.

Finally, we smoothed the 25 remaining spectra to a 12 MHz
resolution to increase the S/N. As a result, the water line is de-
tected in each pixel. The S/N we observe has a lowest value
of 3.5 in pixels 1 and 21, generally ranges between 20 and 30,
and reaches a maximum of 60 in pixel 17 (per 12 MHz channel).

2.1.2. Herschel/PACS maps

We first observed the full-range spectrum of Jupiter with the
PACS spectrometer. This part of the instrument consists of an
array of 5 x 5 detectors that covers 50” x 50" on the sky. The
extreme far-infrared flux of Jupiter does not allow one to ob-
serve it with PACS in any standard mode. To avoid detector sat-
uration, the spectrometer readout electronics were configured to
the shortest possible reset intervals of 1/32 s. These observations
(Observation ID: 1342187848) were carried out with the PACS
spectrometer on December 8, 2009 (OD 208). Although these
data, which cover the ~50—-200 um range, will be published ex-
tensively in another paper (Sagawa et al., in prep.), we present
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Table 1. Summary of Herschel observations of water in Jupiter.

OD Obs. ID UT start date  Int. time  Freq. or Wav.  Instrument Map properties Beam size  Size of Jupiter?
[s] [ [ x"]
208 1342187848  2009-12-08 23538 58.7um PACS full range scan 9.4 36.94 x 34.54
13:07:58 & 65.2 um 2 X 2 raster
& 28" steps
100 points
419 1342200757  2010-07-07 2255 1669.904 GHz HIFI 5 x 5 raster 12.7 42.35 x 39.60
08:16:36 & 107 steps
25 points
580 1342211204  2010-12-15 3001 66.4 ym PACS line scan 9.4 40.85 x 38.20
10:21:20 4 X 4 raster
& 65 steps
400 points

Notes. @ Equatorial x Polar apparent diameter.

here two maps of the water emission at 58.7 um and 65.2 um,
both extracted from the full-range spectrum. PACS has a spatial
pixel (spaxel, hereafter) size of 9”4 at these wavelengths. More
details of these observations are given in Table 1. The line peak
intensity (//c—1, in % of the continuum) maps presented in Fig. 2
suggest that the water lines were a factor of 2 fainter in the north
polar region than in the other limb regions. We took that as a
possible clue for the horizontal distribution of water.

However, these observations were not optimized for map-
ping Jupiter’s disk and will not be analyzed quantitatively below.
Indeed, the observation consisted of a 2 X 2 raster with a stepsize
of 28" to have the disk seen once by every spaxel. Consequently,
the planetary disk contains only a few pixels. These observations
were also full grating scans with much time between the up-
scan and the down-scan for a given line, which implies larger
systematics in the data. The dominant source for the “noise”
may be the spacecraft pointing jitter, which mainly affects spax-
els that see parts of the limb or are close to the limb, because
even small jitter can cause significant flux variations within a
spaxel. Moreover, the observed line width varies from one pixel
to another in the PACS maps. The key for the variation is the
source position and source extension within the spectrometer
slit. A point source will by default have a narrower profile than
an extended source. For an extended source, even if 25 spatial
spectra are taken at the same time, the profiles will depend on
how each of the spaxels is filled by the source. In this way, there
are certainly limb effects when observing planets like Jupiter
and Saturn. For instance, there is up to a factor of 2 differ-
ence between the highest and lowest line width in the 58.7 um
map. Indeed, the mean values and standard deviations of the
observed line widths are 0.0153 yum and 0.0041 gm at 58.7 um
and 0.0100 um and 0.0022 ym at 65.2 um. Such high values for
the standard deviations with regard to the mean values prevent
any meaningful quantitative analysis and interpretation of these
maps. However, these rough mapping observations definitely en-
couraged us to perform a deeper integration with a dedicated and
optimized mapping observation of a stronger water line.

We obtained a water map at 66.4377 um (=4512 GHz) with
PACS (Observation ID: 1342211204) on December 15, 2010
(OD 580). The spaxel size was also 974 at this wavelength.
To cover the entire disk of Jupiter and slightly beyond in the
best way, we defined a 4 x 4 raster with a stepsize of 6”5.
At each raster position a single grating up/down scan around
the 66.4377 um water line was executed in unchopped mode to
avoid transient effects at this extreme flux range. The duration
of the entire raster including overheads was 3001 s (more details

in Table 1). Given the PACS beam FWHM of 974 at 66.4 um
and the enormous signal, the water line could be measured at all
raster positions, even to about 10” beyond the limb.

The response of the PACS Ge:Ga detectors increases with
the strength of the cosmic radiation field, but at the same
time it decreases because of the strong infrared illumination.
Therefore the response is continuously drifting throughout the
entire Jupiter measurement and an absolute flux calibration of
the spectra cannot be achieved within any reasonable uncer-
tainty. However, when expressing the line spectra in terms of //c,
the uncertainty in the absolute response cancels out and opens
the path to a relevant analysis.

The data reduction started from the Level O products that
were generated according to the descriptions in Poglitsch et al.
(2010). Level 1 processing was run within HIPE 8.0 through all
standard steps for unchopped observations. All additional pro-
cessing (flat-fielding, outlier removal and rebinning) was carried
out with standard IDL tools.

The astrometric coordinates of Jupiter, taken from the JPL
Horizons database, were subtracted from the product coordinates
after interpolating them to the respective sample times. For each
spectrum and spaxel of the integral field spectrometer, a single
averaged relative (with respect to Jupiter’s center) coordinate
was computed and used for the spectral image reconstruction.
As in the HIFI map reduction, we retrieved the true pointing.
The observed line width values are much more uniform over the
entire map: its mean value and standard deviation is 0.0105 um
and 0.0010 um. To exclude these small variations, we adapted
the spectral resolution in our radiative transfer computations to
the value measured in each pixel.

Using all spaxels at the 16 raster positions, a total
of 400 spectra were recorded with a resolving power (R = A/AQ)
of 6400 on average. The resulting map is presented in Fig. 3. The
S/N in the map is generally ~30 but reaches values twice as high
at some positions. The spectra were then divided by a third order
polynomial fit to the continuum, excluding the range of the wa-
ter line. Because the line profiles are purely instrumental at this
resolving power, they were analyzed by fitting with a Gaussian
line profile. Therefore, all abundance and temperature informa-
tion is contained in the line peak + line width, i.e., in the line
area, in the map.

Below, we analyze the PACS and HIFI data according to
their //c. Because the Herschel mapping observations of water
are sensitive to the temperature and water abundance distribu-
tions, we have monitored the temperature over the Jovian disk

A21, page 3 of 16



A&A 553, A21 (2013)

Line peak intensity [l/c-1] at 58.7 um
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Fig. 2. Water maps of the line peak intensity (=//c-1, thus in % of the
continuum) at 58.7 and 65.2 yum observed by the PACS spectrometer on
December 8, 2009. Jupiter is represented by the black ellipse, and its
rotation axis is also displayed. The beam is represented by a gray filled
circle. Both maps indicate that there is less emission in the northern
hemisphere than in the southern (best seen in the limb emission).

and carried out complementary ground-based observations at the
NASA Infrared Telescope Facility (IRTF) in 2009 and 2010.

2.2. IRTF observations
2.2.1. IRTF/TEXES maps

On May 31 and October 17, 2009, we performed observations
with the Texas Echellon cross-dispersed Echelle Spectrograph
(TEXES; Lacy et al. 2002), mounted on the NASA IRTF
atop Mauna Kea. By achieving a spectral resolving power
of ~80 000 in the v4 band of methane (CH4) between 1244.8 and
1250.5 cm™' (see Fig. 4), we were able to resolve the pressure-
broadened methane emission wing features, which give de-
tailed information on the vertical temperature profile from 0.01
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Methane spectra from 0 and —13 latitude (red, black)

o o
w ™

0.1

Telluric Transmission

Radiance (erg s” cm®sr'/cm™)

1245

1246 1247 1248

Wavenumber (cm™)

1249 1250

Fig. 4. Methane emission spectra from 13 °S latitude (black) and from
the equator (red) showing the different spectral shape and strength from
the May 2009 observations with TEXES. The spectra are at an airmass
between 1 and 1.2. The blue curve represents the telluric transmission.
Owing to the high Jupiter/Earth velocity and the high spectral resolu-
tion achieved by TEXES, we were able to easily separate the Jovian
methane emission from the telluric methane absorption. Gaps in the
data are caused by telluric transmission regions that are too opaque to
retrieve useful data. The red and black spectra have been flat-fielded
by the black chopper wheel minus the sky emission, which performs a
first-order division of the atmosphere.

to 30 mbar. The data were reduced through the TEXES pipeline
reduction software package (Lacy et al. 2002), where they were
sky-subtracted, wavelength-calibrated, and flux-calibrated by
comparing them to observations of a black chopper wheel made
at the beginning of each set of four scan observations. We sub-
sequently processed the pipelined data through a purpose built
remapping software program to co-add all scan observations and
solve for the latitude' and west longitude of each mapped step
and spaxel along the TEXES slit length. The data were then
zonally averaged and binned into latitude and airmass bin sizes
of 1-1.2,1.2-1.5,1.5-2.0, and 2.0-3.0 Jovian airmass. The lat-
itude bins (Nyquist-sampled spatial resolution) varied from 2 de-
grees at the sub-Earth point to 5 degrees at —60 degrees latitude.

2.2.2. IRTF/MIRSI maps

In addition to the TEXES observations, we recorded two sets
of radiometric images of Jupiter’s stratospheric thermal emis-
sion observed through a discrete filter with a FWHM of 0.8 um,
centered at a wavelength of 7.8 um with the Mid-Infrared
Spectrometer and Imager (MIRSI; Kassis et al. 2008) that is
also mounted on the NASA IRTF. The radiance at this wave-
length is entirely controlled by thermal emission from the
vy4 vibrational-rotational fundamental of methane and emerges
from a broad pressure region in the middle of Jupiter’s strato-
sphere, 1-40 mbar (see Fig. 2 of Orton et al. 1991). Because
methane is well-mixed in Jupiter’s atmosphere, any changes
of emission are the result of changes in temperature around
this region of Jupiter’s stratosphere. The images were made (i)
on 25 June—1 July 2010, very close in time to the July 7 HIFI
observations, and (ii) on 5—6 December 2010, very close in time
to the December 15 PACS observations. An example of these
observations is shown in Fig. 5.

