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Abstract

For decades, the origin of colour-carrying compounds (‘chromophores’) in Jupiter and
Saturn’s atmospheres has remained elusive. Changes in colour are often associated with
cyclical meteorological events (‘upheavals’) on Jupiter. Multiple datasets were obtained
from the VLT/MUSE instrument between 2014 and 2018, each containing spatially-
resolved spectra of Jupiter and Saturn between 0.48um and 0.93um. We describe the ana-
lysis of these datasets to characterise Jovian and Saturnian chromophores and to retrieve
abundance profiles of aerosol and gaseous ammonia. Through limb-darkening analysis
of Jupiter’s NEB, we retrieved chromophore optical constants similar to the laboratory
chromophore of (Carlson et al. [2016] Icarus 274, 106-115). These also provided a good
fit to spectra of the Great Red Spot, but not to spectra of Jupiter’s zones. We applied
these chromophore optical constants to other regions of Jupiter, and found that red haze
in the NTBs was initially associated with elevated aerosol abundances, but remained in
the atmosphere long after upwelling had subsided. We verified previous findings of colour
and haze structure changes relating to the shrinkage of the Great Red Spot, where we
retrieved the altitude of the chromophore layer at the tropopause. We found no evidence
of changes to the cloud structure of Oval BA to explain its fade in colour in 2018. An
equivalent retrieval of chromophore optical constants from Saturn’s NEB resulted in an
absorption spectrum similar to the laboratory chromophore of (Noy et al. [1981] JGR:
Oceans 86, 11985-11988), which we located just above Saturn’s tropospheric haze. How-
ever, we found considerable variability in Saturn spectra that was not entirely consistent
with a single chromophore compound. We believe that this work provides a significant
contribution to our understanding of both colour and tropospheric aerosol structure on
Jupiter and Saturn, and sheds light on the origin of spatial and temporal changes in the

visible appearance of the two planets.
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Nomenclature

0.89um Shorthand for the strongest and broadest methane absorption feature in the MUSE wave-

length range, sensitive to aerosol around 0.1-0.2um.

Abundance When relating to aerosol, the local specific density (in particles cm?/gram of atmo-

sphere) of particles in the atmosphere. When referring to gas, the volume mixing ratio.

Angular triplet A unique set of three angular values that defines how sunlight is reflected from a

given location on the planet to an observer. This consists of a) the angle of incidence of
solar radiation with respect to nadir (also known as the ‘solar zenith angle’), b) the angle of
reflection with respect to nadir (also known as the ‘emission angle’ or ‘viewing zenith angle’)
and c) an azimuthal angle between the solar and viewing zenith angles. The angle between

incident and reflected radiation is known as the ‘phase angle’.

Blue wavelengths The region of the spectrum between 0.45 and 0.495um.

Blue-absorption gradient The degree of the slope that is usually present in the spectra of Jupiter

and Saturn between 0.4um and 0.6pum, a quantitative measure of the local redness of the

atmosphere.

Chromophore The generic term for a coloured, usually red or yellow, compound (or functional

Cloud

group of a molecule that is responsible for the molecule being coloured) that is present in
the atmospheres of Jupiter and Saturn to varying degrees. This is usually distinguished in

this thesis from cloud or haze, which is assumed to be white or colourless.

A dense region of aerosol, usually at lower altitudes and with a larger particle mean radius,
and formed from the condensation of upwelling gases from the interior. In this thesis, it it
often used as a short-hand for the thick layer of aerosol that marks the deepest level that

MUSE can observe, usually around 1 bar, and is explicitly distinguished from chromophore.

vii



Deep Troposphere The region of the atmosphere below the visible cloud layers (> around 3 bars on
Jupiter and > around 1 bar on Saturn) that can only be remotely sensed at microwave /radio

wavelengths.

Discrete Feature Any visible feature in the atmosphere (such as a vortex or storm feature) that is

distinct from the general zone-belt structure of Jupiter or Saturn.

Haze A sparse region of aerosol, usually at higher altitudes and with a very small particle mean
radius. The constituents of haze are generally thought to be the products of photochemistry,
but the presence of condensibles could also have some contribution. In this thesis, it it often
used as a short-hand for aerosol layers above the main cloud level around 1 bar, and is usually

distinguished from chromophore.
Jovian Of, or relating to, Jupiter.
Kronian Of, or relating to, Saturn. In this work we prefer to use the word ‘Saturnian’.

Opacity A measurement of the thickness of an aerosol layer and its impenetrability to electromag-
netic radiation. Technically, this is calculated as the particle density (in particles/cm?)
multiplied by the thickness of a specific atmospheric layer (in cm) and then divided by the

extinction cross-section of the particles (in cm?) at a given wavelength.

Science In the context of calibration and reduction, we refer to the observation of Jupiter and Saturn
itself as a ‘science observation’ or simply a ‘science’; in order to distinguish it from calibration

data.

Standard In the context of calibration and reduction, a ‘standard’ is a reference star whose spectrum
is known a priori. Generally, this spectrum contains as few stellar absorption lines as possible,

and which are easily interpolated over.

Tropopause A cold trap region that separates the troposphere and the stratosphere, located at

around 0.1 bars on both Jupiter and Saturn.

Upper Troposphere The region of the atmosphere just below the tropopause (around 0.1-0.5 bars),

home to some sort of haze layer on both Jupiter and Saturn.
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Chapter 1

Introduction

1.1 Overview and thesis structure

Jupiter and Saturn have a lot to teach us about the nature of planetary atmospheres. Being,
to first approximation, balls of gas makes them ideal laboratories to test the behaviour of fluid,
chemical and radiative processes under conditions that cannot be replicated on Earth. This allows
for their atmospheres to be used as analogues for extrasolar gas giant atmospheres, which are more
difficult to observe from the Earth and whose spectra are less constrained. They also have simpler
atmospheres to model than the Earth, since biological processes and interactions with rocky surfaces
or oceans do not need to be taken into account. Moreover, since radiative damping on the gas giants
is much smaller than on Earth, the effects of solar forcing can be more easily observed [Squyres,
2011, Simon-Miller et al., 2007]. This therefore provides a first-order template onto which other more
complex processes can be added to accurately model the atmosphere of our own planet. However,
there is also some added complexity due to the fact that the atmospheres of the gas giants extend
deep into the interior and are not simply confined to a shallow layer as on the Earth.

Since the dawn of the space age, most spacecraft intending to gain enough propulsion to reach
the outer solar system have done so by harnessing Jupiter’s gravitational field. For this reason, we
know substantially more about the nature of Jupiter’s atmosphere than we do about Saturn’s. The
first spacecraft to visit Jupiter were Pioneers 10 and 11 [Gehrels, 1976, Fimmel, 1977] in 1972 and
1973 respectively (the latter reaching Saturn in 1979), followed by additional flybys from Voyagers
1 and 2 (1979) that also reached Saturn in 1980 and 1981 respectively [Tomasko et al., 1984].

The next great leaps in our knowledge of Jupiter’s atmosphere came from the Galileo spacecraft,



which orbited Jupiter continuously between 1995 and 2003. Galileo also discharged a probe into
a hotspot region of Jupiter’s atmosphere [Niemann et al., 1998, von Zahn et al., 1998, Ragent
et al., 1998], which recorded in situ measurements of Jupiter’s atmospheric composition and aerosol
structure. Jupiter’s composition is hence much better constrained than that of Saturn, for which
we only have measurements obtained through remote sensing. Galileo was then followed by an
additional spacecraft, Cassini-Huygens [Porco et al., 2003], that observed Jupiter during a brief
flyby in 2000/2001 before it reached its intended destination of Saturn, where it remained in orbit
between 2004 (southern summer) and 2017 (northern summer). Despite 45 years of spacecraft
observations, however, we still know very little about why the giant planets look the way they do to
the human observer.

Here, we investigate two core properties of the atmospheres of the giant planets that contribute
to their visual appearance, and to temporal changes thereof. One is the origin of the deep red colours
seen in certain latitudinal bands and discrete features on Jupiter, but which are more thinly and
evenly spread over the summer atmosphere of Saturn. These are thought to be due to the presence
of red colour-carrying compounds (‘chromophores’) in their atmospheres, whose properties are still
completely unknown. The other core property we wish to characterise about Jupiter and Saturn
is their tropospheric cloud structures, and how they relate to changes in activity in the planets’
interiors. Both of these properties act as tracers of interior dynamics and moist convection, and can
also be used to infer changes in temperature at deep altitudes, where they are difficult to observe
directly through remote sensing alone. This is particularly valuable for Jupiter, since Jupiter’s low
obliquity should imply a lack of seasonal variation over the course of the Jovian year, equal to
approximately 12 Earth years, but which does show quasi-regular cycles in its cloud structure and
colour that can only be initiated by similar cycles in its interior. In the case of Jupiter, we will also
look at changes in the concentration of ammonia gas around the level of the deepest visible cloud
layers, serving both as an additional probe of the dynamics of the interior and as a constraint on
the composition of the cloud layers themselves.

Historically, most scientific studies of Jovian and Saturnian colour have relied on observations
using a restricted number of wavelength filters (eg. Owen and Terrile [1981], Thompson [1990],
Simon-Miller et al. [2001a], Strycker et al. [2011], Ordonez-Etxeberria et al. [2016]). Usually, these
studies involved principal component or cluster analyses, a set of techniques we will explore further
in section 6.7, in order to qualitatively analyse spatial variations in colour. Although the spectral
absorption peak responsible for red colour on Jupiter and Saturn is generally very broad and fea-

tureless, variations in chromophore composition, altitude and size distribution can all have minor



effects on the shape of the absorption. These variations, however, require much greater spectral
resolution to observe and decouple from each other than filter imaging can provide. The last com-
prehensive sets of hyperspectral data of Jupiter and Saturn in the visible wavelength range come
from the Cassini/VIMS-V instrument [Brown et al., 2004], which observed Jupiter and Saturn at
wavelengths between 0.35um and 1.1ym. Sromovsky et al. [2017] used these data to propose the
idea of a ‘universal chromophore’ for Jupiter, in which all red colour on Jupiter originated from the
same source compound and reaction process. However, the Cassini flyby of Jupiter was too brief to
fully observe Jovian atmospheric cycles over their full duration, and Jupiter’s largest storm features
(the ‘Great Red Spot’ and ‘Oval BA’ respectively), have undergone changes in colour and structure
since the Cassini flyby.

The NASA /Juno spacecraft arrived in orbit around Jupiter in July 2016, where it has remained
ever since, with a number of instruments on board intended to characterise Jupiter’s deep interior
structure. However, while the Juno spacecraft can observe Jupiter at a much greater spatial resolu-
tion, and down to much greater depths, than any ground-based instrument ever could, it also lacks
both spatial coverage to provide global context to its observations, and wavelength coverage in the
visible and near-infrared to adequately characterise colour and cloud structure (barring JunoCam,
a simple camera intended mainly for public outreach and which has a signal-to-noise ratio too low
to be used for science). For this reason, additional ground-based observations (known as Juno’s
‘ground support’) are required to ‘plug the gap’ in both wavelength and spatial coverage left by
Juno, in order to further constrain giant planet cloud structure and colour, as well as to continue
where Cassini left off.

In this thesis, we analyse multiple sets of global spectral image cubes of both Jupiter and Saturn
from the Multi Unit Spectroscopic Explorer (MUSE) instrument at the Very Large Telescope (VLT),
covering a wavelength range of between 0.476 and 0.933um [Bacon et al., 2010], and obtained over
a four year period between 2014 and 2018. Our analysis consists of detailed, simultaneous spectral
retrievals of cloud structure, chromophore and, in the case of Jupiter, ammonia gas abundance. We

aim in particular to answer the following questions from the data:

1. To what extent can aerosol density be decoupled from particle size and real refractive index,
and to what extent can these degeneracies (a result of the limited phase angle range covered by

ground-based observations) be neglected to retrieve reliable cloud and chromophore profiles?

2. Are hypothetical chromophore spectra obtained under laboratory conditions compatible with



observed MUSE spectra of the giant planets? If not, can a reliable chromophore spectrum be

retrieved directly from the MUSE data?

3. Can spatial variations in colour on Jupiter and Saturn be explained by one single chromophore

compound (a ‘universal chromophore’), or is more than one chromophore compound necessary?
4. Can the most likely altitude of the chromophore be reliably constrained?

5. What is the source of the discrepancy in the most likely altitudes of the thick cloud layers on
Jupiter between those predicted by Equilibrium Cloud Condensation Models (ECCMs) and
observations made at different wavelengths? Hence, can the most likely composition of the

uppermost cloud layer be deduced?

6. How does the concentration of ammonia gas vary with latitude and time on Jupiter, and to

what extent does it match with deep observations of ammonia gas by Juno/MWR?

7. Can reliable latitudinal variations in ammonia abundance be obtained from MUSE observations

of Saturn?

8. Can the NTBs and EZ revival events, the shrinking and reddening of the Great Red Spot
(GRS), and the change in colour of Oval BA be related to changes in cloud structure and

ammonia gas?

We will use the rest of this chapter to provide a more detailed introduction to giant planet cloud
structure and the ‘chromophore problem’, as well as some of the changes observed in Jupiter’s
visual appearance between 2014 and 2018. Chapter 2 gives a brief overview of both MUSE and the
instruments from Juno that are most relevant to the work presented here, and then explains how the
MUSE data was calibrated and reduced, with some detail about the issues encountered using the
standard calibration pipeline and how they were accounted for. Chapter 3 then explains the physics
behind a typical giant planet spectrum within the MUSE wavelength range, and how that spectrum
can be modelled and inverted using the NEMESIS radiative transfer and retrieval algorithm to obtain
vertical cloud and chromophore profiles, as well as gaseous ammonia concentration. In Chapter 4, we
then select a single set of Jupiter MUSE data, which we use to perfect a reliable and comprehensive
cloud model, and from which we retrieve a universal chromophore. This model and chromophore is
then applied in chapter 5 to all sets of Jupiter MUSE data to shed light on the changes observed

between 2014 and 2018 in Jupiter’s visual appearance, particularly with regards to the NTBs revival



cycle and the changes in morphology of the GRS and Oval BA. Chapter 6 then applies the same
method detailed in chapter 4 to design a comprehensive cloud model and retrieve a chromophore
spectrum from Saturn MUSE spectra. The main findings of chapters 4 to 6 are then all brought
together in chapter 7 to answer our original scientific aims, and suggestions for future work proposed.
Chapters 1 and 3 mostly consist of a review of the literature, for which the author of this thesis has
no personal contribution (apart from section 3.8, which is entirely the work of the author). For the
remainder of this thesis, a description of the author’s personal contribution is given in an overview

at the beginning of each chapter.

1.2 Basic vertical and latitudinal structure of the giant planets

The classical view of Jupiter and Saturn’s vertical and meridional atmospheric circulation, dating
back to the Voyager era, is of each hemisphere divided into a series of multiple, adjacent latitudinal
convection cells [Gierasch et al., 1986]. These are akin to the three cells per hemisphere found on
Earth (ie the Hadley, Ferrell and Polar cells), but the atmospheres of Jupiter and Saturn rotate much
faster than that of the Earth and so are subdivided into a much larger number of individual cells.
Each of these cells is further divided into a cold upwelling region (a ‘zone’), which contains a greater
abundance of condensibles and therefore thick, elevated cloud, and a downwelling region (a ‘belt’)
in which the opposite is the case. Each zone is bounded by an eastward jet on the poleward side
and a westward jet on the equatorward side [Ingersoll et al., 2004]. Jupiter’s individual zone-belt
regions are very discernible at visible wavelengths, the zones generally appearing white (indicating
chromophore depletion or suppression) due to thick cloud, and the belts appearing a dark red-brown
(indicating chromophore enrichment), though the zone-belt structure starts to break down towards
the poles, as one can see in figure 1.2.1. By contrast, Saturn’s zone-belt colour contrast, while still
visible, is more muted than that of Jupiter due to the presence of a thick, overlying yellow haze, as
we will describe further in sections 1.3 and 1.4.