The data were reduced with the standard approach outlined
by Fletcher et al. (2009), in which they were sky-subtracted
with both short- (chop) and long-frequency (nod) reference im-
ages on the sky. The final results were co-additions of five in-
dividual images with the telescope pointing dithered around the
field of view to fill in bad pixels in the array and minimize the
effects of non-uniform sensitivities of pixels across the array.
Before coadding, the individual images were flat-fielded using a

! All latitudes in this paper are planetocentric latitudes.
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Fig. 5. IRTF/MIRSI radiance observations at 7.8 um in the v, rotational-
vibrational band of methane in Jupiter. These radiance images, recorded
on June 30 (left) and December 5 (right), 2010, are essentially sensitive
to the stratospheric temperature between 1 and 40 mbar. The radiances
are given in erg/s/cm?/cm™! /ster.

reference to observations of a uniform heat source, a part of the
telescope dome. The images were also calibrated for absolute
radiance by convolving the filter function with spectra taken by
the Voyager IRIS and Cassini CIRS experiments, also described
in detail by Fletcher et al. (2009).

3. Modeling
3.1. Herschel data modeling

We analyzed the Herschel maps with a 1D radiative transfer
model that was improved from the model presented in Cavalié
et al. (2008a). Our code is written in ellipsoidal geometry
and accounts for the limb emission and the sub-observer point
position. We included the opacity caused by the H-He-CHy
collision-induced absorption spectrum (Borysow et al. 1985,
1988; Borysow & Frommhold 1986) and by the far wings of
ammonia (NH3) and phosphine (PH3) lines. We used the JPL
Molecular Spectroscopy catalog (Pickett et al. 1998) as well
as Hp/He pressure-broadening parameters parameters for water
lines from Dutta et al. (1993) and Brown & Plymate (1996).

As baseline, we used the same temperature profile as in
Cavalié et al. (2008b) and Cavalié et al. (2012), which was taken
from Fouchet et al. (2000) (see Fig. 6). The PACS observations
probe pressures lower than 2 mbar (see Fig. 7). In this way, we
constructed a series of thermal profiles, based on our nominal
profile, with 1-K-step temperature deviations at pressures lower
than 2 mbar to determine the necessary temperature deviations
from our nominal profile to fit the observations. These devia-
tions were then checked for consistency with our IRTF thermal
maps. The deviations from our nominal thermal profile are initi-
ated at 10 mbar to obtain a smooth transition toward the modified
thermal profile compared to our nominal profile (and to avoid in-
troducing a temperature inversion layer in the 1—-10 mbar pres-
sure range for negative deviations). For each thermal profile, we
recomputed the pressure-altitude relationship assuming hydro-
static equilibrium. The resulting thermal profiles are shown in
Fig. 6.

Retrieving the water vertical profile from the HIFI spectra
will be the object of a forthcoming paper (Jarchow et al., in
prep.) and therefore will not be addressed here. We used pro-
files that are qualitatively representative of the IDP and SL9
sources. For the IDP source, we took the profile published in
Cavalié et al. (2008b), which corresponds to a water input flux
of 3.6 x 10° cm™2s~!. This profile was obtained with a photo-
chemical model that used the same thermal profile as our nomi-
nal profile and a standard K(z) profile (Moses et al. 2005). This
profile enables one to reproduce the average line intensity on the
HIFI map. For the SL9 source, we took an empirical profile in
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Fig. 6. Examples of temperature profiles used in this study. Our nominal
profile is displayed in red. The thermal profiles displayed in blue corre-
spond to cases in which the temperature at pressures lower than 2 mbar
is increased or decreased with 1-K steps from —14 to +15K. The de-
viations from our nominal thermal profile are initiated at 10 mbar to
smooth the transition from the nominal profile at higher pressures to-
ward the modified thermal profile at lower pressures.
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Fig.7. Contribution functions of the water lines at 1669.9 GHz and
66.4 um at their respective observed spectral resolutions for a pencil-
beam geometry. These profiles have been obtained with the water
profile used in this work (all water constrained to pressures lower
than 2 mbar).

which water is restricted to pressures lower than a given pres-
sure level po (to be determined by our analysis). Both profiles
are shown in Fig. 8.

The effect of the rapid rotation of the planet, which can
clearly be seen as red or blue Doppler shifts of the water lines on
the HIFI spectra (see Fig. 1) was taken into account, as well as
the spatial convolution due to the beams of the HIFI and PACS
instruments. Although the model assumes homogeneous temper-
ature and water abundance within a HIFI or PACS beam, the
geometry was fully treated. Indeed, the entire Jupiter disk was
divided into small elements, including the limb. We solved the
radiative transfer equation at each point and accounted for the
Doppler shifts caused by the rapid rotation of Jupiter before fi-
nally performing the spatial convolution by the instrument beam.
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Fig. 8. Nominal water vertical profiles used in the analysis of the HIFI
and PACS maps. The IDP profile (red solid line) was computed with
the photochemical model of Cavalié et al. (2008b), using the nominal
thermal profile of Fig. 6 and a standard K(z) profile from Moses et al.
(2005). In the SL9 profile, a cut-off level was set to py = 2 mbar. This
is the highest value of py that enables reproducing all the HIFI lines. In
this profile, the water mixing ratio is 1.7 x 107® as in the central pixel
(number 13) of the HIFI map.

3.2. IRTF data modeling

Methane emission can be used to probe Jupiter’s stratospheric
temperatures because (i) the v4 band of methane emits on the
Wien side of Jupiter’s blackbody curve; (ii) methane is well-
mixed throughout Jupiter’s atmosphere and only decreases off
at high altitudes because of diffusive separation (Moses et al.
2000); (iii) the deep volume mixing ratio is known from the
Galileo probe re-analysis results of Wong et al. (2004) to be
equal to 2.37 +0.57 x 1073, resulting in a mole fraction of 2.05 +
0.49 x 1073. For the TEXES data, we used the photochemical
model methane mole fraction profile from Moses et al. (2000)
with a deep value of 1.81 x 1073 taken from the initial Galileo
probe results paper by Niemann et al. (1998) because it agrees
within errors with Wong et al. (2004). Moreover, the Moses et al.
(2000) model has been shown to agree with previous observa-
tions of Jupiter.

To infer Jupiter’s stratospheric temperatures from the
TEXES maps, we employed the automated line-by-line radiative
transfer model described in Greathouse et al. (2011). This model
uses the pressure-induced collisional opacity of H,-H,, H»-He,
and H,-CHy4 as described by Borysow et al. (1985, 1988) and
Borysow & Frommbhold (1986) and the molecular line opacity
for '>CH,4, 3CHy, and CH3D from HITRAN (Rothman et al.
1998). It also varies the vertical temperature profile to repro-
duce the observed methane emission spectra. The resulting zon-
ally averaged temperature maps are displayed in Fig. 9. The
pressure range we are sensitive to with these observations is
0.01-30 mbar.

A second approach to deriving stratospheric temperatures,
which we applied to our MIRSI maps, consists of using the ra-
diometrically calibrated versions of the 7.8 um images. Although
these maps yield only temperatures at a single level (between 1
and 40 mbar), they can differentiate between the thermal models
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shown in Fig. 6. Therefore, we simulated the 7.8 um radiance we
would expect from the range of temperature profiles from Fig. 6
to create a table of radiance vs. emission angle. Then we de-
termined the upper-stratospheric temperature corresponding to
the profile that most closely produced the observed radiance at
each latitude/emission angle pair along the central meridian for
each date. Orton et al. (1991) used a similar approach in their
analysis of raster-scanned maps of Jupiter. The result is the tem-
perature maps that are shown in Fig. 10. The zonal variability
is much smaller than the meridional variability in each image,
validating the approach taken in examining the zonal-averaged
temperatures from the TEXES data shown in Fig. 9.

The Herschel observations are sensitive to pressures lower
than 2 mbar. This is why we created the range of thermal profiles
shown in Fig. 6, in which the profiles start to differ from one an-
other at pressures lower than 10 mbar. This introduces the main
limitation in our temperature derivation from the MIRSI images,
because these observations are sensitive to levels ranging from 1
to 40 mbar. To encompass the range of observed radiances that
are generated by higher temperatures in the 1 -40 mbar range, we
therefore had to increase the range over which we were perturb-
ing the temperatures at pressures lower than 10 mbar. As a result,
the temperatures derived from the MIRSI images are excessively
high at latitudes corresponding to bright bands. Therefore, only
the trend in the latitudinal variation of the temperature can be
relied on rather than the values themselves.

4. Results
4.1. HIFI map

At 1669.9GHz and with the spectral resolution of HIFI, we
probed altitudes up to the 0.01 mbar pressure level, depending
on the observation geometry (see Fig. 7). The line opacity at
the central frequency at the observed spectral resolution but at
infinite spatial resolution is ~10 at the nadir and ~250 at the
limb. We first tested the IDP profile (presented in the previous
section) that fitted the SWAS and Odin observations in Cavalié¢
et al. (2008b, 2012). At Jupiter, this source should be steady and
spatially uniform (Selsis et al. 2004). In the case of a steady
local source, it would either show high concentrations at high
latitudes (for material transported in ionic form) or at low lat-
itudes (for material transported in neutral form). We detected
neither of these cases in the observations, although this diag-
nostic is limited by the relatively low spatial resolution. The re-
sult of the IDP model is displayed in Fig. 11. The IDP profile
fails to reproduce the observations in several aspects. Indeed, it
can be seen that this model produces lines that are too strong
in most of the northern hemisphere (pixels 6, 7, 15 and 16).
Figure 12 shows that if the water flux attributed to IDP is low-
ered to ~2.0 x 10° cm2s7!, the model matches the observa-
tions in terms of //c but still overestimates the line width. The
main problem of this model is that the line wings are too broad
in most of the pixels. The only pixels in which the line wings
could be compatible with the data are pixels with the highest
noise. This means that the bulk of the stratospheric water is not
located just above the condensation level, i.e., at ~20—30 mbar
as in the IDP model, but higher in altitude. The line shape of
the 556.9 GHz water line as observed by SWAS and Odin al-
ready suggested that the IDP source was unlikely (Cavalié et al.
2008b). Consequently, the IDP model can be ruled out. In con-
trast, the SL9 profile gives much better results in the line wings
(see Fig. 11). We found that all line wings could be reproduced
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Fig.9. Zonally averaged thermal maps as re-
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provided that the py level was not set at pressures higher than
2 mbar?. For the remainder of the paper, we have set the p, level
to this value.

Before we more quantitatively analyze the SL9 model results
with regard to the HIFI observations, we focus on the PACS map
analysis using the information on the pg level we derived above.
Because we already ruled out the IDP model at this stage, we do
not use it further in the analysis.

2 The value of py can be set to pressures lower than 2 mbar and still
reproduce the observations reasonably well, provided that additional
water was included in the model. Indeed, Doppler broadening is about
equal to pressure broadening around the 1 mbar level in Jupiter’s atmo-
sphere. Therefore, the line widths will be almost the same in models
with a value of p, lower than 2 mbar.

v4 band of methane carried out on May 31 and
October 17, 2009. The sensitivity ranges from
0.01 to 30 mbar.

4.2. PACS maps

We now use the PACS maps to separate the temperature and wa-
ter vapor variability. First, we can see that the line peak intensity
(=l/c — 1) maps (Figs. 2 and 3) present the same spatial struc-
ture. The highest emission is concentrated at the limb due to
limb-brightening in the line and limb-darkening in the contin-
uum. The main feature seen in these maps is the lack of emis-
sion around the northernmost region compared to the southern-
most region. However, we have to keep in mind that because the
observations are not spectrally resolved, all information on the
temperature and water column abundance is contained in the line
area. The line peak intensity alone only contains part of the in-
formation. Therefore, we fitted the line peak with an adjustable
line width in the model, which is the same as fitting the line area.
The line opacity at the central frequency at the observed spectral
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Fig.10. IRTF/MIRSI radiance observations at 7.8 um in the
v4 rotational-vibrational band of methane, carried out on
25 June—1 July 2010 (top) and 5-6 December 2010 (bottom).
These observations are essentially sensitive to the stratospheric temper-
ature between 1 and 40 mbar. The color scale gives the correspondence
between radiances and stratospheric temperatures at 2 mbar, according
to our derivation procedure (see text for limitations). These maps
suggest that the northern hemisphere is generally warmer than the
southern hemisphere. The bright belt seen around 15°S in both maps
(as well as in the TEXES data; see Fig. 9) is a possible explanation for
the ~4 K increase seen in the PACS 66.4 ym map between the equator
and 25 °S. The bright dot seen in the 25 June—1 July 2010 map is Io
and had only marginal effects on the zonal mean results.

resolution but at infinite spatial resolution is ~3 at the nadir and
~100 at the limb.

To investigate whether this north-south asymmetry is caused
by the stratospheric temperature distribution or by the column
density spatial distribution, we analyzed the 66.4 um emission
map considering two cases:

— We determined the spatial distribution of the tempera-
ture deviation from the nominal profile at pressures lower
than 2 mbar from our nominal thermal profile considering a
spatially uniform distribution of water. In this case, we set
the water mixing ratio to 2 X 1078 for p < 2mbar, corre-
sponding to a column abundance of 3.7 x 10> c¢cm™2. This
choice roughly corresponds to the average column found in
this map. Its choice is thus arbitrary to some extent but does
not affect the result, because we are interested in relative con-
trasts in temperature over Jupiter’s disk, not in absolute val-
ues of them.

— We determined the spatial distribution of the column density
considering a spatially uniform temperature profile (i.e., our
nominal profile).

4.2.1. Map of the stratospheric temperature deviation
from the nominal profile

We used the thermal profiles shown in Fig. 6 to check whether
latitudinal temperature variations could cause the line peak emis-
sion distribution observed in Fig. 3, assuming a spatially uniform
distribution of water. To do this, we fitted the line in each pixel
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of the map by finding the most appropriate thermal profile and
retained the temperature deviation from the nominal profile as-
sociated to each pixel. The temperature deviation map associated
to the 66.4 um observations is shown in Fig. 13. The uncertainty
on the line peak values is in the range of 3—10%, which trans-
lates into an uncertainty of 1-3K on the derived temperature
deviation. Another way to evaluate the uncertainty on the tem-
perature is to see the variations of the temperature around a given
latitude. Although the atmosphere radiative timescale is 3 orders
of magnitude longer than the rotation period (Flasar 1989), vari-
ations of several K in the zonal temperatures at 1 mbar, probably
caused by a Rossby wave trapped at certain latitudes, have been
reported by Flasar et al. (2004). However, at our spatial resolu-
tion, the temperature should be smoothed in longitude compared
to Flasar et al.’s observations. After checking the temperatures
in several narrow latitudinal bands, we found a scatter of ~3 K
on the temperature, which agrees with the uncertainty range we
derived.

The 66.4 um map in Fig. 13 shows two interesting structures
that can also be better seen in a representation of the temperature
deviation from the nominal profile as a function of latitude. Such
a latitudinal section is shown in Fig. 14.

First, a north-south contrast of 10—-15K (with higher tem-
peratures in the southern hemisphere) is required to reproduce
the global north-south asymmetry seen in the line peak emission.
This picture contradicts the TEXES maps from 2009 (see Fig. 9).
In these maps, we see large meridional variations at 2 mbar (see
Fig. 14), of the same order of magnitude as in our PACS map
(~10K). These variations correlate quite well with those seen
by Fletcher et al. (2011) at Smbar in 2009-2010. But there
is no evidence for a global meridional asymmetry. Moreover,
there clearly are changes in the stratospheric temperature field
between 2009 and 2010, as shown by the thermal maps we re-
trieved from the 7.8 um IRTF/MIRSI images we captured a few
days before the HIFI and PACS maps were produced (see in
Fig. 10). However, these changes do not work in favor of the
temperature variability hypothesis to explain the water emission
maps. On the contrary, the Jovian quasiquadriennial oscillation
(Leovy et al. 1991) creates a bright band north of the equator that
we only marginally see in Fig. 13. Accordingly, the MIRSI ob-
servations even suggest that there the temperatures are higher in
the northern hemisphere than in the southern hemisphere in the
pressure range we are sensitive to. The opposite would have been
necessary to explain the water emission maps. Consequently, the
asymmetry we see in the water emission maps has to be due to
an hemispherical asymmetry in the water distribution.

The second structure we see in the 66.4 yum map is a temper-
ature increase of ~4 K between 25 °S and the equator. There is
a good correlation between this feature and a warm temperature
belt seen consistently between 1 and 30 mbar in the MIRSI and
TEXES data and in Fletcher et al. (2011) around 15 °S. This fea-
ture likely results from the spatial convolving of this warm belt
(see Fig. 14). We discuss it in Sect. 5.1.

Now that we have proven that a global latitudinal temper-
ature variation is not the cause for the north-south asymmetry
seen in the line peak intensity maps, we can derive the column
density map that reproduces the observations.

4.2.2. Column density map

Here, we assumed that our nominal temperature profile is valid
at any latitude/longitude and locally rescaled the water vertical
profile, i.e., the water column density, to fit the line in each pixel.
The computed column densities are representative of averages
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Fig. 11. Water 5 X 5 raster map at 1669.9 GHz obtained with Herschel/HIFI on July 7, 2010, expressed in terms of //c and smoothed to a spectral
resolution of 12 MHz (observation are plotted in black). Jupiter is represented with the red ellipse, and its rotation axis is also displayed. The black
crosses indicate the center of the various pixels after averaging the H and V polarizations. The beam is represented for the central pixel by the red
dotted circle.These high S/N observations rule out the IDP source model (red lines) because they result (i) in narrower lines than the ones produced
by the IDP model; and (ii) in a non-uniform spatial distribution of water. Even if the flux in the northernmost pixels is adjusted to lower values to
fit the //c, the IDP model fails to reproduce the line wings (see Fig. 12). By adjusting the local water column density by rescaling the SL9 vertical
profile, we find that an SL9 model (blue line), in which all water resides at pressures lower than 2 mbar, enables one to reproduce the observed

map.

over the PACS beam. The resulting maps are displayed in Fig. 15
and a latitudinal section taken from the 66.4 um map is shown in
Fig. 16. The uncertainty on the line peak values translates into
an uncertainty of up to 20% on the column density values. This
is consistent with the scatter we find in narrow latitudinal bands
(~15%). If we had used a physical profile for the SL9-material
evolution instead of an empirical one for water, we could have
ended up with column density values different by a factor of up
to 2 (with the same level of uncertainties). One needs to know
the true vertical profile to retrieve the true values of the local
water column.

The 66.4 um map and the corresponding latitudinal section
show a general trend in the latitudinal distribution of the derived
column densities. Indeed, we see an increase by a factor of 2—3
from the northernmost latitudes to the southern latitudes. This
kind of distribution was anticipated by Lellouch et al. (2002),
though with a much lower contrast, from their SL9 model. They
expected a contrast of only 10% between 60°S and 60°N at
infinite spatial resolution in 2007. Here, we observe a factor
of 2-3 contrast between 60°S and 60 °N after spatial convolu-
tion by the instrument beam. This should translate into an even
stronger contrast at infinite spatial resolution.
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Fig. 12. Zoom on the northernmost pixels 6, 15 and 16 of the HIFI map. The SL9 model is displayed in blue, while the IDP model with a flux
of 3.6 x 10° cm~2 57! is plotted in red. The IDP model overestimates both the //c and the line width in each pixel. Even if the IDP flux is lowered
t0 2.0 x 10° cm™2s™! (green line) to roughly fit the //c, it still fails to fit the wings. A model based on the philosophy of the “hybrid” model of
Lellouch et al. (2002) with the SL9 source and a background IDP source with a flux of 8 x 10* cm™s~!, corresponding to the upper limit placed
on the IDP source by the authors, is shown in orange. This model can barely be distinguished from the pure SL9 model, which means that an IDP

background source is compatible with our observations.
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We applied the same methodology as for the PACS map to
derive the local column density from the HIFI map, still as-
suming a spatially uniform temperature. The resulting map is
shown in Fig. 17. The uncertainty on the column abundance
derivation is on the order of 20% in the HIFI pixels despite the
high S/N, because the line is optically thick. We find that the
column abundance increases from the northernmost latitude to
the southern latitudes by a factor of ~3. The general trend as
a function of latitude as well as the highest values of the wa-
ter column (4-5 x 105 cm™2) fully agree with the PACS results
obtained at 66.4 um and therefore confirm our results.
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Fig. 14).