Given the rough composition and temperature-pressure profiles of the atmospheres of Jupiter and
Saturn, as shown in figure 1.2.2, one can estimate the altitude and composition of each of the main
cloud layers using what is known as an Equilibrium Cloud Condensation Model (ECCM). This was
first done on the gas giant atmospheres by Lewis [1969] and Weidenschilling and Lewis [1973], with

some minor modifications by Rossow [1978], Atreya and Romani [1985], Carlson et al. [1988] and
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Figure 1.2.1: Key to nomenclature used in this thesis to refer to the specific zones and belts of
Jupiter. This image was transposed directly from Figure 1.3 in Bagenal et al. [2007], and shows
the state of Jupiter’s atmosphere as observed by Cassini in November 2000. Although Jupiter’s
atmosphere has evolved since that time, the general zone-belt structure has remained roughly the
same, with only a few exceptions as highlighted in section 1.4. This diagram also shows a model
of the cross-section of Jupiter’s interior; for a more detailed discussion of Jupiter’s deep structure
before the Juno era the reader is referred to Guillot et al. [2004], while preliminary results on the
interior structure from Juno are summarised by Fortney [2018]. We refer the reader to figure 6.1.1
for an equivalent key for Saturn.

Atreya et al. [1999]. In all cases, however, ECCMs predict the atmospheres of Jupiter and Saturn
to consist of three main cloud layers, as shown in figure 1.2.3: at the bottom, a cloud of aqueous
ammonia (NH3-H,0) immediately below a cloud of water ice (with a base pressure of 5.7-7.2 bars on
Jupiter and 12-21 bars on Saturn, all values quoted from Atreya et al. [1999]), and at the top, a cloud
of ammonia ice (NH3) at base altitude 0.7-0.85 bars on Jupiter and 1.5-1.8 bars on Saturn. Between
these two layers is predicted to be another cloud layer, produced from the reaction chemistry of
hydrogen sulphide (H»S) and ammonia, at 2.2-2.6 bars on Jupiter and 4.5-5.75 bars on Saturn. The
main component of this cloud layer is usually quoted as being ammonium hydrosulphide (NH,SH),
but a lack of reaction rate data has made the composition of this cloud layer difficult to constrain,

with alternative constituents such as ammonium sulphide ((NHy4)2S) also having been proposed (eg.
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Figure 1.2.2: Estimated vertical composition profiles of (left) Jupiter and (right) Saturn [Irwin,
2008]. Hydrogen, Helium and Methane are all considered well-mixed in the troposphere.

Lewis and Prinn [1970], Wong et al. [2011]).

When it is attempted to validate these cloud layers observationally, however, the results appear
to be inconsistent between observations from reflected sunlight (visible and near-infrared) and ob-
servations from thermal emission (mid-infrared), for both Jupiter and Saturn. The Galileo Probe
Nephelometer experiment [Ragent et al., 1998] only found one substantial cloud layer at 1.3 bars
during its descent through the atmosphere of Jupiter at the Probe Entry Site (PES), while the pre-
dicted ammonia cloud layer, at 0.5-0.6 bars, was very feeble and incoherent, and the water ice cloud
barely detectable. This was mainly assumed to be due to the anomalous characteristics of the PES,
a ‘hotspot’ region of extreme downwelling with unusually low abundances of condensibles compared
with the rest of Jupiter [Atreya et al., 1999]. Banfield et al. [1998b] and Simon-Miller et al. [2001a]
claimed to retrieve a thick cloud layer on Jupiter around 0.7 bars from Galileo/SSI, which would be
consistent with a cloud layer made up primarily of ammonia ice. However, a large number of obser-
vations also appeared to show that the same thick cloud layer was required at a substantially lower
altitude, where ammonia would surely sublimate. Irwin et al. [1998, 2001] showed using NIMS data
at 1-2um that a thick cloud layer was present around 1.5 bars, while Giles et al. [2015] constrained
an EZ cloud at around 1.1 bars. Usually this cloud layer is quoted as being formed primarily of
NH,SH, despite being located at a higher altitude than one would expect an NH4SH cloud base,
and is actually closer to the altitude that Wong et al. [2011] would require ((NH,)»S) to form. Sato
et al. [2013] derived a real refractive index value of the main cloud layer from Cassini/ISS of 1.85,
which corresponds to the estimated PES value of the 1.3 bar cloud layer of around 1.7-1.8, and is

close to the real refractive index of NH,SH [Howett et al., 2007]. Matcheva et al. [2005] on the other
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Figure 1.2.3: Theoretical cloud models of (left) Jupiter and (right) Saturn, adapted from Atreya
et al. [1999]. Thick lines indicate solar abundances of nitrogen, sulphur and oxygen, with dashed
lines indicating increased abundances relative to the Sun. Each cloud layer is colour-coded according
to composition.

hand retrieved a cloud layer at 0.9 bars from Cassini/CIRS in the thermal infrared, which would

indicate a mixture of NH3 and NH,SH.

A possible explanation for these discrepancies is either that the NH3 and NH,SH/(NH,4)»S cloud
layers are contiguous with each other, or that the ammonia ice cloud is simply semitransparent in
the thermal infrared [Drossart et al., 1998]. This would also explain observational discrepancies on
Saturn, where observations from Cassini/ISS [Roman et al., 2013] indicate a thick cloud layer around
1.75 bars, while Fletcher et al. [2011a] retrieve a cloud layer around 2.5-2.8 bars from Cassini/VIMS-
IR. Spectroscopic confirmation of an ammonia ice cloud layer is made even more difficult by the lack
of characteristic ammonia ice absorption features in the infrared, apart from in very small regions of
young cloud and substantial upwelling on Jupiter [Brooke et al., 1998, Baines et al., 2002, Sromovsky
and Fry, 2018| and during Saturn’s Great White Spot event of 2010-2011 [Sromovsky et al., 2013]
(see section 1.4). This general lack of Spectrally Identifiable Ammonia Clouds (SIACs) could be a
result of the deposition of photochemical compounds onto cloud particles which mask their ammonia
ice signatures [Atreya et al., 2005].

Above these cloud layers, we also observationally constrain two distinct photochemical haze
layers separated by the tropopause at around 0.1 bars (eg. Macy [1977], Tomasko et al. [1984],
Banfield et al. [1998a], Zhang et al. [2013]), which we show for Jupiter in figure 1.2.4. The upper
tropospheric haze is bounded below by the radiative-convective boundary around 0.5 bars [Banfield
et al., 1998b]. On Jupiter this haze forms a zone-belt structure that, to a greater or lesser degree,

overlaps with the meridional aerosol structure of the cloud layers below it. However, the haze is



thickest around a band close to the equator, which has been known to shift in latitude in the past
[Lii et al., 2010] and currently sits above the northern EZ, as well as over discrete features such as
the GRS. The dominant process that is thought to form this haze layer on Jupiter is the photolysis
of ammonia gas by solar UV radiation, which results in hydrazine (NoH4) condensate [Atreya et al.,
1999], though this has yet to be confirmed spectroscopically. Other processes, such as phosphine
(PH;) photolysis which is particularly enhanced around the equator [Fletcher et al., 2009], may also
contribute to upper tropospheric haze production. By contrast, Saturn’s upper tropospheric haze
layer is much denser and more spatially uniform than Jupiter’s upper tropospheric haze. Although
the aerosols in this layer are too sparse to be considered ‘cloud’ as opposed to ‘haze’ [Karkoschka
and Tomasko, 2005], it nonetheless obscures most of the tropospheric cloud structure below it, since
a combination of a lower gravitational acceleration (and hence a larger pressure scale height) and
deeper cloud layers results in estimated haze column abundances that are five times greater than on
Jupiter [Smith et al., 1982]. At these altitudes, ammonia is substantially depleted on Saturn, and
so hydrazine cannot be the main component of this haze. Phosphine photolysis is thought to be
a more likely haze formation process, the main product of which is diphosphine (PoH4) [Kaye and
Strobel, 1984, Fouchet et al., 2009]. Again, however, PoHy is poorly-constrained spectroscopically
on the giant planets. The composition of the upper tropospheric and lower stratospheric haze layers
therefore still remains unknown, although it most likely consists of a combination of the products of
phosphine and methane photochemistry which have sedimented down from the upper stratosphere
[Moses et al., 2000].

Methane gas is photolysed at very high altitudes in the atmosphere, estimated at the ybar level
just below the homopause. This results in the production of hydrocarbon compounds that are
further photolysed at deeper altitudes in the stratosphere [Moses et al., 2004], through very complex
chemical reaction schemes that are beyond the scope of this thesis. This forms a stratospheric haze
that is relatively uniform, with major concentrations around polar latitudes of Jupiter associated
with aurora-induced hydrocarbon chemistry [Hord et al., 1979], forming a ‘polar hood’ above 0.01
bar [Banfield et al., 1998a, Zhang et al., 2013], as well as around the equator of Saturn just above
the tropopause. Many of these stratospheric haze compounds then coagulate and sediment down to
lower altitudes where they may also mix and react with compounds in the upper tropospheric haze
[Friedson et al., 2002], potentially descending down all the way to the visible cloud tops. Not only
could these compounds be responsible for the absence of STACs on Jupiter, but they may also be

responsible for the production of chromophore, as we will see in the next section.



1 T T T 0.25
I_ |
[ 0.2
n My T
"
= B ]
@ B :
o 10 R - -
g O\ 0.15
) / ,. s o N ) B 4
2 — has ~ B
o e (0 e ] 0.1
£ | pa— ﬁ—@f@”—_\é‘:\»ﬂ%
100F i 0.05
[ 0
75

Latitude (Degree)

Figure 1.2.4: Retrieved stratospheric and upper tropospheric haze profiles on Jupiter retrieved from
Cassini/ISS, taken from Figure 3 in Zhang et al. [2013]. Note the gap in haze around the tropopause
(100 mbar) the elevated stratospheric haze at high latitudes around 10-20 mbar (the ‘polar hood’)
and the thick haze in the upper troposphere around the equator.

1.3 Giant planet chromophore - Origin and location

Jupiter and, to a lesser extent, Saturn, both exhibit a wide range of colours in their atmospheres.
In some areas, particularly in cyclonic regions where cloud is thought to be depleted, one can
occasionally witness shades of grey or blue [Rogers, 1995], however the most common colours, which
we will be focussing on in this thesis, range somewhere on a spectrum from white to yellow to
red to dark brown. These colours are due to varying degrees of absorption of shorter-wavelength
solar radiation relative to longer-wavelength radiation in the giant planet atmospheres. Sanchez-
Lavega et al. [2013] created a quantitative measure of colour in giant planet atmospheres (a so-called
‘colour index’), defined as the gradient in the spectral slope as measured between two wavelength
filters (usually centred around 0.410um and 0.673um respectively). Using the same logic applied to
MUSE data, we prefer to define colour as the spectral slope between approximately 0.475um and
0.600pm (the approximate longward extent of the blue-absorption feature in giant planet spectra),
and we loosely and qualitatively refer to a spectrum as ‘red’ if the slope is large and ‘white’ if it is

comparatively small. A detailed discussion of how colour defined this way relates to actual colours
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as they are perceived by the human eye is provided by Ordonez-Etxeberria et al. [2016] and is mostly
beyond the scope of this thesis, although we should note that a human observer in close proximity
to Jupiter would perceive the planet as mostly white, with much less exaggerated colour variation
than is perceived by astronomical instrumentation.

As previously mentioned, red colour on Jupiter is usually concentrated in the belts and in discrete
anticyclonic features such as the GRS, while zones tend to be characterised by whiter colours, though
there are numerous exceptions to this rule as will be mentioned elsewhere in this thesis. Saturn,
on the other hand, has a more uniform distribution of yellow colour across its summer hemisphere,
though subtle zone-belt differences in colour can still be discerned. From what we currently know
about the composition of the giant planets, however, regions such as the belts with relatively sparse
and deep cloud should actually appear slightly blue, since Rayleigh scattering from gas molecules
would cause greater reflection of short-wavelength radiation to the observer than long-wavelength
radiation, as on Uranus and Neptune, or indeed on the winter hemisphere of Saturn. While the
presence of conservatively-scattering aerosol can, and does, moderate the discrepancy between the
reflection of shortwave and longwave radiation, depending on the size of the aerosol distribution and
thus its scattering regime, it cannot fully explain the degree of redness seen in Jupiter and Saturn.
One therefore has to invoke the presence of an additional blue-absorbing substance, which we refer
to as a chromophore.

Despite more than 50 years of conjecture, the origin and composition of giant planet chromophore
remains elusive to this day. Cracking the so-called ‘chromophore problem’ has been made especially
difficult by the absence of any characteristic absorption peaks in Jovian spectra, other than just a
smooth gradient in absorption as one moves towards shorter wavelengths, that would disambiguate
the various candidate compounds from each other. While simple electronic transitions in atoms usu-
ally result in absorption in the ultraviolet, far outside MUSE’s wavelength range, certain functional
groups can be both bathochromic, shifting the wavelength of absorption longward, and auzochromic,
intensifying the absorption. If enough of these functional groups, or auzochromes, are added onto the
molecule, in a process known as conjugation, the resulting bathochromic shift can be enough to see
substantial absorption at visible wavelengths. This is thought to be the main mechanism that causes
chromophores in giant planets to be so brightly-coloured. Generally, these auxochromes contain a
combination of double-bonds and lone pairs of electrons, with the primary source of absorption due
to the excitation of the double bond itself (7 — 7*), plus occasionally a secondary, separate longward
peak due to the excitation of the lone pair of electrons into the double bond (n — 7*). The reader

is referred to Nassau [1983] for a more detailed review of the mechanisms behind colour production
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at the molecular level. However, since large numbers of these auxochromes may need to be con-
jugated together to produce the necessary bathochromic shift, this also means that chromophores
which absorb visible light may be more likely to be mixtures of many different large and complex
molecular structures than one single molecular endmember. Hence, when we talk about a universal
chromophore, we do not necessarily imply that there is only one single chromophore compound in
the whole of Jupiter and Saturn, but rather that there is a uniform chromophore production mecha-
nism that results in the same general mixture of coloured compounds throughout the planets’ visible
area.

A review of different candidate chromophores is provided in West et al. [2004] and Simon-Miller
et al. [2001b]. Generally, these chromophores can be divided into three main categories. The first is
that of compounds resulting from sulphur chemistry, usually either sulphur allotropes (eg. Lewis and
Prinn [1970]), or ionic compounds in the form of hydrogen polysulphides (H2Sy) [Lewis and Prinn,
1970] or ammonium polysulphides ((NH4)2Sx) (eg. Sill [1976]). These are thought to be formed at
or below the visible cloud layers due to the reaction of HyS gas with NHs, and as mentioned in the
previous section, may even be the principal component of the visible cloud layers. The most serious
laboratory experiments to test this hypothesis were made by Lebofsky and Fegley [1976], and more
recently by Loefller et al. [2015, 2016] and Loeffler and Hudson [2018]. These involved irradiating
NH,4SH ice using high-energy protons to simulate cosmic radiation, resulting in a substance that
was seen to strongly absorb short-wavelength radiation. A more detailed discussion of the results of
this experiment will be described in section 4.5.2.

The second group of compounds pertains to the products of phosphine photochemistry in the
upper tropospheric haze layers, specifically phosphorus allotropes such as P4 (eg. Prinn and Owen
[1976]). This is thought to be a probable chromophore formation mechanism in Saturn’s atmosphere
[Fouchet et al., 2009, Fletcher et al., 2015], where ammonia is predicted to be too scarce at visible
altitudes to be involved in any substantial chromophore production. However, it has also been
proposed in past decades as the chromophore responsible for the colour of the GRS, and other
regions where vertical upwelling of phosphine from very deep altitudes is particularly strong [Noy
et al., 1981]. We will revisit the possibility of a phosphine chromophore on Jupiter in section 4.5
and on Saturn in section 6.3.

The final group consists of organic compounds, usually resulting from the products of methane
photochemistry reacting with the products of ammonia photochemistry in the upper troposphere.
This will be the main focus of the work in this thesis. Particular attention has been paid to reactions

involving the colourless molecule Hydrogen Cyanide (HCN), which spontaneously forms coloured
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polymers following condensation at low temperatures in the presence of ammonia gas. These poly-
mers are heavily studied not only due to their astrobiological significance as prebiotics [Matthews,
1991] but also because their colour make them ideal giant planet chromophores, as first suggested by
Woeller and Ponnamperuma [1969]. HCN was tentatively detected in the upper atmospheres both
of Jupiter [Tokunaga et al., 1980] and Saturn [Weisstein and Serabyn, 1996]. While suggestions have
been made for the production of HCN in the deep troposphere [Lewis and Fegley, 1984], the most
commonly-studied production method in the laboratory involves the reaction between ammonia and
acetylene (CoHs) under UV irradiation [Kaye and Strobel, 1983, Ferris and Ishikawa, 1987, 1988],
the latter being a common product of methane photochemistry in the stratosphere.

Carlson et al. [2016] (hereon referred to as CR16) most recently measured the optical constants
between 0.4 and 0.75pm of the residue resulting from the reaction between ammonia and acetylene
following ultraviolet irradiation over a week. While the detection of HCN was inconclusive among the
numerous aliphatic hydrocarbon compounds present in the residue, which we will refer to hereon as
‘Carlson chromophore’; it was seen to provide a good fit to the blue-absorption gradient of a sample
GRS spectrum from Cassini/VIMS-V. The main drawback with Carlson chromophore, however, is
that it requires an explanation for elevated abundances of acetylene in the troposphere; since any
that diffused from higher altitudes would degrade in the lower stratosphere before it got to the
upper troposphere [Moses et al., 2010]. One hypothesis by Baines et al. [2019] is that lightning
locally elevates acetylene abundances sufficiently for a product like Carlson chromophore to form,
but this is speculative given the lack of lightning observed in the GRS by Juno/MWR, [Brown et al.,
2018]. Nonetheless, Carlson chromophore provides a good starting point for the investigation of

Jovian chromophore, as will be shown in chapter 4.

1.4 Temporal changes in visible appearance

1.4.1 Seasonal changes on Saturn

By convention in this thesis, when we talk about a change being ‘seasonal’, we imply a change
in climate that is strictly the result of regular, cyclical variations in solar insolation over a planet’s
orbital period. Saturn’s large obliquity of 26.7° leads to very substantial seasonal changes over its
29-year orbit. Since the winter hemisphere of Saturn is difficult to observe from the Earth close to
solstice, the most comprehensive knowledge of Saturn’s seasonal changes comes from the Cassini-

Huygens mission, which entered orbit around Saturn at southern summer solstice in 2004, and
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continued observing Saturn through equinox in 2009 before it ended its mission in 2017 at northern
summer solstice. Over this time, it observed and confirmed substantial hemispheric asymmetries in
both temperature, composition and aerosol structure.

One noticeable difference in appearance between the summer and winter hemispheres is its colour,
a result of the different concentrations of overlying haze. This is shown clearly in figure 1.4.1. The
winter hemisphere is characterised by thinner haze, but this does not result in the clear discernment
of the tropospheric cloud bands as on Jupiter. The visible spectrum of Saturn’s winter hemisphere
is therefore dominated instead by Rayleigh scattering of methane gas molecules, as on Uranus and
Neptune, which lends it a shade of blue [Edgington et al., 2012]. Saturn’s summer hemisphere, on
the other hand, is characterised by a yellow colour that most people would associate with the planet,
which is due to chromophore produced in the haze layers.

Not all temporal changes in Saturn’s visible appearance can be explained by seasonal variation
alone, however. Large eruptions known as ‘Great White Spots’ (GWS) are typically observed once
every Saturnian year that lead to substantial upheavals around northern mid-latitudes [Sanchez-
Lavega et al., 2016]. The most recent one occurred in 2010-2011, which was earlier in the Saturnian
year than predicted given past GWS events. Evidence suggests that this has disrupted the usual
stratospheric temperature and circulation patterns relative to the last northern summer in the late
80s [Fletcher et al., 2017a], and hence would also lead to corresponding disruption in the upper tro-
posphere at the haze-tops that should still be detectable in MUSE data. Aside from the GWS event,
short-term variations in the brightness and colour of individual latitudinal bands have also been
observed, particularly around equatorial and polar latitudes, which are thought to be a consequence
of variations in the properties of the chromophore particles in the tropospheric haze [Pérez-Hoyos

et al., 2006].

1.4.2 Planetary-scale cyclical changes on Jupiter

As Jupiter has an obliquity of just 3°, it experiences only negligible seasonal variations over its
orbital period, particularly in the troposphere where differences in temperature are more pronounced
between zones and belts than between the equator and the poles. Curiously though, we still do see
cyclical changes in Jupiter’s atmospheric structure, usually with a period of the order of a few years
to half a Jovian orbital period. The most famous cyclical phenomenon occurs in the stratosphere,
and is analogous to the Quasi-Biennial Oscillation (QBO) on Earth, but instead has an average

period of around four years and hence is known as the Quasi-Quadrennial Oscillation (QQO) [Leovy
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Figure 1.4.1: An illustration of seasonal changes in Saturn’s visible appearance from late southern
summer to early northern summer, as obtained from the Cassini orbiter. This image is Figure 10.1
in Fletcher et al. [2015]. Note the hemispherical asymmetry in colour particularly in 2006 and 2007,
as well as the white streak in the northern mid-latitudes in 2011, a result of a Great White Spot
event.

et al., 1991]. A similar phenomenon in the troposphere has also been observed around the equator
[Simon-Miller et al., 2007]. However, Jupiter also exhibits a number of ‘upheaval’ events, in which
one or more latitudinal bands drastically changes in appearance and colour, often accompanied by
turbulent dynamic activity. The source of most of these upheaval events, and why they are quasi-
cyclical, still remains a mystery however. A concise summary of the various cycles is provided by
Fletcher [2017].

In this thesis, we focus on three upheaval events in particular that arose between 2014 and 2018.
One is the expansion of a portion of the northern half of the NEB into the NTropZ in 2015, before
it receded again temporarily in the first half of 2016. This is known as an ‘NEB expansion’ event,
which occurs approximately every 3-5 years as summarised in Fletcher et al. [2017¢|. In the middle
of 2018, we also witnessed the beginning of an EZ colouration event, in which the northern half
of the EZ turned red [Antufiano et al., 2018]. However, the most prominent event throughout our
MUSE data is a cycle of disappearance and revival of the southern NTB (NTBs) over a 5 year period
(an ‘NTBs revival’ or ‘NTBs upheaval’ event). This usually consists of a gradual fading of the red
colour of the NTBs, before a dramatic set of outbreaks of convective plumes from the NTBs jet at
23.7N temporarily disrupts the typical zone-belt pattern of the region. This is then followed by the
reappearance of a bright red band around the NTBs. This red NTBs band is distinct in appearance
from other red belt regions in its spatial homogeneity and brightness, and in fact has more in common
with the red colour of the GRS. It has therefore been conjectured by Fletcher [2017] that, if more
than one chromophore is indeed present in Jupiter’s atmosphere, the NTBs chromophore would
have more in common with the GRS chromophore than the other belt chromophores. We provide a

greater discussion and analysis of the NTBs upheaval in section 5.3.
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1.4.3 Evolution of discrete features

Although discrete features on Jupiter generally do not show observable, quasi-regular cycles in
their behaviour, they do often show substantial, unexplained changes in their appearance. In this
thesis, we focus on two of these discrete features in particular. The GRS is the largest discrete
feature in Jupiter’s atmosphere, and has the reddest colour of any region of Jupiter. In recent years,
however, it has been shown to shrink dramatically in longitudinal extent, a process that has been
accompanied by a visible reddening [Simon et al., 2014, 2018]. The second-largest discrete feature
is Oval BA, which since its formation 20 years ago has undergone dramatic changes in colour from
white to red, and back to white again. We discuss these two features further in sections 5.5 and
5.6 respectively. Similar changes in smaller discrete features, while also substantial, are difficult to
resolve spatially with MUSE, and so are generally excluded from these thesis. However, our MUSE
data has also captured dramatic changes in appearance in another discrete feature in the northern
hemisphere known as White Spot Z (WSZ). We propose the analysis of this feature as part of future

work.
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Chapter 2

Instrumentation and data calibration

2.1 Overview

In this chapter, we give a brief introduction to the MUSE instrument, describing how data from
it was calibrated and reduced, and then identifying flaws in the calibration processes and how they
were alleviated if at all. For reference, we will also present a brief overview in section 2.3 of the
Juno probe, in order to provide a contextual overview of how atmospheric retrievals of Jupiter from
MUSE can support and complement observations of Jupiter’s interior from Juno.

Much of section 2.2, with regards to the instrumentation itself and the ESOREX pipeline, was
extracted directly from the latest MUSE! and MUSE pipeline® user manuals respectively.All Jupiter
MUSE observations from 2018 were the result of a proposal (101.C-0097) in which I was Principal
Investigator (PI). I was therefore responsible for specifying the required time and longitude of obser-
vation in each case, as well as constraints on the observing conditions. However, these observations
were conducted in ‘Service Mode’, where the observation and obtention of the science and calibra-
tion data was delegated to an anonymous on-site observer in Paranal, Chile. These were uploaded

as raw, uncalibrated and unreduced data to an online repository®, where I was able to download

! Document ESO-261650, version 8.12, available at https://www.eso.org/sci/facilities/paranal /instruments,/muse/doc/ESO-
261650 MUSE User Manual 8pl2.pdf (accessed 22.02.2019)

2 Document ES0-264503, version 0.15, available at ftp://ftp.eso.org/pub/dfs/pipelines/muse/muse-pipeline-
manual-2.0.1.pdf (accessed 22.02.2019)

3 http://archive.eso.org/eso/eso_archive _main.html (accessed 22.02.2019)
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it myself. The same is true for the remaining MUSE data for which I was not PI, and for which I
had no part in the planning of. Jupiter and Saturn observations from 2014, and AO observations
of Saturn from 2017, were proposed as commissioning data by the MUSE team themselves, while
Jupiter MUSE data from 2016 and 2017 were the result of four proposals (095.C-0149, 096.C-0173,
098.C-0035 and 099.C-0192) with Patrick Irwin as PI. The remaining Saturn data from April 2017,
obtained in NOAO mode, was proposed by a different team with Enric Palle (IAC) as PI, under
proposal number 298.C-5050. I of course had no contribution to anything presented in section 2.3.

ESOREX is the standard MUSE calibration pipeline, which I had no contribution in designing,
and can generally be treated as a black box. However, one can tailor the pipeline to one’s own data
to some degree, which I did. The MUSE data itself were calibrated entirely by me from start to
finigh, albeit using other people’s software at some stages, which I have specified. This includes the
MUSE spectra presented in Irwin et al. [2018, 2019a] which were calibrated according to the proce-
dure we detail in this chapter, although the remaining models and analysis presented in those works
are entirely Patrick Irwin’s own. IDL codes to project the MUSE data using ellipsoid limb fitting
and derive navigational metadata, as well as codes to smooth the MUSE data to lower spectral reso-
lution, were mostly the work of Patrick Irwin (personal communication), though I made substantial
contributions, particularly with regards to ring masking of Saturn and more effective derotation of
the raw data during projection, as well as the quantification of errors following smoothing. Every-
thing presented in section 2.4.3 is entirely my work, aside from a contribution from Amy Simon of
NASA/GSFC [Simon et al., 2015], who provided ready-calibrated and projected 360° maps, in units
of I/F, of the Jupiter and Saturn OPAL data on the MAST website®.

2.2 An introduction to the MUSE instrument

The Multi-Unit Spectroscopic Explorer (MUSE), is an integral-field spectrograph, which began
operation in January 2014 [Bacon et al., 2010]. Its spectral range nominally covers wavelengths from
0.48um to 0.93um (though in practice one can usually get reliable radiance values down to 0.476pm
and up to 0.933um), with radiance values sampled at 0.125pm intervals. Another instrument - the
New mexico state university Acousto-optic Imaging Camera (NAIC) - has very similar instrumental

specifications to MUSE for the most part, and also has a major role to play in Juno’s ground support

4 archive.stsci.edu/prepds/opal/ (accessed 22.02.2019)
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(eg. Dahl et al. [2018]). However, it can only take individual images, obtained over several minutes,
of the planet at a single wavelength at a time, resulting in substantial rotational offsets between the
shortest and longest wavelengths. By contrast, MUSE can provide individual spectra over the whole
visible hemispheres of Jupiter and Saturn at seeing-limited spatial resolution within an exposure
time of a fraction of a second. We provide detailed instrumental specifications for MUSE in Table
2.2.1, and leave a description of the scientific interpretation of MUSE spectra to chapter 3. A major
downside of MUSE is that it does not cover the whole visible spectrum down to 0.4um. This makes
it difficult to completely gauge the fit of laboratory chromophores to giant planet spectra over the
entire visible range, even though the required data often exists. There is an option to conduct MUSE
observations of Jupiter using an extended wavelength range down to 0.46um. However, this extended
wavelength mode is supposedly beset by second-order contamination across most of the near-infrared
wavelength range, unlike in the nominal wavelength mode where it is only noticeable above around
0.905pm, as we will explain further in section 2.4.3. We have been granted time in mid-2019 for trial
observations of Jupiter and Saturn using the extended wavelength mode, the analysis of which will

be left to future work.

y | WFM-NOAO-N | WFM-AO-N
Number of CCD modules 24
Wavelength range 0.48-0.93um \ 0.48-0.58um, 0.60-0.93um
Resolving Power 2+ 1770 (0.48um) - 3590 (0.93um)
Spectral Sampling 1.25A /pixel
Field of View 59.9” x 60.0”
Spatial Sampling 0.2”/pixel
Seeing-limited spatial resolution (FWHM) 0.3-0.4”
18% (0.48um)
Throughput (atmosphere + telescope + instrument) 33% (0.75um)
14% (0.93um)

Table 2.2.1: Technical specifications of relevant MUSE observation modes, adapted from table 1 in
the MUSE user manual'.

Since the end of 2017, MUSE has also been able to make use of Adaptive Optics (AO) [Arsenault
et al., 2010, Strobele et al., 2012], which can correct for the effects of atmospheric seeing by beaming
a sodium laser (a ‘Laser Guide Star’) into the sky. This can provide spectral images of planets
that are guaranteed to be spatially resolved to within the instrumental constraints, regardless of
seeing conditions. However, an observation block with AO takes around 50% longer to execute than
one without. Competition for time on MUSE was unusually high in 2018 due to the novelty of
MUSE’s AO facility, making it difficult to propose multiple, time-hungry observations of Jupiter.