5. Discussion

5.1. A local temperature maximum or an additional source
of water around 15°S?

In the 66.4um map analysis (Sect. 4.2.1), we found that the
emission between the equator and 25 °S could be explained by
either an about 4 K warmer stratospheric temperature and/or a
higher water column density (or even a combination of both),
over the PACS beam.
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Fig. 14. Latitudinal section of the temperature deviation from the nom-
inal profile as derived from the 66.4 um map (black points), assuming a
spatially uniform distribution of water. Only the pixels within the plane-
tary disk are represented here. The temperatures at a pressure of 2 mbar
as retrieved from our IRTF/TEXES observations are also displayed (red
line for the May 2009 data and blue line for the October 2009 data)
as well as the temperatures derived from our IRTF/MIRSI data (green
for July 2010 and yellow for December 2010). The temperatures de-
rived from the MIRSI images are averages for the pressure range the
observations are sensitive to (1—40 mbar). We applied to these values
an offset of —20 K to bring them to the same scale as the TEXES values
(see Sect. 3.2 for the reasons why we obtained these high values from
the MIRSI data). The warm temperature belt seen around 15 °S is the
most probable cause for the enhanced emission seen at these latitudes in
our 66.4 um map (see Fig. 13). There is only marginal evidence in the
water emission observations for the warm belt seen in the IRTF/MIRSI
data around 30 °N.

The IRTF/MIRSI images unveil a warm belt around 15 °S at
pressures between 1 and 40 mbar (see Fig. 5), also seen in the
data of Fletcher et al. (2011) at 5 mbar. The temperature maps
retrieved from the IRTF/TEXES data locate such a belt at this
latitude in the 1-10mbar pressure range (see Fig. 9) and it is
most obvious at 2 mbar (see Fig. 14). Given that the tempera-
ture excess needed over the PACS beam to fit the data is ~4 K,
this warm belt is probably sufficient to explain the enhanced wa-
ter emission in this latitudinal range. This warm belt also im-
plies that the water condensation level is located at a slightly
lower altitude, allowing higher column densities of water at these
latitudes.

On the other hand, if the warm belt is not sufficient and if the
water column is indeed higher at these latitudes (independently
of any temperature effect), this means that this extra water is pro-
vided by an additional source. What kind of source could that
be? A local source (rings/satellites) that would generate these
spatial properties seems unlikely. If the material were trans-
ported from the source to Jupiter in neutral form, the deposi-
tion latitude should be centered on the equator. According to
Hartogh et al. (2011), this is how the Enceladus torus feeds
Saturn’s stratosphere in water. A second possibility is the de-
position of ionized material (with a high charge-to-mass ratio)
at latitudes that are magnetically connected to the source(s), as
proposed by Connerney (1986). According to his work, a source
depositing material at ~10 °S would probably need to be located
at 1.1 planetary radii, in the case of Saturn. Because Jupiter’s
magnetic field is 20 times stronger than Saturn’s, this would im-
ply that a hypothetical source depositing material around 15°S
would need to be even closer to the planet than 1.1 Jupiter radii,
a zone where there is no such source. There is no reason why a
source like the IDP would deposit material only around 15°S.
In addition to that, an increase by a factor of ~2 of the water
column due to a local source or an IDP source should result
in broader line widths in the pixels centered on the equator in
the HIFI map, an effect evidently absent from Fig. 11. Finally,

another possible source is an additional comet impact. The only
known events are two impacts that have been detected in Jupiter
between the SL9 event and our 2010 PACS observation. The
first one occurred on July 19, 2009, but at a planetocentric lat-
itude of 55°S (Sanchez-Lavega et al. 2010; Orton et al. 2011).
Interestingly, the second observed impact occurred on June 3,
2010, at a planetocentric latitude of 1425 S (Hueso et al. 2010).
According to Hueso et al. (2010), this impactor had a size of
8—13m. According to Fig. 16, the excess of H;O column in
this latitude region is on the order of ~10'5 cm™2. The latitu-
dinal band extending from 25°S to the equator has a surface
area of 1.35 x 10%° cm?. The excess of water then corresponds
to 4 x 10° kg of water, i.e., ~3500 times the mass of a 3m im-
pactor consisting of pure water. It is thus unlikely that this extra
water (if any) located between 25 °S and the equator is due to an
additional external source.

Finally, we recall that the highest emission seen between
25 °S and the equator can most probably be attributed to the tem-
perature increase in this region as seen in the MIRSI and TEXES
maps (Figs. 9, 10 and 14).

5.2. Spatial distribution of water in Jupiter

The HIFI and PACS maps contain horizontal information on
the water distribution in Jupiter’s stratosphere. Because HIFI re-
solves the line shapes of the water emission at 1669.9 GHz, the
HIFI map also contains information on the vertical distribution
of the species if they are located at pressures lower than 1 mbar.

As stated previously, the precise shape of the vertical water
profile will be retrieved from the 556.9, 1097.4 and 1669.9 GHz
water lines observed at very high S/N with HIFI in the frame-
work of the HssO Key Program and shall therefore be discussed
in detail in a future dedicated paper (Jarchow et al., in prep.).
However, we tested profiles that are qualitatively compatible
with the IDP and SL9 sources. The spectral line shapes ob-
served with the HIFI very high resolution confirm that the bulk
of water resides at lower pressure levels (i.e., at pressures lower
than 2 mbar) than would be the case with a steady IDP source.
This result agree well with the prediction of Moreno et al. (2003)
for the po level (1 mbar) for CO, hydrogen cyanide (HCN), and
carbon monosulfide (CS) 20 years after the SL9 impacts. Cavalié
et al. (2012) studied the temporal evolution of the disk-averaged
water line at 556.9 GHz with the Odin space telescope for almost
a decade. They developed two models that could fit the tenta-
tively seen decrease in the line contrast. In a first model, they ten-
tatively increased the vertical eddy diffusion K(z) by a factor of 3
at 1 mbar to remove more water by condensation. The line pro-
files in the HIFI map now show that this hypothesis is not valid
and that the bulk of water remains at higher levels (po < 2 mbar)
than in their model, where the bulk of water had spread quite
uniformly as a function of pressure down to the condensation
level (see their Fig. 10). This means that the decrease of the line-
to-continuum ratio at 556.9 GHz that they have tentatively ob-
served has to be explained by the removal of water at the mbar
and submbar levels and not by condensation. In a second model,
Cavalié€ et al. (2012) approximately incorporated dilution effects
from horizontal diffusion and chemical losses due to conversion
of OH radicals (photolytical product of H,O) into CO, based
on the predictions of Lellouch et al. (2002) for their previously
published temporal evolution model (Cavalié et al. 2008b). The
water vertical profile used in Cavalié et al. (2008b) was based on
the philosophy of the “hybrid model” of Lellouch et al. (2002),
which took into account a low IDP flux of 4 x 10* cm™2s~!. This
second model of Cavalié et al. (2012) has several advantages in
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that enough water is lost as a function of time to reproduce the
temporal evolution of the 556.9 GHz line, and it keeps a stan-
dard K(z) profile and thus keeps the bulk of water at pressures
compatible with our HIFI results. In this sense, it reconciles the
Odin and our HIFI submillimeter observations of water with
the infrared observations of ISO. Another advantage is that this
model also accounts for a background IDP source with a flux
of 4 x 10* em™2s~!. According to our computations, adding an
IDP source of that magnitude is not inconsistent with our obser-
vations, because such a low flux only marginally affects the line
shape at 1669.9 GHz and 66.4 um (e.g., Fig. 12). Even a model
accounting for a background source due to IDP with a flux cor-
responding to the upper limit derived by Lellouch et al. (2002)
(8 x 10* cm™s~!") remains compatible with our data’ (see
Fig. 12). We are thus able to quantify how much of the observed
water can be attributed to the SL9 impact. The disk-averaged
column density of this SL9 + background IDP model (with a
flux of 8 x 10* cm™2 s’l) is ~3 x 10! ¢m™2, while the column
density of the background IDP source alone is ~10'* cm~2. This
means that more than 95% of the observed water comes from
SL9 according to our models. These results are somewhat differ-
ent from those obtained by Lellouch et al. (2002). These authors
found a disk-averaged column of 1.5 x 10'3 cm™2 from their
SL9 + background IDP model and 4.5 x 10'* cm™2 for their
background IDP model with a flux of 8 x 10* cm=2s~!, imply-
ing that up to 30% of the water could be due to IDP. These dif-
ferences may arise from a different choice of chemical scheme,
temperature, and vertical eddy mixing profiles. But both results

3 This possible additional background source could also be attributed
to a flow of smaller comets that would have impacted Jupiter at random
latitudes in the last tens to a couple of hundreds of years, for which
the vertical distribution of water would resemble that of a background
IDP source.
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of the column density.

essentially show that SL9 is by far the main source of water in
Jupiter’s stratosphere.

The HIFI and the 66.4um PACS maps consistently show
a north-south asymmetry that cannot be attributed to a hemi-
spheric asymmetry in the stratospheric temperatures but to an
asymmetry in the water column abundance. If we omit the
25 °S-to-equator band from the meridional distribution observed
by PACS shown in Fig. 16, which is most probably a result of a
local temperature increase, we see that the water column looks
roughly constant in the southern hemisphere and decreases lin-
early by a factor of 2—3 poleward in the northern hemisphere.
This behavior is not expected from a IDP source but is consis-
tent with the SL9 source, because the comet has hit the planet
at 44 °S. Although the observations have taken place more than
15 years after the SL9 impacts, a remnant of the latitudinal asym-
metry that was predicted by Lellouch et al. (2002) is now demon-
strated, thus validating the SL9 source.

We have to keep in mind that, unlike Lellouch et al. (2006)
for HCN and CO,, we do not have access to latitudes higher
than ~60° because of the observation geometry and beam con-
volution. It would thus be hazardous to directly compare of the
water distribution with the distributions of HCN and CO; previ-
ously observed by Lellouch et al. (2006). They also correspond
to different post-impact observation dates.

Lellouch et al. (2002) used a horizontal model that accounted
for meridional eddy diffusion and a simplified chemical scheme
for oxygen species to model the temporal evolution of the water
column as a function of latitude. They derived a horizontal eddy
diffusion coefficient of Ki, = 2 x 10" cm?s~!, constant in lati-
tude, and a H,O/CO ratio of 0.11 from their observed CO, hor-
izontal distribution and disk-averaged water column. According
to the results of this model, the contrast predicted for 2007 (i.e.,
even earlier than our Herschel maps) was ~10% at infinite spa-
tial resolution. The contrast measured with PACS at 66.4 um is
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Fig. 16. Latitudinal section of the beam-convolved column density of
water as derived from the 66.4 um map. Only the pixels within the plan-
etary disk are represented here. The peak values around 15 °S can most
probably be attributed to the warmer temperatures observed around this
latitude. The marginal increase seen around 30 °N could be due to the
bright band detected at these latitudes in 2010 in the IRTF/MIRSI ob-
servations (see Fig. 14).
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Fig. 17. Beam-convolved column density of water (cm™2) map as de-
rived from the HIFI observations at 1669.9 GHz. The beam is repre-
sented for the central pixel by the red circle.

already higher despite the beam convolution, which results in
its attenuation. The deconvolution of the observed contrast to
constrain horizontal transport is beyond the scope of this pa-
per. However, we anticipate that if it were only due to eddy dif-
fusion, the meridional distribution of water in Jupiter’s strato-
sphere would require lower values for Kj. Lellouch et al. (2006)
showed that the HCN meridional distribution in December 2000
(6.5 years after the impacts) could not be reproduced by us-
ing the latitudinally constant meridional eddy diffusion coeffi-
cient K, of Griffith et al. (2004). They rather had to invoke not
only a K, variable in latitude () with peak values of K, ~
2.5 x 10" cm?s™!, consistent with low spatial resolution mea-
surements of Moreno et al. (2003), and a significant decrease of
K,, by an order of magnitude poleward of 40°, but also equator-
ward advective transport with wind velocities of ~7 cms~!. The
equatorward advective wind results in a slower contamination of
the northern hemisphere. According to this work and to Moreno
et al. (2003), water and HCN are located at the same pressure

level. If confirmed, they should be subject to the same hori-
zontal transport regime. The philosophy of the transport model
of Lellouch et al. (2006) seems to agree with our observations,
but more modeling work is needed to check the consistency of
their K,,(#) and wind velocity profiles.