For this reason, all our Jupiter observations were made in the Wide Field Mode (WFM) without
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the use of adaptive optics and using the nominal wavelength range (WFM-NOAO-N). This turned
out not to be too detrimental a decision, as our MUSE datasets from April 2018 were obtained
at unusually good seeing conditions (see appendix A). We have, however, been granted time for a
trial observation of Jupiter using AO in mid-2019, which we will leave for future work. One set
of commissioning data of Saturn using adaptive optics (WFM-AO-N) has been made use of in this
thesis; the remaining Saturn datasets were all obtained in mode WFM-NOAO-N as the MUSE AO
facility was not available at the time. AO spectra also contain no reliable scientific information
within the wavelength range covered by the laser guide star (in practice, between around 0.573pm
and 0.604pm inclusive), but this matters little since giant planet spectra have no noticeably distinct

features at those wavelengths.
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Figure 2.2.1: Schematic of MUSE (equivalent to figure 2 in MUSE user manual')

Figure 2.2.1 shows a schematic of the inner apparatus of MUSE in the NOAO mode. Incident
radiation is first derotated and magnified in the horizontal direction by a factor of 0.5 in an anamor-
phoser, with a slow guiding system correcting for small motions by looking at reference background
stars. The radiation is then split into 24 individual horizontal beams, each to be redirected into a
spectrograph known as an Integral Field Unit (IFU) where the beams are analysed in parallel to
maximise readout time. At these IFUs, the incident beams are further sliced into 48 one-dimensional
‘slits’, each of thickness 0.2” and width 15”, which are then arranged into a single line along the di-

rection of the slit widths, in the order shown in figure 2.2.2, in front of a Charge-Coupled Device
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(CCD). This allows a spectrum to be obtained by dispersing all 48 slits simultaneously perpendicu-
lar to the length of the line using a volume phase holographic grating. The CCD then records the
voltage produced by the incident photons on each pixel, converting the voltage into a digital signal
in units of ADU. This data can subsesquently be processed by a standard pipeline (see section 2.4)
to produce a spectral image cube in units of radiance that can be viewed graphically.
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Figure 2.2.2: (top) splitting of a MUSE image into 24 horizontal beams, each to be directed to
a different IFU, (centre) each beam is then split into 48 horizontal slits, which are then lined up
horizontally as shown in the bottom diagram, and dispersed perpendicularly (taken from MUSE
User Manual, link in overview section 2.1).

A number of sets of Jupiter MUSE data were obtained between 2014 and 2018, which are all

listed in appendix A. The Jupiter commissioning data in 2014 consisted of 108 separate observations
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of Jupiter within a time period of just under 4 hours. Two further sets of observations were made in
2016: one between the 8th and 9th of March, consisting of three 20-minute observation blocks each
containing seven individual observations of Jupiter, and another between the 31st of March and 2nd
of April, consisting of four 20-minute observation blocks each containing five individual observations
of Jupiter. In both of these cases, the observation blocks were designed to provide full longitudinal
wavelength coverage in anticipation of the Juno mission that would arrive in orbit around Jupiter
later that year. Several more sets of Jupiter observations were made in 2017 and 2018, which
each consisted of a single 20-minute observation block of 7 individual observations. These sets of
observations were intended to coincide as closely as possible, in both date and longitude, with Juno
perijove passes. However, when scheduling the 2017 observations, it was assumed that Juno would
increase its orbital period once it went into orbit around Jupiter, which it failed to do as will be
explained in section 2.3. This means that the dates of the 2017 observations do not correspond well
to the dates when Juno actually achieved its closest approaches to Jupiter.

Three sets of observations were available of Saturn during the same time period, which are also
listed in appendix A. The first set of commissioning data was obtained without the use of AO, and
consisted of 8 observations within a 20 minute time period on a single night in 2014. An additional
commissioning dataset, this time making use of AQ, was obtained in June 2017, and consisted of
four individual observations. Finally, a set of 43 observations without AO, obtained over a period of
an hour on a single night in April 2017, was made by a research team led by Enric Pallé as stated in
overview section 2.1. These were originally proposed in order to model Saturn as an exoplanet, but

ended up being unusable for that purpose. We make use of these observations with their permission.

2.3 MUSE as ground support for the Juno mission

NASA’s JUpiter Near-polar Orbiter (Juno) arrived in orbit around Jupiter in July 2016. It
exhibits a highly elliptical 902 polar orbit, with perijove at 1.06 Jupiter radii and apojove at 39
Jupiter radii, and a period of approximately 53 days. This maximises spatial resolution, coverage
and solar illumination, while minimising external damage to the payload from Jupiter’s radiation
belts [Matousek, 2007, Bolton et al., 2017]. The Juno mission was originally intended to last for
37 orbits until around February 2018, at which point its instruments would be too degraded by

radiation to continue science. However, a fault in the propulsion system meant that Juno was
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unable to decrease its orbital period from 53 days to 14 days as originally planned, in order to
provide regular observations of Jupiter at perijove. On the flipside, it also means that Juno spends
less time in Jupiter’s radiation belts, and so is set to last until at least 2021.

Juno has two main aims that cannot be achieved using ground-based observations alone, both
of which are mostly beyond the scope of this thesis and so will only be briefly summarised here. Its
orbit is designed to make it the first spacecraft to look directly at Jupiter’s polar regions, and hence
better analyse auroral emission and the polar radiation field using a number of instruments such
as the Jovian Energetic particle Detector Instrument (JEDI) [Mauk et al., 2017], the UltraViolet
imaging Spectrograph (UVS) [Gladstone et al., 2008], a radio and plasma wave sensor (codenamed
Waves) [Kurth et al., 2017] and a near-infrared image spectrometer known as the Jovian InfraRed
Auroral Mapper (JIRAM) [Adriani et al., 2008]. The JunoCam instrument [Hansen et al., 2014],
although mainly intended for public outreach, was also the first instrument to directly photograph
Jupiter’s poles at nadir, using three colour filters plus a methane band filter.

Juno’s other aim is to map Jupiter’s internal structure, and thereby to constrain how Jupiter
originally formed at the dawn of the Solar System. To this end, Juno has three on-board instruments
to probe different layers of the atmosphere: a Gravity Science radiometer [Asmar et al., 2017] to
characterise the possible presence of a core, a Magnetometer [Connerney et al., 2017] to characterise
its metallic hydrogen mantle, and a Microwave Radiometer (MWR) [Janssen et al., 2014], which
probes the temperature and composition of the deep troposphere. Preliminary findings from the first
two instruments were published in Fortney [2018]. The instrument that is most important for our
purposes, however, is the MWR, as it is able to map Jupiter’s deep ammonia profile from the cloud
tops all the way down to around 1000 bars. Preliminary retrievals of deep ammonia abundances
from MWR were made by Li et al. [2017], and will be discussed further in section 5.2 in which we
relate deep ammonia abundances with those we retrieve at the cloud tops from MUSE.

However, as previously mentioned, Juno has two major setbacks. Firstly, it lacks global spatial
coverage due to being in close proximity to Jupiter and having a small field-of-view. Secondly,
it lacks completely comprehensive wavelength coverage in order to probe the whole of Jupiter’s
atmosphere and to hence provide full context to Juno observations. For this reason, further ground-
based telescope observations are required, to observe Jupiter as close in date and longitude to each
Juno perijove as observational and scheduling constraints will allow. MUSE, together with NAIC
as previously mentioned, is able to plug both the gap in spatial coverage (it is able to view an
entire hemisphere of Jupiter at a time) and spectral coverage (in the visible and near-IR, at 1nm

resolution), so that Juno’s observations of the deep ammonia gas profile can be correlated with
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higher aerosol structure and cloud-top ammonia gas abundances. We will mention some examples
of other instruments that make up Juno’s ground support in section 3.2. Conversely, UVS, JIRAM
and MWR all probe wavelengths that are difficult to observe Jupiter at from the Earth, either due to
telluric absorption (in the case of UVS and JIRAM) or synchrotron emission from Jupiter’s radiation

belt (in the case of MWR) [Berge and Gulkis, 1976].

2.4 Calibration

2.4.1 The ESOREX calibration pipeline - a summary

Each giant planet science observation is calibrated and reduced through a standard data reduction
pipeline known as the ESO Recipe EXecution tool (ESOREX) [Ballester et al., 2006]. The steps
taken by the ESOREX pipeline are as follows:

- A set of images, each of zero exposure time, are taken with the shutter closed, and averaged
together. These are used to remove the read-out signal from the science observations, consisting of
a zero level (the overscan), and pixel-to-pixel variations from the zero-level (the bias).

- A bright lamp is shone at the detector with the shutter closed, in order to obtain a set of
‘flat-field’ images which are then averaged together. This is used to correct the science observations
for variations in the light sensitivity within the slices of each detector, as well as to detect the outline
of each slice and any bad pixels.

- A set of three arc lamps (HgCd, Xe and Ne respectively) with known emission lines are then
used to map the signal variation across each slice to corresponding wavelength values.

- An additional set of flat-field images of twilight sky is obtained, in order to correct the science
observations for general variations in illumination and temperature across the field of view.

- A standard star with a known, smooth radiance spectrum, is observed close in time to the
science observation. This is used to derive both the spectral response of the detector (the variation
of the signal sensitivity with wavelength), and a telluric spectrum to correct for absorption lines
present due to gases in Earth’s atmosphere (mostly oxygen and water vapour, as shown in figure
2.4.7).

- The science observation is then corrected for atmospheric refraction, cosmic rays and the radial
velocity of the observer, and then divided by the spectral response and the telluric spectrum derived
from the standard. This results in a calibrated spectral image cube (with two spatial dimensions

and one wavelength dimension), in units of radiance. Spectral uncertainties are also calculated auto-
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matically by the pipeline, with the biggest contributions due to telluric correction and interpolation
over stellar lines in the standard spectrum, and smaller contributions from the calculation of spectral

response and readout noise.

2.4.2 Post-processing and error quantification

Following calibration and reduction by the ESOREX pipeline, each spectral image cube is first
projected using ellipsoid limb fitting, in order to calculate the necessary latitude and longitude
metadata associated with the cube, as well as incident, viewing and azimuthal angle metadata,
which are subsequently tacked on to the spectral image cube as additional extensions. This procedure
involves a number of steps. Firstly, a set of ephemeris data for the planet at the time of observation is
obtained from JPL/HORIZONS, namely the angle subtended by the planet over the sky (in arcsecs),
its angular orientation with respect to the celestial north pole, and the sub-solar and sub-observer
latitudes and longitudes. Using this data, and given that the MUSE spatial sampling is 0.27x0.2” per
spatial pixel, an ellipsoid is calculated that approximates the size and shape of the planet as viewed
by the observer (we generally use an oblateness value of 0.062 for Jupiter and 0.098 for Saturn), with
manual adjustments made to the ellipsoid so that the outer perimeter of the image of the planet
fits just within the confines of the ellipsoid. These manual adjustments can be made difficult by the
presence of mixing with the sky towards the perimeter (or ‘terminator’) of the planet due to limb
darkening and low spatial resolution, which means that the terminator is not always well-defined
and difficult to discern precisely by eye, thereby leading to small systematic errors in the resulting
metadata. The metadata are then calculated for each spatial pixel from the intercept between the
local vector of line of sight and the ellipsoid using spherical geometry.

Following projection, the spectral resolution of each cube is reduced from 0.125 nm to 1 nm
resolution by smoothing it with a triangular function of HWHM = 1 nm (equivalent to the SpeX
[Rayner et al., 2003] instrument function). This is done for two main reasons. One is to save
computational time and memory, since one MUSE spectrum at native 0.125 nm resolution would
contain just over 3600 individual wavelengths. A NEMESIS run on just a single spectrum at native
resolution would therefore take several days to complete, given available computing power. The other
is that neither solar spectrum data nor accurate methane band data exists at MUSE native resolution.
We therefore assume that the majority of absorption lines less than 1 nm wide, particularly at
wavelengths shorter than 0.6um where most of these lines are found, are due to solar Fraunhofer

lines. This could also mean, however, that we lose information about characteristic absorption lines
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of unknown compounds in Jupiter’s atmosphere that are otherwise difficult to characterise in the
infrared, including possible chromophore compounds. Such an analysis will have to wait until more
precise solar and gas absorption data become available. In the meantime we simply assume that the
only characteristic feature of chromophore is its single broad absorption band at blue wavelengths.

As a consequence of the central limit theorem, random error is reduced to very small values in the
smoothing process, and is therefore neglected. However, the uncertainties produced by the ESOREX
pipeline are predominantly systematic, and so cannot be reduced by smoothing. One therefore has to
take two additional terms into account when computing the uncertainties of the smoothed spectrum.
Firstly, we have to calculate the covariance between adjacent wavelengths induced by the smoothing
process. Let us relate the unsmoothed radiance values R, with the smoothed radiance values R,

using the following equation:

2 (1 - lexi;?éJ) R.(\))
2 (1 - ‘2)\><1_727]n|)
_ ngﬂff;@j) (2.4.1)

where W;;(A;, A;) is the SpeX instrument function. Let the variance on each value R,()\;) be

expressed as a function o2 + e2R2();), where o2 represents random error and €2 R2();) systematic

error. It can therefore be shown that the covariance matrix C associated with R4(A) is as follows:
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and hence, from standard propagation of errors, the total variance on each wavelength V' ()\;) can

be expressed as follows, substituting in equations 2.4.1 and 2.4.2:
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In the limit where systematic errors are negligible relative to random error (e R?();) << 07), the

right-hand term of equation 2.4.3 tends to 0, and we derive the standard random error propagation

equation assuming no correlation between adjacent wavelengths.
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Even when we take covariance into account, however, we find that the uncertainties generally
still shrink to unrealistically low values following smoothing. This is because we have to consider
what is known as the bias-variance dilemma [Geman et al., 1992]. A bias is a systematic error
that occurs when a spectrum is smoothed to a resolution that is too low, resulting in underfitting.
Conversely, if the spectrum is not smoothed to a low enough resolution, then the bias is low, but the
variance remains high, resulting in overfitting. We illustrate both possible scenarios in figure 2.4.1.
Here, we simply calculate the bias as the absolute difference between the smoothed and unsmoothed
spectrum at a given wavelength, and add it to the variance calculated in equation 2.4.3 to give the

total uncertainty Az(A\) on R4()), neglecting random error:

A (\) = v/(Bias)? + Variance

> (WEER2(N)) + 305 WisWikejen Ri(Aj) Rr-(Ak)]
(=)

= |(Rs(\) = R(N)* + (2.4.4)

Our calculation of Ag(A) was seen to encompass most of the intrinsic systematic uncertainties
in our spectra, with a few exceptions that we will highlight in section 2.4.3. A discussion on the
quantification of uncertainties due to experimental methodology (‘forward modelling error’) will be
provided in section 3.7.

2.4.3 Issues encountered following the standard calibration pipeline and

post-processing
2.4.3.1 Systematic offsets in radiance

In order to validate the quality of the MUSE spectra, we use reference data from the Outer Planet
Atmospheres Legacy (OPAL) [Simon et al., 2015] project. This involves annual observations, with
360 degree longitudinal coverage, of each of the giant planets using a select number of HST/WFC3
band filters from the UV to the infrared. The five relevant band filters that cover the MUSE
wavelength range, named respectively after their central wavelength (in nm), are F502N, F631N and
F658N, plus two filters F547M and FQ889N that were used to observe Jupiter and two filters FQ727N
and F763M that were used to observe Saturn. However, OPAL observations of Jupiter only started
in January 2015, while observations of Saturn only started in June 2018. Mendikoa et al. [2017]
obtained meridional reflectivity profiles of Jupiter between 2012 and 2016 from the PlanetCam-
UPV/EHU instrument [Mendikoa et al., 2016] (hereon referred to as PlanetCam). However, these

published profiles were mostly obtained from filters just outside MUSE’s wavelength range (both
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Figure 2.4.1: An illustration of the bias-variance dilemma, as taken from Wahba and Wold [1975],
using an arbitrary distribution of variables (for instance, spectral radiances at MUSE native reso-
lution). Figure (a) shows the underfit case, where the curve of best fit (in our case the smoothed
spectrum) models the sample distribution poorly near the origin. Hence, the curve has a high bias,
but a low variance. Figure (b) shows the opposite overfit case, where the curve of best fit fluctuates
wildly to take outliers into account. This curve has a low bias, but a high variance. Figure (c) shows
the ideal case, where a tradeoff has been made between bias and variance in order to minimise the
total uncertainty of the fit. Our own smoothed spectra tend towards the underfit case, as we are
limited by the resolution of the reference methane band and solar absorption data.

shortward and longward). In addition, their profiles assumed that the disc-averaged spectrum of
Jupiter remained constant over the entire four year period, an assumption that was not valid for
years in which Jupiter appeared unusually blue-absorbing as a result of major upheaval events
(particularly in 2012). For the MUSE data obtained before the start of the OPAL program, we
therefore use the earliest OPAL observations as a baseline for calibration, and use the PlanetCam
profiles to qualitatively assess any discrepancies in Jupiter’s atmospheric state during the intervening
period.

To validate the calibration, we first integrate the MUSE datacubes with each of the aforemen-
tioned HST filter functions. We then correct the filtered images for limb darkening through a
Minnaert correction, as had been done with the OPAL observations. We retrieve the Minnaert

coefficients k() as a function of central wavelength A\ empirically using the following equations:
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BO()\)NIS(/\)Mk(A)—1
In(Bo(A)) + k(A) In(pop)

B()
— In(uB(V)

where B is the observed I/F, By is the I/F where o = 1 and g =1, and {ug, 11} are the cosines
of the solar- and viewing zenith angles respectively. Here, the only unknown quantities are Bg()\)
and k(A), which we obtain for each latitudinal band of 1 degree width through linear regression
of In(uB(A)) against In(uop). For each wavelength, the value of k()\) is then averaged over all
latitudinal bands within a planetocentric latitude range of {—15°,30°} in order to avoid having to
take into account darkening towards the poles and discrete features in the southern hemisphere.
Using these average values of k(\), we then invert the Minnaert equation to get a cube in values of
By()) instead of B(\).

We then extract a single meridional swath from of each of the filtered and corrected MUSE images,
averaged within 10 degrees of the sub-observer longitude, and do the same with the corresponding
HST images obtained closest in time. Figure 2.4.2 shows a plot of the percentage difference between
the MUSE and HST I/F values in each case, with a particular focus on the Jupiter 2014 data in
figure 2.4.3. In most cases, the observed I/F values around the equatorial regions and tropics are
within approximately 5-10% of each other, with deviations particularly around the SEB mostly due
to featural changes that have occurred between the obtention of the MUSE and HST data. Larger
deviations as one moves towards mid-latitudes are most likely a result of the rapidly-decreasing
spatial resolution, which is substantially smaller for MUSE than it is for HST/WFC3, as one moves
away from the sub-observer latitude. In some cases, however, the MUSE I/F values are consistently
offset higher, across all latitudes and filters, than their respective HST values. This is most noticeably
the case in the 2014 and 2016 data, as well as in the later 2018 data. These offsets cannot be ignored
in the 2014 and 2016 data, as they often lead to I/F values that are consistently much greater than
1 in the brightest regions of Jupiter (notably the STropZ), which is unphysical. The source of these
offsets is unknown to us, and appears to have nothing to do with either the distance of Jupiter from
the Earth or the observing conditions at the time. Variations of the MUSE spectral response, or the
choice of standard, are also insufficient to explain such large discrepancies. In the case of the July
and September 2018 data, the EZ colouration event should only affect I/F values close to the EZ,
but not elsewhere on Jupiter.

For the 2016 data, we therefore choose to scale down I/F values systematically over all wave-
lengths by approximately 15%, in order to be within 5% of the HST values. Using the HST data

alone, however, it is difficult to determine whether to scale the 2014 data according to radiance
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values in the EZ or the NTropZ, since the appropriate OPAL data was observed almost a year
later. PlanetCam observations show the NTropZ gradually decreasing in brightness at continuum
wavelengths, starting in 2014. We therefore assessed the MUSE/OPAL discrepancy at the EZ in-
stead, and decided to systematically scale down the MUSE I/F values from 2014 by 20% across all
wavelengths, before performing retrievals. In the case of the July and September 2018 observations,
the scaling factor is more difficult to determine due to the EZ colouration event, but we find that a
15% downward scaling factor for the July observations and a 20% downward scaling factor for the
September observations is sufficient to obtain reasonable I/F values in the STropZ.We observe that
the percentage discrepancy between MUSE and HST/WFC3 in FQ889N I/F values is approximately
double what it is in the other filters. One factor which partly contributes is the relatively low SNR
of the FQ889N band, but this appears to be insufficient to be the sole cause of the discrepancy. The
Minnaert correction performed on the OPAL data assumed no limb variation in the FQ889N band
(k = 1), whereas we observe clear limb brightening (k¥ > 1) in the MUSE data at those wavelengths.
Again, however, this is insufficient to completely explain the discrepancy. Taking into account brute
radiance offsets instead of relative percentage offsets in I/F makes the discrepancies even greater.
We may therefore need to take into account the uncertainty in the FQ889N filter function itself. In
any case, this will likely lead to some overestimation of retrieved high-altitude haze opacities from
the MUSE data, although general meridional variations should still stand.

In Figure 2.4.4 we perform the same analysis using three observations of Saturn and comparing
them with a single set of Saturn OPAL data obtained in 2018 at 5 separate wavelength filters.
Here, we assume that equatorial I/F values remain roughly constant over the four-year period. We
find that the average offset in I/F between MUSE and HST is consistenly within a 5% interval,
even despite the temporal evolution of Saturn’s brightness (although there does appear to be some
discrepancy between AO and non-AO values). For this reason, we performed no scaling on the
Saturn MUSE data. Curiously, the F763M filter is offset more than the other filters, perhaps due to

uncertainties relating to telluric correction.
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Figure 2.4.2: Percentage difference in latitude swaths: 100*(MUSE-OPAL)/OPAL, both averaged
within 10 degrees of MUSE sub-observer longitude, for a number of sample Jupiter MUSE observa-
tions. Different colours correspond to different HST/WFC3 filters, as shown in the key in the top
left diagram. The FQ889N filter is excluded here as the percentage differences associated with it are
substantially larger than those of the other four filters. MUSE observation 2014-02-17T01:12:31.402
is compared with OPAL data from the 19th of January 2015, MUSE observations from 2016 with
OPAL data from the 16th of February 2016, MUSE observations from 2017 with data from the 3rd
of April 2017, and MUSE observations from 2018 with data from the 17th of April 2018. In each
case, the black dashed line shows the percentage offset between the MUSE and OPAL I/F values
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Figure 2.4.3: Left panels: Comparison of I/F values between MUSE observation 2014-02-
17T01:12:31.402 and HST OPAL observations from the 19th of January 2015. Swaths correspond

to within 10 degrees of 345.4° System III longitude. Right panels show percentage difference
100*(MUSE-OPAL)/OPAL.
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Figure 2.4.4: Percentage difference in latitude swaths: 100*(MUSE-OPAL)/OPAL, both averaged
within 10 degrees of MUSE sub-observer longitude, for three sample Saturn MUSE observations.
Different colours correspond to different HST/WFC3 filters, as shown in the key in the top diagram.
OPAL data was obtained on the 10th of July 2018. In each case, the black dashed line shows
the percentage offset between the MUSE and OPAL I/F values averaged over all latitudes and
wavelength filters (except F763M).

2.4.3.2 Striping artefacts in commissioning data

A noticeable issue in the 2014 commissioning data is the presence of striping artefacts, where adjacent
IFUs that make up the MUSE FOV meet. These are much less visible in later MUSE data and are
therefore usually ignored due to their lack of detriment on local atmospheric retrievals (with the
exception of dataset 2018-05-25T04:22:34.417, as we will touch on in section 5.5). 2014 observations

of Saturn were obtained with the MUSE field of view at a 90° angle relative to the sky, so that the
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artefacts are aligned vertically with respect to Saturn. As Saturn generally exhibits little longitudinal
variation in appearance, it is possible to mostly ignore the artefacts in the Saturn data by selecting
longitudes where they are absent. By contrast, the stripes are aligned horizontally in the Jupiter
commissioning data, often going straight through important features such as the GRS, and therefore
affect retrievals, particularly of cloud and ammonia abundance. The widths of each of the individual
IFUs are narrow enough that it is often impossible to select an observation where a large feature
such as the GRS is not bisected by at least one of these artefacts. They are also present at all
wavelengths, but their positions are not constant with wavelength, making it difficult to simply
neglect individual spatial pixels in our analyses. Unfortunately, these commissioning data are the
only set of MUSE data that are available from 2014, and since significant morphological changes
were observed particularly in the GRS after 2014, they are simply too valuable to discard. It is
therefore necessary to destripe these data as much as possible in order to ensure that they can be
used for science.

It is unclear why these artefacts are only noticeable in 2014 data. One factor may be the lamp
flat-fields themselves. All lamp flat-fields show vignetting around the edges of each IFU due to gaps
in the field-splitter lenses, but this is usually taken into account in the calibration process and has not
changed noticeably over time. The commissioning flat-fields do exhibit a larger number of striping
artefacts themselves, due to the presence of dust in the instrumentation, than in subsequent flat-
fields, but they are insufficient to completely explain the number of artefacts in the reduced data.
Another factor may be due to the quality of geometric calibration, which may have inaccuracies
in where to replace each IFU onto the MUSE field-of-view following calibration. This would also
explain the tell-tale signal of the striping artefacts, usually consisting of a local horizontal trough
adjacent to a local horizontal spike in radiance. Again, however, the geometric calibration process
did not change substantially after 2014.

To destripe the commissioning data, we first linearly interpolated over any lines where there was
a clear horizontal trough next to a horizontal spike, and then added on the resulting difference in
radiance to the total spectral error as a bias term. However, abrupt changes in radiance between
adjacent IFUs were still clearly visible after this. We therefore convolved each observation further

with a Gaussian kernel G(z,y):

1 .132 + y2
G(l‘,y) = 27’(0'2 €xXp <_ 20_2

where x and y are respectively the horizontal and vertical widths of the kernel, which are set so
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Figure 2.4.5: Tmage of Jupiter (2014-02-17T02:07:56.907) at 0.480um, (left) before destriping, (right)
after destriping. The most obvious stripes in the left image are indicated by the red arrows. Note
the effect of the stripes in the left image particularly on the colour of the GRS. The contrast has
been exaggerated in both of these images in order to make the striping clearer to the reader of the
print version of this thesis.

that the kernel contains approximately three standard deviations in both dimensions. A value of
o = 1.5 was seen to smooth over the worst effects of the artefacts, as shown in figure 2.4.5, without

excessively degrading the spatial resolution.

2.4.3.3 Second-order contamination

In all our MUSE data of Jupiter, we also observe very noticeable striping artefacts at the longest
continuum wavelengths, starting to be discernable around 0.905um but becoming stronger with
increasing wavelength. A demonstration of these artefacts is shown in figure 2.4.6. These are a
consequence of second-order contamination, an optical aberration caused by imperfect dispersion
of light incident on the detectors, resulting in interference between secondary diffraction orders.
The brighter and more extended the object, the more the effect is visible. This explains why the
striping artefacts are much less apparent in spectra of Saturn, even when close to opposition. In
our Saturn data obtained using AQ, they are barely visible at all. We made no effort to correct for
second-order contamination in either our Jupiter or Saturn data, however we still decided not to
exclude wavelengths above 0.905um in our retrievals, due to the information it contained on both
ammonia abundances and deep cloud cover where Rayleigh scattering could be neglected. Spectral
retrievals from locations where second-order contamination was particularly egregious (usually, but

not exclusively, in regions of Jupiter far from the sub-observer point) usually resulted in poor fits at
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Figure 2.4.6: Images of (left) Jupiter from dataset 2018-04-09T06:04:06.918 and (right) Saturn from
dataset 2017-04-06T05:38:16.941, both at a wavelength of 0.930um where the presence of second-
order contamination is most apparent. The resulting artefacts are visible in the Saturn image
as vertical stripes. We note that the orientation of these striping artefacts are dependent on the
orientation of the MUSE field-of-view and are therefore not necessarily aligned vertically with respect
to the planet.

continuum wavelengths above 0.91um but little noticeable deficiency to the fit at other wavelengths.
Second-order contamination was therefore not seen to have a particularly strong detriment to the

retrieval of any atmospheric variables, aside from in terms of x2/n.

2.4.3.4 Large airmass differences between standard and science

Although ESOREX theoretically corrects for airmass differences between the standard star and the
science observation, it does so imperfectly particularly when the difference is large. This can have
a major impact on the shape of the resulting MUSE spectra. The most noticeable sign of a large
airmass difference is in the shape of the spectrum at wavelengths of high telluric absorption: if
the airmass of the science is much larger than that of the standard, then the depths of telluric
lines are overestimated and one obtains large spikes in I/F at those wavelengths. Conversely, if
the airmass of the science is much smaller than that of the standard, the depths of telluric lines
are underestimated and one obtains deep absorption peaks in I/F. These effects are clearly shown
in figure 2.4.7. Generally, these wavelengths have a low signal-to-noise ratio and do not contain

substantial scientific information that cannot also be found at other wavelengths unaffected by
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telluric absorption. Nonetheless, it is still important to know the effect of airmass differences on
these wavelengths. In Irwin et al. [2018], the effect of ammonia absorption around 0.76um was
overestimated, as that wavelength region is also home to the largest telluric absorption feature
in the MUSE wavelength range, as later clarified in Irwin et al. [2019a]. However, such airmass
discrepancies can also have other effects on more important wavelengths. One is around the shallow,
but broad, telluric ozone absorption feature at 0.6um, which is usually taken into account by MUSE
as part of the spectral response instead of as a telluric absorption feature. This means that if there are
large airmass discrepancies between the standard and the science, the ozone absorption feature will
not be properly accounted for. In addition, large airmass discrepancies could lead to a slight ‘slant’
in the spectrum, where I/F values at blue wavelengths are overestimated while I/F values in the
near-infrared are underestimated, or vice versa, due to miscalculation of telluric Rayleigh scattering.
This could mean that the forward model requires erroneous particle sizes to fit the spectrum, as
well as unrealistic chromophore optical constants. It is for this reason that we chose to refine our
forward model in Chapter 4 on one single observation of Jupiter: 2018-04-09T06:04:06.918, which
had an airmass difference of less than 0.01 between the standard and science, both of which were
observed at airmass values close to 1. Once the forward model was perfected on that observation,
the analysis could be extended to the remaining Jupiter observations in chapter 5 where the quality
of calibration was less reliable.