We recall that the water column density values derived in
this paper correspond to values convolved by the PACS beam.
Because the 66.4um water line targeted for the mapping with
PACS, from which the column densities were derived, is opti-
cally thick, there is no linear relation between the column den-
sities and the observed lines. Therefore, it is not possible to
simply spatially convolve the results of a diffusion model to
compare it with our observation results. The confirmation of
the validity of the horizontal model from Lellouch et al. (2006)
with those data thus requires reproducing the observed map
with a 2D (for geometry) radiative transfer model that could be
fed with the water latitude-dependent distribution output of the
diffusion+advection model. The problem is even more compli-
cated because of the sensitivity of water to photolysis in Jupiter’s
high stratosphere and to condensation in the low stratosphere.
Accordingly, unlike HCN and CO,, water is not chemically sta-
ble and cannot be considered as an ideal tracer for horizontal dy-
namics. A 2D/3D photochemical model including oxygen chem-
istry is therefore necessary to derive constraints on K, (6) and
on advection in Jupiter’s stratosphere at the mbar level. Such
a model would also enable one to retrieve a reliable mass of
the water that was initially deposited by the comet from these
Herschel observations. Recent work by Dobrijevic et al. (2010,
2011) now enables reducing the size of chemical schemes to ac-
ceptable sizes to extend existing 1D photochemical models to
2D/3D by identifying key reactions in the more complete chem-
ical schemes of 1D models. These reduced chemical schemes
will facilitate the emergence of 2D/3D photochemical models
because they reduce the computational time for chemistry by one
to two orders of magnitude.

6. Conclusion

We have performed the first spatially resolved observations of
water in the stratosphere of Jupiter with the HIFI and PACS in-
struments of the Herschel Space Observatory in 2009-2010 to
determine its origin. In parallel, we monitored the stratospheric
temperature in Jupiter with the NASA IRTF in the same periods
to separate temperature from water variability in the Herschel
maps.

We found that the shape of the water lines at 1669.9 GHz in
the HIFI map recorded at very high spectral resolution proves
that the bulk of water resides at pressures lower than 2 mbar.
This rules out any steady source, like the IDP source, in
which water would be present down to the condensation level
(~20-30mbar). A uniform source is also ruled out by both the
HIFI and PACS maps. Indeed, the observations show a north-
south asymmetry in the emission. The water column is roughly
constant in the southern hemisphere and decreases linearly by
a factor of 2—3 poleward in the northern hemisphere, at the
spatial resolution of the observations. This distribution cannot
be attributed to a hemispheric asymmetry in the stratospheric
temperatures, according to our IRTF observations, but rather to
meridional variability of the water column abundance. Thus, the
spatial distribution of water in Jupiter’s stratosphere is clear ev-
idence that a recent comet, i.e., the Shoemaker-Levy 9 comet,
is the principal source of water in Jupiter. What we observe to-
day is a remnant of the oxygen delivery by the comet at 44 °S in
July 1994.
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It is possible that other sources like IDP or icy satellites
may coexist at Jupiter, but, as demonstrated by this work, with
other spatial distribution properties and lower magnitudes than
the SL9 source. The upper limit derived for an IDP source by
Lellouch et al. (2002) (with a flux of 8 x 10* cm™2s7!) is consis-
tent with the Herschel observations, meaning that at least 95%
of the observed water comes from the SL9 comet and subse-
quent (photo)-chemistry in Jupiter’s stratosphere according to
our models, as of today.

Although they reached their objective of determining the ori-
gin of the bulk of stratospheric water in Jupiter, the mapping
observations we presented have insufficient latitudinal resolu-
tion and a lack of information at latitudes higher than ~60° to
assess the relative magnitude of all possible water sources at
Jupiter. The Submillimetre Wave Instrument (Hartogh et al.
2009a) is an instrument proposed for the payload of the recently
selected Jupiter Icy Moon Explorer (JUICE), an L-class mission
of the ESA Cosmic Vision 2015-2025 program, which is to be
launched in 2022 and will study the Jovian system for 3.5 years
starting in 2030. This instrument has several key objectives, one
of which is to map in 3D SL9-derived species in the stratosphere
of Jupiter with scale height vertical resolution and 1° resolution
in latitude. It also proposes to measure the isotopic ratios in wa-
ter and CO. The combination of these measurements will enable
us to separate the spatial and isotopic signatures of all possible
sources and their relative magnitude at Jupiter.
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Fig. 1. Water 5x5 raster map at 1669.9 GHz obtained with Herschel/HIFI on July 7, 2010, after reducing the raw data with the HIPE 8.2.0 pipeline.
The data are shown at their native resolution (1.1 MHz). The pixels are numbered according to the raster observation numbering. The H (red line)
and the V (blue line) polarizations of the WBS are both presented. Jupiter is represented with the black ellipse, and its rotation axis is also
displayed. The black crosses indicate the center of the various pixels according to the H/V mean positions retrieved from the modeling of the
continuum emission. The beam is represented for the central pixel by the red circle.
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Fig. 3. Water map at 66.4 um observed by the PACS spectrometer on December 15, 2010. Jupiter is represented by the black ellipse, and its rotation
axis is also displayed. The beam is represented by a gray filled circle. The continuum (in Jy), the line peak intensity (=//c-1), and the line area (in
microns X % of the continuum) are displayed. While the line peak intensity and line area values can be relied on, the absolute flux values cannot
(see text for more details). This map confirms the lack of emission at mid-to-high latitudes in the northern hemisphere (best seen at the limb).
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ABSTRACT

Context. The CO(3-2) line has been observed in the atmosphere of Saturn. The CO(3-2) observation proves that an external source
of CO exists in the stratosphere of the planet.

Aims. We attempt to constrain the type and magnitude of the external source of CO in the atmosphere of Saturn, by observing the
emission core of the CO(6-5) line.

Methods. We observed the CO(6-5) line at the limbs of Saturn. We analysed the observations by means of a 1-D transport model of
the atmosphere of Saturn, coupled with a radiative transfer model.

Results. We obtained a high signal-to-noise ratio spectrum that confirms the existence of an external source of CO in the stratosphere
of Saturn. We demonstrated that a cometary origin of CO is the most probable, an impact occurring 220 + 30 years ago and depositing
(2.1 £0.4)x 10" g of CO above 0.1 mbar. However, we cannot totally reject the possibility of CO originating (at least partially) in a
steady source.

Conclusions. Complete photochemical modelling of the oxygen compounds is required to determine realistic error bars of the inferred

quantities and to conclude on the origin of CO.

Key words. planets and satellites: individual: Saturn — radio lines: planetary systems

1. Introduction

The detection of H,O and CO, by the Infrared Space
Observatory and Spitzer in the stratosphere of the giant plan-
ets and Titan (Feuchtgruber et al. 1997; Coustenis et al. 1998;
Lellouch et al. 2002; Burgdorf et al. 2006) has proven the exis-
tence of an external source of oxygen in the outer Solar System
that could be in the form of infalling interplanetary dust par-
ticles (IDP), ring and/or satellite particles, or large comets. In
contrast, observing CO in the stratosphere of a giant planet does
not automatically imply an external origin of this species. There
is no condensation sink at the tropopause for CO so that it can
be transported to the stratosphere from the deep hot interior of
the planet. Therefore, CO can either have an internal origin, an
external origin or a combination of both.

A dual origin of CO has already been observed in the at-
mosphere of Jupiter from infrared spectroscopy (Bézard et al.
2002) and tentatively in the atmosphere of Neptune from
(sub)millimetre spectroscopy (Lellouch et al. 2005; Hesman
et al. 2007). In both planets, observations and their analysis
have led to the conclusion that CO, originating in an exter-
nal source, was provided to the atmospheres of the planets by
large comet impacts, the most recent being the impact of the
Shoemaker-Levy 9 (SL9) comet in the atmosphere of Jupiter
(Lellouch et al. 1995, 1997; Bézard et al. 2002).

While the situation is still unclear in the atmosphere of
Uranus (Encrenaz et al. 2004; Cavalié et al. 2008a), Cavalié et al.
(2009) demonstrated using their observations of the CO(3-2) ro-
tational line at 345 GHz that there is an external source of CO in

Article published by EDP Sciences

Saturn (not excluding an internal source that is probably weaker
than in Jupiter). From their analysis, the authors concluded that
this external source possibly had an SL9-like comet impact ori-
gin, but they did not reject the possibility of a steady source
(interplanetary dust particles or grains from the rings and/or
satellites). This first observation of CO in Saturn at submillime-
tre wavelengths has motivated the observations that we present
in this paper. We have targeted the central emission core of a
CO line at an even higher frequency (691.473 GHz) to directly
probe the stratosphere of Saturn around 1 mbar and thus the ex-
ternal source of CO, while our previous attempt at 345 GHz
probed a layer around 10-30 mbar (line in absorption). These
observations aim to confirm the presence of an external source
of CO and determine the most plausible source: a steady source
or a sporadic source.

In this paper, we present the first observations of the
CO(6-5) line in Saturn using heterodyne spectroscopy. In
Sect. 2, we describe the observations and the data reduction. We
then describe our atmospheric and radiative transfer models in
Sect. 3 and the results obtained from our modelling in Sect. 4.
We discuss them in Sect. 5 and finally present our conclusions
in Sect. 6.

2. Observations
2.1. Data acquisition

Observations of Saturn at the frequency of the CO(6-5) line
(ve-s = 691.4730763 GHz) were performed using the D-band
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Table 1. Summary of Saturn’s observations.

Date 7(183 GHz) Number of % of used Remarks
limb scans scans
23 Jan. 2009 0.04-0.05 Observing strategy tests
27 Jan. 2009 0.05-0.06 2 100% Observing strategy tests and validation
30 Jan. 2009 0.05-0.06 2 50% 50% of the scans lost due to bad pointing
13 Mar. 2009 0.05-0.06 4 50% 50% of the scans lost due to bad pointing
14 Mar. 2009 0.04-0.05 4 75% 25% of the scans lost due to bad pointing

Notes. Indicated: the date of the observations, the zenithal opacity conditions at 183 GHz during the observations, the number of limb scans that
have been recorded, the percentage of the scans that have been used in the analysis, and remarks about the performed observations.

Fig. 1. On-scale scheme representing the 2-point jiggle-map observing
mode. The larger disk represents Saturn’s disk, while the smaller and
filled ones correspond to the antenna beam in each of ON observed po-
sitions. The centre of the 7 beam is alternately centred on the eastern
and western limbs and then a common OFF position is observed 60”
away from Saturn’s centre in the eastern direction. Eastern and west-
ern limb observations were carried out at equatorial latitudes, the sub-
earth point latitude being [-3°; —1°] during the observations. Note: The
rings are not displayed on the figure for simplicity, as they were close
to edge-on.

receiver of the James Clerck Maxwell Telescope (JCMT) on 23,
27, and 30 January 2009, and on 13-14 March 2009. The
zenithal opacity conditions at 183 GHz (JCMT data) and
225 GHz (Caltech Submillimeter Observatory data) were in the
0.04-0.06 range, i.e., 0.9—1.2 mm of precipitable water vapour,
for every single observation, well within the specifications for
observations at this frequency (see Table 1).

We carried out the observations with the D-band receiver in
dual polarization and single-side band mode over a bandwidth of
250 MHz. Our strategy consisted in taking advantage of the rela-
tively small beam (7”) compared to Saturn’s size (19.5” x17.5")
and the rapid rotation of the planet, to observe alternately the
eastern and western limbs of the planet and then subtract one
resulting spectrum from the other. This was performed using
a customized 2-point jiggle-map observing mode, in which the
eastern and western limbs are observed consecutively as ON po-
sitions, both of them sharing a common OFF position observed
afterwards (see Fig. 1). Both lines, Doppler-shifted by the rapid
rotation of the planet, are thus present in the final spectrum, one
with a positive amplitude and the other with a negative ampli-
tude.

The multiple advantages of this “limb-switching” observing
technique are the following: i) stronger line contrast; ii) reduc-
tion in the amplitude of the baseline ripples; and iii) isolation of

Page 2 of 7

the stratospheric line core formed at stratospheric pressure levels
around 1 mbar by subtracting the tropospheric wide absorption
feature. This technique obviously requires good pointing preci-
sion to balance both limb observations efficiently and equilibrate
at best the continuum levels. This is why we have not included
the spectra for which the difference between the two limbs was
too large in our analysis. In the end, 2/3 of the observations were
usable (see Table 1).

We also performed short disk-centred observations to mea-
sure the continuum level at the frequency of interest. This value
is needed to establish a proper flux reference, the continuum
level value at the limb being too sensitive to the pointing. Our
subsequent analysis was then performed in terms of line-to-
continuum ratio.

The D-band receiver has two independent channels (A
and B). The JCMT staff reported on 27 March 2009 that chan-
nel B had a persistent difference in flux with channel A after
20 January 2009, probably caused by the partial vignetting of
channel B, that led to a loss of 40% of the flux. From our cali-
bration observations, we established that this difference between
the channels has remained constant (within a 5% error bar) over
the entire observation period. So, both the disk-centred and the
limb observations were affected by the same flux losses in chan-
nel B. This is why we chose not to reduce independently the data
of the two channels before averaging them, the loss in the disk-
centred observations being proportionally the same as the loss in
the limb observations.

2.2. Data reduction

The data were processed with the Starlink software of the JCMT.
Before combining the different observations, we accounted for
the Earth-Saturn relative velocity in the individual spectra (from
—20 kms~! in January 2009 to 3 kms~! in March 2009).

After combining the observations, each limb was treated sep-
arately before applying the subtraction. The antenna temperature
of the continuum at the eastern and western limbs and at the disk-
centre are 15.2 K, 11.6 K, and 29.4 K, respectively. The limb val-
ues show that there is a small westwards pointing shift, because
the difference between them cannot be caused by atmospheric
temperature differences at the limbs. By comparing the observed
continuum with theoretical computations of the continuum over
the planetary disk, we estimate that the average pointing offset
on the eastern and western limbs is ~0.5”. The ratio of the av-
erage of the limb values to the disk-centre value is equivalent to
the predicted value to within 4%. We rescaled each limb spec-
trum continuum to the average of the limb continuum values,
i.e., 13.4 K, to account for small pointing errors. We then sub-
tracted the western limb spectrum from the eastern limb one and
removed a polynomial baseline of third order to obtain the final
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Fig. 2. Temperature (solid line) and eddy diffusion coefficient (dashed
line) vertical profiles used in the computations. The 7'(z) and K(z) pro-
files come from Ollivier et al. (2000) and Moses et al. (2000a), respec-
tively.

spectrum. Since the width of the line is ~17 MHz, we adopted a
spectral resolution of 4 MHz to increase the signal-to-noise ratio
(§/N) without lowering the quality of the lineshape.

We rescaled the continuum of the disk-centred observations
to the continuum of our model. So, the final spectrum we present
is expressed in terms of the brightness temperature difference
between the western and eastern limbs (AT (V))j;mps and

Ty )
*
T‘d disk—centre

where (AT;(v))ms 1S the difference between the western
and eastern limbs on the antenna temperature scale and
(To/T}) gisk—centre 18 the ratio of the model brightness tempera-
ture to the observed antenna temperature in the continuum at the
disk-centre.

ATo(Mtimbs = (AT 3 (M) )jigs X ( 1

3. Radiative transfer and atmospheric models

The model we used to perform our radiative transfer analysis was
described in Cavalié et al. (2008a) and Cavalié et al. (2009). It
is a 1D line-by-line model that accounts for the ellipticity of the
planet. The limb emission is taken into account. Here, we chose,
for simplicity, not to account for the absorption and emission of
the rings, because the ring inclination was always lower than 3°.

We compared the synthetic spectra computed from our ra-
diative transfer model with our observations. The shape of the
synthetic spectra depends on the vertical profile of CO. The ver-
tical profile that enabled us to retrieve the CO abundance at the
levels that we probed were generated by the 1D time-dependent
transport model of the atmosphere of Saturn of Cavalié et al.
(2009). The parameters that we fixed prior to our analysis were
the CO mixing ratio at the lower boundary ¢.,, the atmospheric
thermal profile 7'(z), and the eddy diffusion coeflicient vertical
profile K(z). The value of ¢, was set to be zero in every case,
except in the internal-source-only model (see Sect. 4). The T'(z)
profile was taken from Ollivier et al. (2000) and the K(z) profile
from Moses et al. (2000a). Both profiles are displayed in Fig. 2.
The effect of the uncertainties on 7'(z) and K(z) will be discussed
in Sects. 4 and 5.

Line-to-continuum ratio [%]

Velocity [km.§']

Fig.3. Beam-integrated spectra, expressed in terms of line-to-
continuum ratio, obtained for different lines of sight. The spectrum in
solid line with a peak maximum at —9.2 km s™! corresponds to an east-
ern limb line-of-sight. Other spectra correspond to increasing offsets to-
wards the disk-centre in steps of 1”. The last spectrum (solid line with
peak at 0 kms™") corresponds to a disk-centre line-of-sight. The situa-
tion is symmetric on the western side of the disk. This plot shows that
the more the beam is pointed towards the disk-centre, the more the line
amplitude decreases and the more the line position is shifted towards
0 kms™'. To obtain lines centred around —8.7 kms™' and +7.7 kms™!,
offsets of 2 from the eastern limb line-of-sight position and of 5” from
the western limb line-of-sight position, respectively, would be needed.

We considered two types of external source models: a steady
source model and a sporadic source model. We used the same
formalism as Cavalié et al. (2009). In the case of the steady
source model, we attempted to derive the disk-averaged CO ex-
ternal flux from the observations, while we tried to derive the
impact time #p and the CO mixing ratio go that would be de-
posited above 0.1 mbar by an SL9-like comet. The value of g is
also disk-averaged (see Cavalié et al. 2008b; and Cavalié et al.
2009, for further details of the modelling).

4. Results

The line was unambiguously detected independently on both
limbs (S/N > 5 for each observing date). In the final spectrum,
we obtain a peak-to-peak S/N of 25 at 4 MHz resolution. The
eastern limb peak occurs at —8.7 kms™! (close to the predicted
velocity of —9.2 kms™!), while the western limb peak is centred
on +7.7 kms~!. This result is not caused by the averaged point-
ing offset of ~0.5”. To obtain this velocity shift, the beam centre
of the eastern observation would have to be shifted by 5” to-
wards the centre of the disk (see Fig. 3). This seems inconsistent
because continuum values show that the pointing error is lower
than 1”” on both limb observations. This shift could be caused by
strong stratospheric winds. However, the prograde stratospheric
thermal winds measured by Cassini/CIRS (Liming et al. 2008)
are inconsistent with those inferred from our observations, pos-
sibly indicating that the forcing of the circulation in Saturn’s at-
mosphere is not purely thermal. We need to include retrograde
winds of ~450 ms™! at the eastern limb and ~850 ms™! at the
western limb to reproduce the lines. Finally, the shift could also
be partly caused by the subtraction process and the limitation
in the §/N of the observations. We are presently unable to say
unambiguously why this shift is observed. So, in our analysis,
we fitted both limbs as if they were located at their predicted
velocity.
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Fig.4. Raw spectra at the eastern (fop) and western (bottom) limbs of
Saturn at the CO(6-5) frequency in terms of antenna temperature as a
function of velocity.