For a few datasets (as stated in appendix A), the quality of the standard provided by the
observatory was so poor that it could not be used to derive the MUSE spectral response. In these
cases, we calibrated the science using a sample spectral response curve provided with the ESOREX
pipeline software, and then performed telluric correction using the supplied standard. This usually
resulted in spectra of Jupiter that appeared reasonable to first order, except at wavelengths below

0.48um which had to be discarded.
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Figure 2.4.7: Examples of the effect of airmass discrepancies between an observation of Jupiter and
its associated observatory standard on a MUSE spectrum. Grey bars indicate wavelength regions
in which telluric absorption is significant. The largest telluric absorption features (around 0.63um,
0.69pm and 0.76ym) are due to oxygen, the remaining features are due to water vapour. Top
spectrum is from 2017-08-16T00:05:02.682, an example of an observation obtained at high airmass
relative to the standard. Bottom spectrum is from 2018-07-12T02:20:43.256, an example where the
standard was obtained at a high airmass relative to the science observation. Middle spectrum (from
2018-04-09T06:04:06.918) shows a near-optimal case.
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Chapter 3

Using NEMESIS to model and

retrieve atmospheric parameters

3.1 Introduction to NEMESIS

In this chapter, we will explain what information is contained in remotely-sensed giant planet spectra,
and how it can be extracted from the spectra in order to obtain useful atmospheric data about the
planet in question. This is performed using an algorithm known as the Non-linear optimal Estimator
for MultivariatE Spectral analySIS (NEMESIS) [Irwin et al., 2008], which is multi-purpose and can
be applied to a wide range of planetary atmospheres, be they terrestrial or gas giant, hot or cold, or
scattering and non-scattering, as well as to a wide range of spectral wavelengths from the ultraviolet
to the microwave.

There are two main stages of the NEMESIS algorithm. The first is that of the forward model, in
which NEMESIS uses a set of initial, or prior, estimates of the various parameters that one wishes
to obtain (the state vector), together with a fixed reference atmosphere consisting of estimates of
other atmospheric parameters that one cannot obtain from the spectrum (such as, in the case of
MUSE spectra, a vertical pressure-temperature profile), and then uses physics to model an initial
spectrum. The theory behind how one models a spectrum from a set of state vector values is
explained in sections 3.3-3.6. The second is that of the retrieval, in which the state vector, and
hence the resulting model spectrum, is iteratively re-computed through a process known as spectral

inversion, until the model spectrum converges to a solution which, if the retrieval goes well, should
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Figure 3.1.1: NEMESIS flow chart, adapted from Barstow [2012]. Dotted arrows indicate steps that
only apply when using a reduced wavelength scheme.
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match, or fit, the observed giant planet spectrum as closely as possible. This stage is detailed in
section 3.7. NEMESIS can, however, take a very long time to converge to a solution if there is
too much spectral data or if the amount of information to retrieve from the spectrum is too great.
Section 3.8 therefore details how the retrievals were optimised to save as much time while retaining

as much accuracy as possible. A full diagram of the NEMESIS algorithm is given in figure 3.1.1.

3.2 Giant planet spectra from ultraviolet to radio wavelengths
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Figure 3.2.1: Sample disc-averaged spectra of Jupiter from the near-UV to the near-IR, adapted
from figure Al.1 in Spencer et al. [2004]. References given in the legend are Edgington et al. [1998,
1999], Karkoschka [1998] and for NIMS, Carlson et al. [1996]. The locations of the most important
methane and ammonia absorption features have been highlighted using straight and diagonal blue
crosses respectively, while the broad chromophore absorption feature has been highlighted using

the red arrow. We highlight the MUSE wavelength range in green. The general shape of Saturn
disc-averaged spectra is similar, but with larger methane and smaller ammonia absorption features

respectively.
In this section, we will give a brief overview of the main processes that govern the shapes of

giant planet spectra from the near-UV to the longwave, and hence describe the main aspects of
the atmospheres of Jupiter and Saturn that can be retrieved from the different wavelength regimes

through remote sensing. In each case, we will also provide some examples of instruments (either
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from Juno itself or its ground support) that currently observe or have observed in these regimes.
Although this thesis mostly focuses only on the visible and near-infrared from 0.476um to 0.933um,
we will refer regularly to findings of different atmospheric variables in the literature that we are
not sensitive to in the MUSE wavelength range, in order to provide context to our own MUSE
observations. This section is mostly adapted from Rogers [1995] and Irwin [2008], and we show the
main features of Jovian spectra from the near-UV to the near-IR pictorially in figure 3.2.1. We will
ignore wavelengths shorter than around 0.2um, where solar radiation becomes ionising and therefore

cannot penetrate far into the atmosphere.

e Mid- and near-UV (0.2-0.4pm): Spectra at these wavelengths are dominated by both
Rayleigh scattering of sunlight and the photolysis of different gases (primarily methane, am-
monia and acetylene) in the high atmosphere, both of which prevent incident radiation from
penetrating far into the atmosphere. Sensitive mainly to stratospheric haze. E.g. Juno/UVS,

HST/STIS, the lowest wavelength filters of HST/WFC3.

e Visible (0.4-0.7pm): The wavelength regime at which solar spectral irradiation peaks.
Rayleigh scattering becomes less important with increasing wavelength, allowing deeper al-
titudes to be probed. Chromophore absorption dominates at shorter wavelengths, while weak
absorption features of methane and ammonia are found towards longer wavelengths. Sensitive
mainly to colour, with some sensitivity to cloud and ammonia gas. E.g. Cassini/VIMS-V,

JunoCam, Cassini/ISS, some HST/WFCS3 filters.

e Near-IR (0.7-5pm): Dominated both by the reflection of sunlight by aerosol particles and
the absorption of sunlight by methane and ammonia gas. Generally, these gas absorption
features become stronger with increasing wavelength, allowing vertical aerosol structure to
be probed, as will be explained further in section 3.4. Thermal emission can still mostly be
neglected due to the low brightness temperatures of Jupiter and Saturn. Sensitive mainly
to tropospheric and stratospheric aerosol structure, as well as ammonia gas and, to a lesser
extent, collision-induced absorption of Ho-Hs and Ho-He. E.g. Cassini/VIMS-IR, IRTF /SpeX,
Galileo/NIMS, Juno/JIRAM, the highest HST/WFC3 wavelength filters.

e Mid- or thermal-IR (5-20pm): At these wavelengths, reflected sunlight becomes less sig-
nificant and thermal blackbody emission from the planet itself starts to dominate. This wave-

length regime also contains absorption features of many different compounds such ammonia,
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methane, water vapour, hydrocarbons (notably acetylene and ethane), disequilibrium species
(such as phosphine) and Hs and He through collision-induced absorption. Sensitive mainly
to variations in temperature and composition with height. Some upper tropospheric aerosol
structure can also be probed at longer wavelengths, but not to the same vertical precision as in
the near-IR. In the region around 5um (the so-called ‘5-micron window’) [Gillett et al., 1969] ,
the atmosphere becomes particularly transparent to absorption and reflection, allowing deeper

cloud structure to be probed. E.g. VLT /VISIR, Cassini/CIRS, IRTF/TEXES.

e Far-IR, Microwave and Radio (20pum-): The atmospheres of Jupiter and Saturn become
very transparent to cloud structure at these wavelengths, but strong absorption features (par-
ticularly of ammonia gas) remain well into the radio regime. Sensitive to deep compositional

structure, with little to no degeneracy with cloud. E.g. Juno/MWR, VLA.

3.3 Radiative Transfer theory

To model a giant planet spectrum in the visible-to-near-IR, one has to trace how solar photons
are absorbed and reflected by the planetary atmosphere in question, to produce a given spectral
radiance at the top of the atmosphere (TOA), which equals the spectral radiance observed from the
Earth following correction for telluric absorption. The plane-parallel approximation is valid at all
but the highest viewing zenith angles, as the thickness of the layer of atmosphere that is probed by
MUSE is very small compared with the radii of the planets themselves, and pressures are sufficient
for Local Thermodynamic Equilibrium (LTE) to hold. The derivations shown here are all taken
from, and described more fully in, Irwin [2008] and Andrews [2010].

Consider a beam of spectral radiance L, incident at an angle 05 from zenith and azimuth ¢,
passing through a discrete layer of atmosphere of thickness dz from an initial altitude zg to an
altitude #z, containing some absorbant molecules of mass density p,. From the Beer-Lambert Law,
and assuming a local source of radiance J,,, the resulting change in radiance dL, through the layer

is given by:

1

dL, = ————
cos 0

ky(2)pa(2)(Ly(2) — Ju(2))dz (3.3.1)

where the term k,(z) is an extinction coefficient characteristic of the absorbing gas. The way

this is calculated for MUSE spectra will be shown in more detail in section 3.4.
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We then define a quantity 7, known as the optical thickness, and a quantity 7' known as the
transmission which quantifies the fraction of incident radiation that is transmitted through a given

layer of atmosphere:

T = exp(—T,(z)) = exp(— /Z ku(2")pa(2')d2") (3.3.2)

and hence:

dL,(1,)

cos 8, p
Tv

=L,(r,)—J, (3.3.3)

At the wavelengths MUSE is sensitive to, the principal source of radiance would be light scattered
into the beam by aerosol particles present in the atmospheric layer. Let the effective extinction
cross-section .4 of these aerosols be divided into an absorbing component o,ps and a scattering
component 0g.,. First, we define a parameter wy known as the single-scattering albedo, which defines
the likelihood of an aerosol particle to scatter a photon at a given wavelength A instead of absorbing

it:

Usca()\) _ UscaO‘)
Usca(A) + O'abs(A) Oext ()\)

wo(A) = (3.3.4)

An aerosol particle with wg(\) = 1 is known as a conservative scatterer.
We then expand J, to take into account the full solution for multiple scattering as derived by

Hanel et al. [2003]. The resulting equation is known as the Radiative Transfer Equation:

cos 8, dLy (7 ,dcos 0, ¢s) = L,(7,,co80s,ds) (3.3.5)
Ty

27 1
7% </ / P(COSQS,¢700s0',¢')Ly(Tl,,coso9',qﬁ')dcos@’dgb’)
T o J

where 6’ and ¢’ are the respective zenith and azimuth angles at which the aerosol particle
scatters the incident radiation. The term P is an intrinsic property of the particle known as the
phase function, which defines the probability that the particle scatters light at a given angle, and
will be further described in section 3.5.

To solve this equation, NEMESIS splits the reference atmosphere vertically into 39 separate
homogeneous layers according to a scheme which will be described in section 4.2. The atmospheric

composition, temperature and density are all assumed invariant within each homogeneous layer.
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NEMESIS then solves the radiative transfer equation for each homogeneous layer numerically using
the Doubling-Adding method detailed by Plass et al. [1973], in each case starting from a single
infinitesimally thin layer where single scattering applies. The integration over viewing zenith angle
is performed using Gaussian-Lobatto quadrature, while the integration over azimuth is performed
using Fourier decomposition. Solving the radiative transfer equation at a higher viewing zenith angle
requires a larger number of Fourier azimuth components to compute, and so the further the location
on the planet from the sub-observer point, the longer NEMESIS requires to model a spectrum from

that location.
3.4 Gas absorption features in giant planet spectra

In the previous section, we explained how the radiative transfer equation could be solved if one
knew the extinction coefficient of a gas molecule at a given wavelength. In this section, which mostly
paraphrases Straughan [1976] and Irwin [2008], we will describe the different processes that would
result in such molecular gas absorption.

As was explained in section 1.3, molecular absorption at short wavelengths as found in chro-
mophore is most likely a result of electronic transitions either within an atom itself or a molecular
bond. However, at longer wavelengths, two other energy absorption mechanisms dominate. One
is that of a wibrational transition, in which a molecular bond, analogously to a spring, can absorb
energy from a photon (usually through a change in the electric dipole moment) to bend and stretch
at discrete frequency values following simple harmonic motion. Taking into account the number of
different bonds that can be excited, this results in 3N-6 degrees of freedom, where N is the number
of atoms in a given non-linear molecule. Hence, the resulting fundamental frequencies of each vi-
brational degree of freedom, or vibrational modes, are labelled from 17 to v3y_g in ascending order
of energy. The other is that of a rotational transition, in which a molecule can absorb energy by
gaining angular momentum. The resulting number of additional degrees of freedom ranges from 1,
for a spherical top (such as CHy) with equal moments of inertia about all three principal axes, to 3
for asymmetric tops (such as HoO) where each principal axis has a different moment of inertia.

Although purely rotational energy transitions are several orders of magnitude smaller than purely
vibrational transitions, and therefore only occur in the far-infrared, they often coincide with vibra-
tional transitions to form wvibration-rotation bands that are present in the near- and mid-infrared.
However, even these cannot occur at sufficient frequencies to form absorption features at MUSE

wavelengths. One therefore needs to take into account both overtones, where a vibration is excited
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to frequencies above the fundamental mode (labelled 2v4, 3v; etc.), and combinations, where two or
more bonds are excited simultaneously (eg. 11 + v5). While these are more energetic than funda-
mental vibration-rotation transitions, they are also less likely to occur, and therefore form weaker
absorption bands.

Jupiter and Saturn’s atmospheres are composed mainly of Hy and He gases. The latter is
monatomic and therefore has no rotational or vibrational degrees of freedom to induce spectral
features at these wavelengths. H, is a homonuclear diatomic molecule for which changes in the
electric dipole moment cannot occur, but weak absorption bands can be formed through other means.
Induced changes in the gquadrupole moment of Hy can lead to absorption features in the visible and
near-IR, but these are very weak and will be neglected here. Temporary dipoles in Hs molecules
can also be induced through collisions either with other Hy molecules or with helium atoms, and
although the dipoles induced in this way are very small, the sheer number of Hy and He molecules
on Jupiter produces clear collision-induced absorption (CIA) bands. The largest absorption bands
at MUSE wavelengths are however due to methane and ammonia gas, which are the next-most
abundant compounds above the cloud tops. These absorption bands are tabulated in table 3.4.1. For
comparison, we usually refer to wavelengths with little gas absorption or Rayleigh scattering (usually
around 0.74-0.75um, 0.81-0.82um and longward of 0.91um) as continuum wavelengths. While Saturn
has a larger tropospheric methane concentration than Jupiter, with a volume mixing ratio of 4.7 x
1073 [Fletcher et al., 2009] versus Jupiter’s value of 1.8 x 10~3 [Niemann et al., 1998], the ammonia
abundance at visible altitudes is observed to be far lower than on Jupiter due to its deeper altitude of
condensation. Nonetheless, the strongest ammonia absorption features are still detectable in Saturn
MUSE spectra, even though they are much smaller than in their equivalent Jupiter spectra.

In practice, the individual lines in these bands have finite spectral widths due to two main
processes (excluding natural broadening, which is a result of the Heisenberg uncertainty principle,
but only has a very small effect on the spectra). At high temperatures and pressures, pressure
broadening dominates, in which the wavelengths of the photons absorbed and emitted by a gas
molecule are affected by collisions with other gas molecules due to the uncertainty principle. The
resulting line shape of the extinction coefficient k, as a function of wavenumber v around the central

wavenumber vq is described by a Lorentzian line shape:

(1) = 2 ((1> (3.4.1)

L \ (v —10)2+17

where 7, describes the Lorentz line-width as a function of temperature and pressure, starting
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Band | Approximate Centre (um) |

31 + g 0.887
2V1 + 2V3 0.861
v + 31/3 0.841
4 (0.828)
31/1 —+ 1%: + |20 0.784
21/1 +vo + 21/3 (0746)
4V1 + V3 0.727
CH4 3V1 + 21/3 0.703
4y +v3 4+ v or 4y + 3+ 1y 0.667
671 or vy + g 0.619
41/1 + 2V3 0.597
dv1 + V3 + Vs Or D11 + V3 + 1y 0.576
61/1 + V3 0.543
51/1 + 21/3 (0521)
6v1 + v3 + g or 611 + 13 + 1y (0.509)
vy +v3 0.486
3v; + 17 0.93 (approx.)
31 + 1y 0.880
44 0.793
3v1 + 24 or 4vg 0.755
41 + v 0.735
41/1 + vy 0.702
NH; 511 0.648
41 + v (0623)
3v1 + 2v3 or by 0.606
41 + vo + 13 (0.590)
51/1 + |20 0.585
(121 0.550
6r1 + 1y (0506)
Sa2(1) + Q1(1) 0.784
S2(0) + Q1(1 0.796
Ho-H, CIA ( 393(1) W 0.815
Qs(1) 0.850
S3(1)? 0.810
Hy-He CIA Qg((1))? 0.844

Table 3.4.1: Approximate locations of ammonia, methane and hydrogen absorption bands in MUSE
giant planet spectra, with speculated overtone and combination assignments. The strongest bands in
each case are highlighted in bold. Bands in brackets are so weak as to be barely detectable in MUSE
spectra of either Jupiter or Saturn. Ammonia band assignments were taken from Herzberg [1945],
McBride and Nicholls [1972], Bowles [2003] and Lucchesini and Gozzini [2009]. We were unable
to find a band assignment in the literature for the ammonia absorption feature around 0.93ym
despite its apparence in Jupiter spectra; we have estimated the most likely assignment based on the
fundamental modes of vibration of ammonia. Methane band assignments were taken from Herzberg
[1945], Giver [1978], Scherer et al. [1984] and Bowles [2003]. H;-Hs CIA band assignments were taken
from Belton and Spinrad [1973] while corresponding data on Hs-He CIA was taken from Borysow
and Frommbhold [1989] although the band assignments in the latter case are our own. Notation of
CIA band assignments is given in the form S,(y), corresponding to a transition from vibrational
quantum numbers 0 — z and rotational quantum numbers y — y + 2, Q. (y) corresponds to an
equivalent transition with no change in rotational quantum number. We have excluded CIA bands
from third overtone transitions (S4(y) and Q4(y)) from this table, as while they are predicted to be
found between 0.62um and 0.64pym, they are too weak to be visible in MUSE spectra, and we are
not aware of any accurate CIA band models for this region in the literature.
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from a reference value 7y at a reference temperature and pressure { Py, Tp}:

YL(P,T) = ~ro (2) (?)n (3.4.2)

where n is a coefficient usually equal to 0.5. The quantities vro , vp and S = fooo k., (v)dv which
describes the line strength are both found empirically from laboratory data.

The dominant line-broadening process at low pressures, on the other hand, is Doppler broadening,
which results from the motion of the absorbing gas molecule inducing a Doppler shift on absorbed

and emitted photons. This broadening is described with an analogous Gaussian line shape:

_ 5 (=)
ky(v) = - p< 7z > (3.4.3)

where the analogous Doppler line width vp is a function of temperature:

[T
= — 4.4
YD = VDo T, (3 )

In practice, both pressure and Doppler broadening need to be taken into account when modelling

absorption band widths, most commonly using a Voigt profile which is solved numerically:

ky(y):% (75) / T apee(=t) (3.4.5)

D) Jeoo (v =10 —Dt)2 + 77

Lastly, there is one more factor to take into account that affects the shape of the gas absorption
peaks: that of the presence of aerosol. The higher and thicker the layer of aerosol, the shorter the
optical path taken by a photon as it passes through the planet’s atmosphere before it is reflected
back to space, and hence the less likely it is to be absorbed in the atmosphere. This causes individual
gas absorption peaks to appear much shallower than they would if there was no aerosol present. On
the other hand, the weaker the gas absorption peak in the first place, the deeper into the atmosphere
the photon can penetrate before it is sufficiently likely to be absorbed. Weaker absorption peaks are
therefore more sensitive to aerosol deeper in the atmosphere, while stronger absorption peaks are

more sensitive to high-altitude aerosol. This is demonstrated clearly in figure 3.4.1.
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Figure 3.4.1: Approximate altitude of peak sensitivity as a function of wavelength, calculated ac-
cording to an average weighted by retrieved Jacobians, for different locations on (A) Jupiter and
(B) Saturn. The increase in altitude of peak sensitivity in the GRS and Saturn’s EZ is due to the
presence of haze. For comparison, we provide a plot of methane absorption coefficients in subfig-
ure (C) for a cloud-free atmosphere, which was adapted from figure 5.3 in West et al. [2004], in
units of (km-amagat)™l. Note the general correspondence between methane absorption and alti-
tude of peak sensitivity, except at short wavelengths where Rayleigh scattering and chromophore
absorption dominate.
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For this reason, the presence of aerosol can induce substantial degeneracies on retrievals of
gaseous abundances. For instance, unusually shallow gaseous ammonia absorption peaks in a sample
spectrum of Jupiter may either be a result of genuine ammonia depletion or the presence of an
unusually thick or elevated cloud layer in the region. To break the degeneracy, we therefore require
a gas in the atmosphere that absorbs in the wavelength range we are probing, but which is well-mixed
in the atmosphere. In our case, that role is played by methane gas, as the atmospheres of Jupiter and
Saturn are too warm for methane to condense, and methane photolysis occurs at altitudes far higher
than those we can probe with MUSE. Thus, by taking measurements of methane abundance at one
location in the atmosphere, one can infer the vertical abundance profile of methane over the whole
atmosphere and hence retrieve accurate aerosol abundance profiles by analysing variations in the
depths of individual methane absorption peaks. The methane abundance of Jupiter’s atmosphere
was constrained to within an uncertainty of 20% by the Galileo probe [Niemann et al., 1998]. On
Saturn, the equivalent value is generally less well-constrained due to the lack of in situ measurements,
instead we rely on retrievals from remote sensing in the thermal infrared where the degeneracy
between methane and aerosol can be broken [Fouchet et al., 2009], as well as measurements of CIA.
We will provide a discussion of the effect of this uncertainty on Saturnian aerosol profiles in section

6.6.
3.5 Modelling particle scattering phase functions

Gas molecules in the giant planets are small enough relative to MUSE wavelengths that their
scattering phase functions P(#) can be modelled as a function of scattering angle 6 using the Rayleigh
approximation :

P(0) = = (14 cos®0) (3.5.1)

> w

However, the effective radii of aerosol particles in the upper troposphere are close in magnitude
to the wavelength scales observed by MUSE, and so Mie scattering dominates. We need to know two
main properties of the aerosol particles to model their phase functions. The first is their approximate
size distribution, which is modelled using a Gamma distribution [Hansen, 1971]:

N(r) ~T (p,0%) = rorl_%z exp (_M;Z) (3.5.2)
where r is the particle radius with mean p and variance 2, and rq is a normalisation constant.

The second is the dependency of the complex refractive index of the particles with respect to wave-
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length 7(A\) = n(A\) 4+ ik()\), consisting of a real component n(A) which quantifies the velocity of
electromagnetic radiation through the particle relative to the speed of light in a vacuum, and an
imaginary part k(A) which describes the absorptivity of the aerosol particle. The complex refractive
index spectrum (also referred to as the optical constants) of an aerosol is defined primarily by its
composition, and can be derived experimentally in the laboratory as a function of temperature and
pressure. Conversely, this also means that, by retrieving the refractive index spectra of chromophore
particles, one can shed some light on what they are made out of. It is sufficient to know just the full
wavelength solution of £ (from —oo to +00) and a single value of n at a reference wavelength a pri-
ori, and use Kramers-Kronig analysis (eg. Roessler [1965], Sheik-Bahae [2005]) to then compute the
full wavelength solution of n. In practice, one usually only has prior knowledge of £ over a limited
wavelength range, and so empirical modifications of the Kramers-Kronig relations are needed (eg.
Irwin et al. [2015]) so that one can still compute the approximate conjugate solution for n provided
one does not deviate too far from the reference wavelength.

Knowing their particle size distributions and optical constants, the aerosol scattering phase
functions are then derived numerically using a Mie scattering model for homogeneous spheres known
as DMIE [Dave, 1968], together with their extinction efficiencies and single-scattering albedo spectra.
We neglect inelastic (Raman) scattering of photons in our model, as it is not seen to have a major
effect on gas giant spectra at these wavelengths [Karkoschka, 1994]. Technically, Mie theory can only
be used for particles that are spherical, which is a valid assumption for liquid condensates, but as
mentioned in section 1.2, most of the visible cloud particles present in giant planet atmospheres are
thought to be made of ices, and are therefore highly non-spherical. However, a collection of randomly-
oriented non-spherical particles can usually be modelled to first order by spheres of an equivalent size
distribution. Features of the Mie phase function that are characteristic only of spherical particles,
such as ‘rainbow’ and ‘glory’ [Straughan, 1976, West et al., 2009], are then smoothed over using the
double Henyey-Greenstein approximation [Henyey and Greenstein, 1941]:

1 1—g3

o) = 4z f(l—i—g%—?glcos(ﬁ))% =)

1—g3
(1+ g2 —2gocos (0)) 2

(3.5.3)

where 0 is the scattering angle, {¢g1 g2} are asymmetry parameters which determine the degree
of forward- and back-scattering, and f is a weighting constant, which determines the size of the
forward-scattering peak relative to the back-scattering peak.

If the effective radii of the scattering particles are small relative to the wavelength scattered,

the phase function tends towards the Rayleigh approximation in which radiation is equally likely to
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be either forward-scattered or back-scattered. The greater the particle size is increased, the more
forward-scattering becomes dominant over back-scattering. However, even for a large particle, one
can still increase the level of back-scattering by increasing the real part of its refractive index. This
can make it difficult to decouple the size of cloud particles from their real refractive index, especially
with remote sensing on the ground where one is not able to observe the particles’ phase functions
over a wide phase angle range, resulting in a major degeneracy as we show further in chapters 4 and

6.

3.6 The Correlated-k method
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Figure 3.6.1: An illustration of the correlated-k method for (left) a sample spectrum of Saturn,
where the portion of the spectrum below a given absorption coefficient is highlighted, and (right)
the highlighted proportion of the spectrum mapped onto its equivalent k-distribution [Irwin et al.,
2008].

To solve the radiative transfer equation, one has to calculate the contribution of all gas absorption
features together with the optical depth of the atmosphere at a given wavelength. This is performed
most accurately using the line-by-line method, in which the extinction coefficients are calculated
by summing together individual molecular absorption lines for a given temperature and pressure

within each small wavenumber step Av over the whole wavelength range. This is, however, slow
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and cumbersome, since the reference line data could be at a very high spectral resolution, and so
calculating the optical depth of a layer of atmosphere could require the adding of thousands of
individual lines together. NEMESIS therefore makes use of an approximation that is significantly
faster and less computationally-intensive than the line-by-line method to calculate the transmission
of an atmospheric layer.

Unlike in the line-by-line method, the correlated-k method [Goody et al., 1989] does not need
to take into account exactly where in the wavenumber step Av certain absorption peaks lie, but
instead quantitively analyses how much of that spectral interval can be assigned a given range of
absorption values, as illustrated in figure 3.6.1. This means that the spectrum can be modelled as a
cumulative absorption distribution, or k-distribution, which varies with respect to wavenumber inter-
val both smoothly and monotonically. The k-distribution can thus be integrated over the frequency
range using far fewer quadrature points than the original spectrum which was rapidly fluctuating
with wavelength, thereby requiring fewer steps of integration than the line-by-line method. The
correlated-k method makes use of look-up tables, or k-tables, that were precalculated using line or
band data for specific gases at a range of temperatures and pressures.

In the line-by-line method, the mean transmittance T within a frequency interval {vg, vo + Av}
through an atmospheric layer of a single gas, of density pg and extinction coefficient kg, is calculated

by averaging the effect of the gas absorption over the frequency interval:

1 vo+Av

Av J,,

Te exp(—pcka(v))dv (3.6.1)

However, using the correlated-k approximation, it can be assumed that, for a single gas, the
fraction of the spectral range that has extinction coefficients within a given interval {k¢, k¢ + Akg}

can be modelled by a function fg(kg), hence equation 3.6.1 can be simplified to:

TG = /OOO fg(kc) eXp(—pgkg)de (3.6.2)

This can then be simplified further to define T in terms of a cumulative function g = fOkG fa(ke)dke:

Tc:/O exp(—paka(g))dg (3.6.3)

and then approximating the integration as a discrete summation over the interval g = {0,1} so

that:
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N
Ta =) exp(=pekcm) Mg (3.6.4)

n=1
Irwin et al. [2008] propose N = 10 — 20 quadrature points, which typically induces an error in
the resulting forward model of less than 5%. Once the total transmission for each gas has been
calculated over the entire atmosphere, the total transmission for all gases together can be calculated
through the product of each of the individual gaseous transmissions according to the overlapping

lines approximation [Lacis and Oinas, 1991].

3.7 Retrieval theory

In the previous subsections, we explained how an initial state vector could be used to forward
model a synthetic spectrum. Here, we will now explain how the information provided by the forward
model can be used to derive a state vector that minimises the difference between the observed and
modelled spectrum. This process is commonly known as spectral inversion. The most rigorous way
of doing this is using a Monte Carlo method such as nested sampling [Feroz and Hobson, 2008,
Garland and Irwin, 2019], where one generates thousands of initial forward models with random
state vector values, and then progressively eliminates state vector values that lead to poor fits to the
observed spectra to leave behind the most likely atmospheric parameters. This works best for very
underconstrained spectral retrievals of exoplanetary atmospheres, where observations only consist
of a few noisy datapoints from which only a few atmospheric parameters can be retrieved. However,
nested sampling was seen to be prohibitively slow for MUSE retrievals of the giant planets, whose
spectra are far more constrained and therefore require the retrieval of a large number of spectral
wavelengths and state vector variables with the use of a scattering model. We therefore use a process
known as optimal estimation to constrain the state vector instead. This section is mostly adapted
from Rodgers [2000] and Irwin et al. [2008].

In a perfectly linear problem, the equation of the forward model relating the observed spectrum

y with the state vector x would be expressed as such:

y=Kx+e¢ (3.7.1)

where € is a systematic error term on the observed spectral radiances and K is a Jacobian matrix
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(also known as the weighting function) which gives the derivative of the observed spectrum with
respect to each of the state vector elements. Kx together would therefore give the forward modelled
spectrum. Hence, to get x from y, one would simply need to invert K.

In practice, however, the relation between the state vector and the observed spectrum is non-
linear. In addition, there can often be some degeneracy between different state vectors that would
result in a given spectrum. Make the state vector uncertainties too high, or attempt to retrieve
a vertical profile at too high a resolution, and a process called ill-conditioning may occur where a
highly-fluctuating state vector is retrieved which, while providing a good fit to the observed spectrum,
is not physical. One must therefore also use the prior state vector itself as a constraint on the final

state vector solution. NEMESIS does this by minimising a cost function ¢:

¢=(y —Knxn) "S;" (y — KnXn) + (xn — %0) "Sg ' (Xn — Xo) (3.7.2)

where K,, and x,, are respectively the Jacobian and state vector following the nth iteration of
the inversion, x¢ is the prior state vector with an associated error covariance matrix Sg, and S,
is a covariance matrix that encompasses all uncertainties associated with the fit to the observed
spectrum.