4.1. Uncertainty analysis

The main source of uncertainty in the CO abundance measure-
ment comes from the pointing uncertainty of ~0.5”". Depending
on the pointing accuracy, the antenna temperature continuum
level at the disk-centre varies slightly. The relative uncertainty
in the observed brightness temperature contrast of the line
(ATb)iimps depends linearly on the relative uncertainty in the an-
tenna temperature at the disk-centre (77)gig_cenre and on the
uncertainty in the peak-to-peak line contrast (A7) .. From
Eq. (1), we derive
* *

U[(ATb)limbs] _ o [(ATa )limbs] n o [(Ta )disk—cemre] (2)
(A Tb)limbs (A Ty )limbs (T:)disk—centre

The peak-to-peak S/N being 25, the value of the first term in the
equation is 4%. From our repeated measurements, we find a rel-
ative uncertainty of 10.5% in the value of (7)) yi—centre» 1€2ding
to a total relative uncertainty in the brightness temperature line
contrast of 15%.

This pointing uncertainty also causes some uncertainty in the
modelling of the line. So, we checked how the modelled line
strength is influenced by pointing errors of +0.5”. We modelled
the limb emission on both limbs with pointing shifts of +0.5”
and applied the same subtraction procedure as applied to the data
to obtain values that could be compared. In the end, a pointing
error of 0.5 in the modelling produces an uncertainty corre-
sponding to 5% of the line contrast (see Fig. 5).

The subtraction process removes information contained in
the far wings of the line and thus about the abundance of CO
and/or the temperature at altitude levels lower than those probed
by the emission core. However, we note that the first observa-
tions were performed for a 1 GHz band and that no wide feature
could be observed from the individual limb observations.

We also checked whether neglecting the CO produced by
a potential internal source (by modelling the CO distribution
due to the external source only) would generate an error in the
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Fig. 5. Effects of a pointing error of —0.5" (dashed line) and +0.5” (dot-
ted line) on the modelled spectrum. The solid line represents a comet-
impact model with (g, 7o) = (3.5 % 107¢,220 years). We note that the
centre of the peaks is shifted only by ~+0.1 kms™' with these pointing
shifts.
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Fig. 6. Spectra of the CO(6-5) line for at the eastern and western limbs
for two models, expressed in terms of line-to-continumm ratio. The
spectra have been computed for a comet impact model (eastern limb
in solid line and western limb in long-dashed line) and for the same
comet impact model in which an internal source of CO with a deep mix-
ing ratio of 10~ has been added (eastern limb in short-dashed line and
western limb in dotted line). These plots show that an internal source
only changes the line-to-continuum ratio in a negligible way since the
results for the different models are hardly distinguishable.

line-to-continuum ratio or not. We therefore computed the line
for two kinds of models, the first being the comet impact model
with no internal source, and the second the comet impact model
with an internal source characterized by a mixing ratio of 107,
which corresponded to the upper limit derived by Cavalié et al.
(2009) and the mixing ratio necessary to account for the 5 um
observations in the case of the internal origin model for CO of
Noll & Larson (1991), to check whether the line-to-continuum
ratio was changed. Figure 6 shows that the line-to-continuum
ratio of each limb changes only negligibly.

The thermal profile of Saturn shows more variations as a
function of latitude at low pressures than at higher pressures
(Fletcher et al. 2007). Given the size of the antenna beam (7”),
that we target the eastern and western limbs, and that the sub-
Earth point latitude was always between —1° and —3°, we con-
sidered the variations in temperature between —30° and 30°:
AT ~ 2-3 K if p > 35 mbar, and AT ~ 5 K if p < 6 mbar
(Fletcher et al. 2007). An uncertainty of 5 K in the thermal pro-
file seems therefore to be reasonable. By shifting the entire ther-
mal profile by +5 K, the relative uncertainty in the modelled line
contrast is about 4%. If we shift only the upper part (p < 1 mbar)
of the thermal profile by +5 K, then the uncertainty in the mod-
elled line contrast reaches 11%. This is still lower than the error
bars related to our observing technique.
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Fig.7. Limb-switched spectrum of Saturn centred around Saturn’s ve-
locity compared to various models. From the observations, an external
source is evident since an internal source of CO (g., = 10~%, uniform
with altitude) results in the dotted line synthetic spectrum. A steady flux
of CO of ¢, = 4.1 x 10° cm™ s™! results in the dashed line. An SL9-like
comet impact model with the parameters (g, f) = (3 X 107,200 years)
is shown in solid line.

Another source of uncertainty in the derivation of model pa-
rameters is the K(z) profile in the stratosphere. The K(z) profile
was set so as to produce abundance vertical profiles that result in
the closest possible match with the observations of hydrocarbons
(Moses et al. 2000a). However, the constraints placed on K(z)
by hydrocarbons strongly depend on the set of chemical con-
stants that are used in the chemical scheme of the photochem-
ical model. The retrieved K(z) depends on the uncertainties in
the chemical constants of the photochemical model as shown by
Dobrijevic et al. (2003). The uncertainty in the K(z) profile can
reach an order of magnitude. In this work, we did not investigate
the effect of this uncertainty. We will investigate the uncertainty
in the K(z) profile in a future paper, where we will also take all
the photochemical processes into account.

4.2. Determination of external source parameters

First, we underline that the CO line is unambiguously produced
by an external source of CO. Figure 7 compares the data with
the synthetic line data computed from an internal source model
in which the CO mixing ratio is 10™ and uniform with altitude
(upper limit derived by Cavalié et al. 2009; as well as mixing
ratio necessary to account for the 5 um observations in the case
of the internal origin model for CO of Noll & Larson 1991).
This model produces a line that is ~20 times fainter than that
inferred from the observed line contrast. So, the contribution of
an internal source is negligible in the spectrum. Hereafter, we
will focus on models with an external source only and derive the
parameters of these models (i.e., flux or comet mass and impact
time).

For a steady flux of CO generated by either interplane-
tary dust particles or a local source, we derive a ¢, value of
(4.1+0.6)x 10° cm™2 57! (see spectrum in Fig. 7). When the CO
originates from an SL9-like event, the CO line is mainly sen-
sitive to two parameters, the volume mixing ratio g, deposited
above the 0.1 mbar level and the time elapsed since the impact #,.
The values that provide the best fit to the CO(6-5) spectrum are
(g0 10) = ([3.0 £ 0.6] x 1079, ZOOfig years).

5. Discussion

The central emission core of the CO(6-5) rotational line that we
have observed is sensitive only to the stratospheric CO distribu-
tion (see Fig. 8). We have shown that an internal source only of
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Fig. 8. Contribution functions (not integrated over the beam) of the
central emission core of the CO(6-5) line as a function of pressure,
computed for a limb line-of-sight (at the centre of the beam) and
smoothed to a resolution of 4 MHz. The solid line corresponds to the
SL9-like comet impact model (gy = 3 X 107°, 1, = 200 years), which
reproduces the CO(6-5) observation. The dashed line correponds to
the best-fit steady source model for the CO(6-5) observation (flux of
4.1x10° cm™2s~' CO molecules). For comparison, the contribution
function for the internal source model (g, = 10™) and a model without
any CO are represented by the dotted and dashed-dotted lines, respec-
tively.

CO (geo = 1077) cannot account for the line contrast that we have
observed. Therefore, we cannot place any additional constraint
on the strength of the internal source of CO in the atmosphere of
Saturn.

Prior to a discussion about the external source of CO in
Saturn, we need to understand what the contribution functions
tell us for the CO(6-5) line. Because we also used the results
presented in Cavalié et al. (2009), we analysed the contribution
functions of the CO(3-2) lines. The contribution functions cor-
responding to the central frequency of the CO(6-5) line at the
planetary limb (beam central line-of-sight) are shown in Fig. 8.
They show where the observed emission core is formed. We
computed the contribution functions both for the internal and
external source models and for a CO free atmosphere model
(for comparison). The contribution functions of the CO(6-5)
line clearly show that the emission line is formed at pressures
of ~1 mbar. The second peak of these functions, which is cen-
tred between 100 and 1000 mbar, causes the continuum emis-
sion. Theoretically, the CO(3-2) line centre probes also up to the
same region. The central emission seen in the external models of
the line in Cavalié et al. (2009, see their Figs. 9 and 11) is formed
in this region. However, because the S/N is low, it is not possi-
ble to constrain the CO abundance in this region as precisely as
with the CO(6-5) line presented in this paper, whose S/N is much
higher. Most of the central emission peak contrasts modelled for
the CO(3-2) are smaller than the noise level. On the other hand,
the CO(3-2) line shows a distinctive absorption feature in disk-
centre geometry'. To show where the CO(3-2) absorption is
formed, we have computed the contribution functions at 20 MHz
from the line centre on a disk-centred line-of-sight for several
models presented in Cavalié et al. (2009), from which we have
subtracted the contribution function obtained from a CO free at-
mosphere model (see Fig. 9). This has enabled us to remove the

! The line forms in a region where the temperature is lower than the
continuum temperature, leading to an absorption feature.
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Fig. 9. The different lines plotted result from the subtraction of the con-
tribution function obtained for a CO free atmosphere in the contribution
functions obtained from several models for a disk-centred line-of-sight.
‘We have plotted these functions at 20 MHz from the central frequency
to focus on the observed absorption feature. Here, the curves corre-
sponding to a comet impact (go = 3x 107°, £, = 250 years) and to
an external steady source of CO (¢, = 1.5 X 10® cm™2s7!) are the solid
and the dashed lines, respectively. The dotted curve refers to an internal
source model (g., = 107). Note: The contribution functions used here
have not been integrated over the beam but have been smoothed to the
spectral resolution of the observation (16 MHz).

continuum contribution and thus focus on the CO contribution.
We have chosen to plot the contribution functions at 20 MHz
from the central frequency to avoid the central emission core. In
Cavalié et al. (2009), the models that most successfully repro-
duce the line are a cometary model for which gy = 3 x 107 and
top = 250 years (solid line in Fig. 9) and a steady source model for
which ¢, = 1.5x 10° cm™2s~! (dashed line in Fig. 9). Finally,
these contribution functions indicate where the observed absorp-
tion line originates: it is formed around 10 mbar. In the end, the
CO(6-5) observation probes pressures centred around 1 mbar
on the limb, while the 20 MHz wings of the CO(3-2) line at the
disk-centre probe a layer centred around 10 mbar. So, using both
observations enables us to retrieve vertical information about the
CO distribution at two different pressure levels.

From the SL9-like comet impact model, an entire set of
(qo, to) couples, shown in Fig. 10, produces models that match
the line. At the frequency of the CO(6-5) line, the higher g, the
longer #p must be to provide a satisfactory fit to the data. In con-
trast, the lower go, the longer 7o must be to match the CO(3-2)
spectrum obtained by Cavalié et al. (2009). So, the possible val-
ues of 7y as a function of g¢ exhibit different behaviour depend-
ing on the observed line (see Fig. 10). This result comes from
the pressure levels that are probed by these lines being different,
as mentioned previously. The abundance of CO decreases with
time at the pressure levels probed by the CO(6-5) emission line,
whereas it increases with time at the pressure levels probed by
the CO(3-2) absorption line.

Figure 10 shows that the set of values for (g, #y) that we
derive for the CO(6-5) line overlaps with the set of values de-
rived from the observations of the CO(3-2) line by Cavali€ et al.
(2009). This overlap is close to the location of our preferred val-
ues for (go, to), i.e., ([3.5£0.5]x 107, 220 + 30 years). The cor-
responding CO mixing ratio vertical profile is shown in Fig. 11,
and the resulting spectra at the CO(3-2) and CO(6-5) frequen-
cies are shown in Fig. 12. This result confirms that a cometary
origin for the CO present in the stratosphere of Saturn is

Page 6 of 7

Fig. 10. Parameters ¢, and 1, in the case of an SL9-like comet impact de-
rived from the CO(6-5) observations (red dotted area, this work). The
parameters retrieved by Cavalié et al. (2009) from CO(3-2) observa-
tions using the same modelling are also shown for cross-comparison
(blue dashed area).

0.0001

0.001

0.01

0.1

Pressure [mbar]

1000 B~ 7

10000 1 I I I I I
le-11 le-10 le-09 le-08 le-07 1le-06

CO Mixing ratio

le-05

Fig. 11. CO mixing ratio vertical profiles of several external source
models. The solid line corresponds to the profile obtained for a comet
impact 220 years ago, with gy = 3.5x 107°. This model reproduces
the CO(3-2) observations and the CO(6-5) observation as well. The
long-dashed and short-dashed lines correspond to steady source mod-
els with ¢, = 4.1 x 10° cm™2s~! (CO(6-5) line best match) and ¢, =
1.5x 10° cm™ ™! (CO(3-2) line closest match), respectively.

possible. The mass of CO deposited by the comet would be
(2.1 +£0.4)x 10" g, corresponding to approximately 3 times the
mass of SL9 (Moreno et al. 2003). Collisions of such comets
with Saturn occur once every ~750 years, according to Zahnle
et al. (2003).

For a steady source of CO, a flux of ¢, = (4.1 =
0.6)x 10® em™2s7! is required to fit the CO(6-5) line obser-
vations (vertical profile shown in Fig. 11). This value is in-
consistent with the flux retrieved with the same model from
the CO(3-2) observations, i.e., ¢eo = (1.5 + 0.4) x 10° cm™2 57!
(Cavalié et al. 2009). Figure 12 clearly shows that a flux of
4.1x10° em™2s7! results in far too deep absorption at the
CO(3-2) frequency and that a flux of 1.5 x 10° cm™2s~! under-
estimates the CO(6-5) emission. This inconsistency is caused by
different layers being probed by the two observed lines, so that
the fluxes needed to account for the observed CO at each layer
are also different. So, using the assumed K(z) eddy-diffusion co-
efficient vertical-profile ensures that a steady source seem less
likely, compared to the comet impact model results.
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Fig. 12. Spectra of the CO(3-2) line (top) and the CO(6-5) line (bot-
tom). The only model that fits both lines is the comet impact model in
which (qo, t0) = (3.5% 107, 220 years). It is plotted as a solid line.
The external steady source model fails to reproduce both lines with
the same flux. A flux of 1.5x 10° cm™2s~' CO molecules would be
needed at the CO(3-2) frequency (short-dashed line), whereas a flux
of 4.1 x10° cm™s™' CO molecules would be needed at the CO(6-5)
frequency (long-dashed line). Note: The layout for each model corre-
sponds to that of Fig. 11, where the corresponding vertical profiles are
shown.

6. Conclusion

We have obtained the first observation of the CO(6-5) line in the
atmosphere of Saturn from “limb-switching” observations with
the JCMT. We have analysed our data by applying a 1-D trans-
port model coupled with a radiative transfer model and tested
several hypothese for the possible origin of CO in the atmo-
sphere of the planet.

The first outcome of this work is that an internal source
of CO with ge, = 107, corresponding to the upper limit de-
termined by Cavalié et al. (2009), cannot explain the observed
emission features, thus confirming that there is an external
source of CO in the stratosphere of Saturn. A steady flux of
CO of (4.1 +£0.6) x 10° cm™?s™! produces a synthetic line that
matches the observations as well as a sporadic input of CO that
would have been caused by the collision of a SL9-like comet
~200 years ago.

We have then compared our results with the results obtained
by observing the CO(3-2) absorption line by Cavalié¢ et al.
(2009). Because these lines probe different pressure levels,
we have been able to constrain the CO vertical profile more
precisely than possible before. Our analysis now clearly favours
a cometary origin for CO in the stratosphere of Saturn with
model parameters go = (3.5+0.5) x 107 and # = 220+30 years,

resulting in a deposition of (2.1 + 0.4)x 10'> g of CO. In con-
trast, the steady source model infers inconsistent values for the
CO flux for the CO(3-2) and CO(6-5) observations.

However, we cannot firmly reject the possibility that CO
originates (at least partially) in a steady source, because account-
ing for the photochemistry of H,O would result in the production
of CO (Moses et al. 2000b) and would thus modify the CO verti-
cal profile and affect the flux values. It is unclear at which levels
the CO is produced from H,O, but the effects of CO production
from H, O photochemistry on the spectrum of Saturn at 345 GHz
and 691 GHz should depend on the CO production rate vertical
profile and on the K(z) profile. Confirmation of this is beyond
the scope of this present paper and is left to future analysis.

At the frequencies of H,O and CO, observations of Saturn
will be conducted by the HIFI instrument of the Herschel Space
Observatory (Hartogh et al. 2009). These observations should
produce very high S/N observations of H,O and CO that will
enable us to obtain their vertical profiles with unprecedented ac-
curacy. Photochemical modelling of the oxygen compounds in
the atmosphere of Saturn will thus gain precision and enable us
to test the validity of the models presented in this paper.
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Appendix C

List of acronyms

Institutes, agencies, etc.

ASP
CENBG
CNES
CNRS
DFG
ESA
IdEx
IN2P3
ISM
LAB
LAM
LESIA
LISA
LMD
LRGP
MPS
NASA
NRAO
SF2A
SFP
SwRI
UB
UM

Atmospheres et Surfaces Planétaires

Centre d’études Nucléaires de Bordeaux-Gradignan

Centre National d’Etudes Spatiales

Centre National de la Recherche Scientifique

Deutsche Forschungsgemeinschaft (German Ministry of Research)
European Space Agency

Initiative d’Excellence

Institut National de Physique Nuclaire et de Physique des Particules
Institut des Sciences Moléculaires

Laboratoire d’ Astrophysique de Bordeaux

Laboratoire d’ Astrophysique de Marseille

Laboratoire d’Etudes Spatiales et d’Instrumentation en Astrophysique
Laboratoire Interuniversitaire des Systemes Atmosphériques
Laboratoire de Météorologie Dynamique

Laboratoire Réactions et Génie des Procédés

Max Planck Institute for Solar System Research

National Aeronautics and Space Administration

National Radio Astronomy Observatory

Société Francaise d’ Astronomie et d’ Astrophysique

Société Francaise de Physique

Southwest Research Institute

Université de Bordeaux

Université de Montpellier

Observatories, missions, and instruments

ALMA
CIRS
CRIRES
CSHELL
HIFI

INMS
IRAM-30m

Atacama Large Millimeter/Submillimeter Array

Composite Infrared Spectrometer

Cryogenic high-Resolution InfraRed Echelle Spectrograph
Cryogenic Echelle Spectrograph

Heterodyne Instrument for the Far Infrared

Ion and Neutral Mass Spectrometer

30m telescope of the Institut de Radio Astronomie Millimtrique
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List of acronyms

IRTF
ISO
JCMT
JUICE
JWST
MWR
NOEMA
PACS
SMA
SOFIA
SPIRE
STIS
SWAS
SWI
TEXES
[OAA
VISIR
VLT

JUICE

3GM
ACS
CCH
CTS
DPU
EM
GALA
GCO
GEO
GOI
IDS
JANUS
JOI
J-MAG
MAIJIS
MAPPS
MOC
OPT
PEP
PRIDE
PS
RIME
RPWI
SOC
SWI
SWT
UVvS
WG

InfraRed Telescope Facility

Infrared Space Observatory

James Clerk Maxwell Telescope

Jupiter Icy Moons Explorer

James Web Space Telescope

Microwave Radiometer

NOrthern Extended Millimeter Array
Photodetector Array Camera and Spectrometer
SubMillimeter Array

Stratospheric Observatory For Infrared Astronomy
Spectral and Photometric Imaging Receiver
Space Telescope Imaging Spectrograph
Submillimeter Wave Astronomy Satellite
Submillimetre Wave Instrument

Texas Echelon Cross-Echelle Spectrograph
UltraViolet Spectrometer (Juno or JUICE)

VLT Imager and Spectrometer for mid-InfraRed
Very Large Telescope

Gravity & Geophysics of Jupiter and Galilean Moons
Autocorrelator Spectrometer

Continuum Channels

Chirp Transform Spectrometer

Digital Processing Unit

Engineering Model

GAnymede Laser Altimeter

Ganymede Circular Orbit

Ganymede Elliptical Orbit

Ganymede Orbit Insertion

Interdisciplinary Scientist

Jovis, Amorum ac Natorum Undique Scrutator (visible and near-infrared camera)
Jupiter Orbit Insertion

JUICE MAGnetometer

Moons And Jupiter Imaging Spectrometer

Mapping and Planning Payload Science

Mission Operation Center

SWI Observation Planning Tool

Particle Environment Package

Planetary Radio Interferometer & Doppler Experiment
Project Scientist

Radar for Icy Moons Exploration

Radio & Plasma Wave Investigation

Science Operation Center

Submillimetre Wave Instrument

Science Working Team

UltraViolet imaging Spectrograph

Working Group



Ixxxi

Others

A&A
CASA
GCM
HssO
IDP
LTE
QBO
QPO
QQO
SAO
SL9
S/C
S/N

Astronomy and Astrophysiqucs

Common Astronomy Software Applications

General Circulation Model

Herschel Solar System Observations

Interplanetary Dust Particles

Local Thermodynamical Equilibrium

Quasi-Biennal Oscillation

Quasi-Periodic Oscillation (also referred to as Semi-Annual Oscillation)
Quasi-Quadriennal Oscillation

Semi-Annual Oscillation (also referred to as Quasi-Periodic Oscillation)
Shoemaker-Levy 9 (comet D/1993 F2)

Spacecraft

Signal-to-noise ratio
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