The model is deemed to have converged to a solution when the percentage difference in ¢ between
subsequent iterations is less than 0.1%, which usually occurs after around 10-15 iterations. The
quality of the convergence is gauged by calculating the weighted sum of squared errors between the
observed and modelled spectrum divided by the total number of wavelengths (x?/n). The lower
the value of x?/n, the better the fit, although any value below around 1.0-1.5 is usually considered
adequate. One can therefore retrieve a solution in the left-hand term of the cost function which
minimises the least-squares difference between the observed and modelled spectrum, while at the
same time providing a prior constraint in the right-hand term to ensure physicality. Changing the
priors by an order of magnitude may however result in a drastically different retrieval using this
method if the solution is underconstrained, and doing so can therefore act as a good test of the
sensitivity of the observed spectrum to each of the atmospheric parameters in the state vector.

The state vector xy itself is found using a Levenberg-Marquardt iteration scheme which acts to

minimise ¢:

X = %o + SoKr_;(Kn_1SoKE ; +Sy) *(y — Kn_1%0) (3.7.3)
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where X is a braking parameter that is adjusted arbitrarily with each iteration to ensure the
scheme does not converge to a solution that is unphysical. In optimal estimation, the covariance

matrix S,, associated with the state vector x,, is usually given by:

Sn=(Sg" +KpS, 'Kn) ™! (3.7.5)

However, as we assume virtually no prior knowledge of the atmospheric variables to be retrieved,
So in this case does not represent the actual quantified uncertainty values on the prior state vector,
but is simply an arbitrary parameter that constrains the variability of the retrieval. Set Sg too low,
and x, will barely deviate from xg, but set Sg too high and x, becomes ill-conditioned. This is
problematic, since S,, < Sp for all diagonal values (where S,, = Sg represents the limit in which there
is no information that can be derived about x,, from the spectrum), and so retrieval errors will appear
unrealistically small if the prior error is set too low. We therefore perform an empirical correction
on the diagonal values of S,, in order to derive more realistic constraints on the uncertainties Ax,
associated with the final state vector [Irwin et al., 2019b]:

Azpi; = (S — Sgi) ™ (3.7.6)

nit

Hence, for variable profiles where no information can be derived from the spectrum, Ax, — oo,
as desired.
Diagonal values of Sg (Spi;), representing the variance o3, of each state vector term z;, are found

empirically for each variable in chapters 4 and 6 according to the extent to which we wish to vary

them while also preventing ill-conditioning. The lower the retrieved value of % relative to Z? , the
more sensitive the spectrum to the value of x,; over the value of zo;. By default, the prior state
vector values are assumed to be independent of each other (Sp;; = 0,7 # j). The exception is with
continuous profiles for which we wish to retrieve smooth variation with pressure in the case of a
vertical aerosol profile, or wavelength in the case of a complex refractive index spectrum. In these

cases, the non-diagonal values of Sq (S0i;,% # j) are controlled by a parameter A known as the

correlation length, whose value we specify explicitly in chapters 4 and 6:

Pi—Pj

Sois = /SonSorge 172 i 2 5 (3.7.7)
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where p; is the pressure grid (in the case of aerosol profiles) or wavelength grid (in the case of
complex refractive index) associated with each state vector term ;.

The covariance term Sy, consists of two components added together: a spectral error term and a
forward modelling error term. The former, consisting of uncertainties resulting in the measurement
and calibration of the observed spectrum, was described in section 2.4. The latter term, on the other
hand, consists of systematic uncertainties that are the result of the spectral modelling itself. In the
case of MUSE, the main factors would be a) a combination of experimental uncertainties in the
measurement of the reference gas absorption data, b) uncertainties that result from the use of the
correlated-k approximation instead of the line-by-line method, and c) uncertainties that result from
other approximations made in the radiative transfer equation. However, these quantities are usually
very difficult to measure. In practice, the forward modelling error is qualitively determined to ensure
that x?/n values are consistently below 1 when fits to the spectrum are visibly adequate, without
making retrieved atmospheric parameters too imprecise. We found empirically that a consistent 1%
error on Jovian spectra and a 2.5% error on Saturn spectra (to account for the fact that Saturn
is not as bright as Jupiter), on top of the spectral errors derived in the calibration process, was

sufficient for this.
3.8 Balancing the speed and accuracy of a retrieval

Although optimal estimation is substantially faster than nested sampling, a NEMESIS retrieval
of cloud structure, colour and ammonia from MUSE spectra at a single observing geometry requires
taking multiple scattering into account, which is computationally intensive. Retrievals from a single
geometry could therefore still take of the order of several hours to an entire day to complete, while
limb darkening retrievals with multiple geometries would take far longer. For a small set of sample
retrievals from Jupiter and Saturn, this may not pose a major issue. However, creating maps
of aerosol and ammonia of entire discrete features would require hundreds or even thousands of
retrievals corresponding to each individual MUSE pixel. While individual NEMESIS retrievals can
be run simultaneously in parallel, there are only so many cores available on a single cluster, and that
cluster is usually shared among several people each with their own computing needs. For this reason,
one has to consider ways of making a NEMESIS retrieval more time-efficient without sacrificing too
much in the way of accuracy. There are two simple ways of reducing the amount of time needed
by the NEMESIS retrieval: either reduce the number of variables in the state vector, or reduce the

number of wavelengths to be retrieved. The best way of doing the former is by using a more efficient
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forward model, which will be discussed in more detail in chapter 4. In this section, however, we
will discuss how to reduce the number of wavelengths in the analysis of a MUSE spectrum without
losing substantial information on the state of the atmosphere of Jupiter or Saturn.

A smoothed MUSE spectrum consists of 459 individual wavelengths. The amount of information
contained in the spectrum, however, is not evenly distributed across all wavelengths: a single I/F
value in the middle of a methane absorption band (such as at 0.727um) will tell you more about
the local cloud structure than an I/F value at 0.765um which is dominated by telluric noise. A
saving in time could therefore be made if one only selected the wavelengths that contained the most
information on the state of the atmosphere and discarded the rest. An attempt was made to do this
using a channel selection algorithm [Rodgers, 1996, Ventress and Dudhia, 2014], which sequentially
selects wavelengths in descending order of information content. This is done by measuring the degrees
of freedom for signal (ds) for a single wavelength with respect to the total degrees of freedom of the

entire spectrum (dszor):

dstor = TT(I - stal) (381)

where I is the identity matrix of order equal to the total number of wavelengths ny, and Sx
is the covariance matrix associated with the final retrieved state vector x. The algorithm works as

follows:

1. Let m be the number of iterations of the algorithm that have been performed and C,, be the
the cumulative proportion of the total information content extracted from the spectrum after
the mth iteration (by definition, 0 < C,,, <1 and C,,, — C,—1 > 0 for all values of m). Hence,

initialise variables S(y,—g) = So and Cy = 0.0.

2. Do the following for each wavelength \; where 1 <i < njy:

(a) Let k be the row of the Jacobian matrix K and o2 the diagonal value of Sy, both

corresponding to wavelength \;.

(b) By analogy with equations 3.7.5 and 3.8.1, calculate the degrees of freedom of signal for

each wavelength:

1 - _
S(m,i) = (;(ka) +Si1) (3.8.2)
ds(m,i) = TT(I - S(m,i) Sal) (383)
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3. Select the index i = #max which leads to the largest value of dyn,i)- Let Aimax be the
wavelength at which this occurs, that is, the wavelength with the greatest information content

out of those wavelengths not already selected in previous iterations.

4. Calculate the proportion of the total information content at this wavelength P(Ajnaz):

S(m—l) = S(m,imax) (384)
Cm = ds(m,imaw) (385)

Cm — Cre
P()\ima:r) - Tl (386)

5. Increment m and repeat steps 2-5 until the desired number of wavelengths or the desired
proportion of the total information content has been selected. Individual wavelengths are

never selected more than once by the algorithm.

The greatest prior unknowns in this analysis are Sg, whose value is arbitrary and optimised solely to
prevent ill-conditioning, and K, which is calculated numerically by NEMESIS in the retrieval itself.
The uncertainty in So matters little in this case, as it would simply create a uniform systematic
error across all wavelengths. The uncertainty in K, on the other hand, is more problematic, as it
is the source of information on the effect of changing the I/F at each wavelength on the resulting
state vector. One therefore has to run the algorithm on a set of ready-run retrievals, using all
SpeX-resolved wavelengths, in order to see which wavelengths on average have the most information
content. This creates a chicken-and-egg problem since, as shown in Chapter 4, you need to reduce the
number of wavelengths in order to refine the forward model in the first place using limb darkening.
The wavelengths selected by the algorithm can therefore only be used as an approximate guide to
which wavelengths actually have the greatest information content, which means that retrievals that
do not make use of the full set of wavelengths at some point in the retrieval process will be considered
highly unreliable.

A way round this conundrum is that, while the final state vector solution should take all wave-
lengths into account, this does not mean that all wavelengths must be taken into account throughout
the entire retrieval. Unless the prior state vector solution is already very close to the final state vec-
tor solution, a typical NEMESIS retrieval would need at least 5 iterations to come even remotely

close to fitting the observed spectrum. It therefore makes very little sense to perform the first few
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iterations of a retrieval using the full set of wavelengths. We therefore constructed a reduced wave-
length scheme, in order to change the number of wavelengths being fitted according to how many
iterations of the retrieval have been performed. The scheme is summarised as follows (and in figure

3.1.1):

e Each wavelength in the full grid is assigned a ranking from 1 to a maximum ranking MAXRANK.

e NEMESIS then selects rank 1 wavelengths and attempts to fit them until the solution approx-

imately converges as per the standard NEMESIS convergence criteria.

e NEMESIS then adds on rank 2 wavelengths, and feeds in the state vector retrieved using
just the rank 1 wavelengths to perform further iterations using the combined rank 1 and 2

wavelengths until convergence is achieved in the same fashion.

e The process is repeated until all wavelengths from rank 1 to MAXRANK are included in
the retrieval (or if convergence still hasn’t been achieved 2 iterations before the maximum
number of iterations, the final 2 iterations are performed using the full wavelength grid). Once

convergence is achieved at this point, the retrieval ends.

Of course, using such a scheme also means that NEMESIS will require a larger number of iterations
to converge to a solution than if the full set of wavelengths was used throughout. Nonetheless, if one
selects the wavelength ranks and the forward model wisely, one can usually converge to a solution
that is almost indistinguishable from the full wavelength solution in a substantially shorter time,
despite the larger number of iterations needed. The aforementioned channel selection algorithm can
be used as a tool to assign a rank to each wavelength, with wavelengths of high information content
given the lowest rank, and wavelengths of little information content the highest rank.

A column of pixels from observation MUSE.2018-04-09T06:04:06.918 was selected, and a retrieval
performed in each pixel within the planetocentric latitude range {—57°,44°} using a prior forward
model with only minor differences in chromophore imaginary refractive index to the one retrieved
in chapter 4. The resulting average information content distribution is presented in figure 3.8.1.
The most commonly selected wavelengths are at the bluest wavelengths, which contain the most
information on chromophore abundance and altitude, with another cluster around the 0.793um
ammonia absorption feature. The broad methane absorption feature around 0.784um is also regularly

selected, which is sensitive to aerosol around 0.7 bar, although curiously the algorithm mostly ignores
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the 0.619um feature, which is sensitive to the lowest-altitude aerosol opacity, perhaps because the
cloud layer at that altitude also has the greatest contribution to continuum I/F. In order to have a
relative geometric progression in number of wavelengths over incremental rank, we generally chose to
make wavelengths with over 0.5% of the total information content rank 1, wavelengths with between
0.3% and 0.5% of the total information content rank 2, wavelengths between 0.2% and 0.3% rank 3,

and wavelengths with less than 0.2% rank 4.
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Figure 3.8.1: Results of channel selection algorithm implemented on 161 different locations along
a single meridional swath of Jupiter (2018-04-09T06:04:06.918). Rank 1 wavelengths each contain
more than 0.5% of the total information content; Rank 2 wavelengths between 0.3% and 0.5% of
the total information content, Rank 3 wavelengths between 0.2% and 0.3% of the total information
content and Rank 4 wavelengths below 0.2%. Top: Example NEB spectrum with each wavelength
colour-coded by rank; associated percentage spectral error on the same spectrum is shown in the
middle plot for comparison. Bottom: P(}).
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The most noticeable flaw in the selection algorithm, however, is that it assumes no spectral cor-
relation between wavelengths. Since the individual wavelengths around the strong 0.89um methane
absorption feature have a low signal-to-noise ratio, they are perceived by the algorithm as having
little information content, however when the overall shape of the methane absorption feature is taken
into account, it holds substantial information content on high-altitude haze opacity. To account for
this, we therefore made both 0.887um, which has the strongest methane absorption in the broad
feature, and 0.895um which has a slightly lower signal-to-noise ratio, rank 1 wavelengths. We also
included additional rank 1 wavelengths (0.618um, 0.619um, 0.750um and 0.923ym) to further con-
strain the extent of methane absorption at 0.619um with respect to continuum brightness early in
the retrieval, in order to provide a better estimate of vertical aerosol distribution and particle size.
Figure 3.8.2 shows very little difference in the retrieved cloud profiles and fit to spectrum with and
without using a reduced wavelength scheme: the difference in x?/n is only 0.01 and all the state
vector variables are identical to within a quarter of a sigma. However, the former retrieval takes

around half the time to complete.
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Figure 3.8.2: Retrieved aerosol profile, with errors, from a single spectrum in the EZ: (purple) with-
out using a reduced wavelength scheme (458 wavelengths, x?/n = 0.77), (red) reduced wavelength
scheme using just rank 1 wavelengths (25 wavelengths in total, x?/n = 1.28), (yellow) reduced
wavelength scheme using ranks 1 and 2 (110 wavelengths, x2/n = 1.05), (green) reduced wavelength
scheme using ranks 1, 2 and 3 (236 wavelengths, x?/n = 0.93), (blue) reduced wavelength scheme
using all wavelengths (x2?/n = 0.76).
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Chapter 4

Jupiter - Constraining a universal

chromophore and cloud model

4.1 Overview

In this chapter, we explain how we tested and refined our retrieval model in order to maximise
the amount of reliable information that could be extracted from our MUSE spectra. We did this
using just one representative observation (2018-04-09T06:04:06.918) out of all the sets of MUSE
data of Jupiter between 2014 and 2018, for reasons relating to calibration and seeing conditions that
were already discussed in chapter 2. Unless otherwise stated, all of the spectra presented in this
chapter therefore originate from the 2018-04-09T06:04:06.918 dataset, apart from spectra specifically
of the NTBs, which were taken from the 2017-05-15T02:01:59.328 dataset, as the colour of the NTBs
had already faded substantially by 2018. Analysis of the remaining Jupiter MUSE datasets will be
presented in chapter 5. We should state that the paper of Baines et al. [2019], which elaborated on
the findings of Sromovsky et al. [2017] comparing the so-called ‘Créme Brilée’ model with other
possible chromophore models, as well as providing some greater physical constraints on chromophore
production, was only published following initial submission of this thesis. Nonetheless, we have made
additional references to this paper in this chapter where appropriate.

As a starting point, we first attempt to validate the results of Sromovsky et al. [2017] (hereafter
SR17), who found that a so-called ‘Créme Brilée’ model with a single chromophore compound was

able to provide a good fit to representative Cassini/VIMS-V spectra of different regions of Jupiter.
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We show that the Créme Brilée model is inadequate in accounting for vertical variations in aerosol
concentration, and therefore try to fit representative MUSE spectra of Jupiter using our own cloud
model, comparing the fit using Carlson chromophore with the fit using other laboratory chromophore
optical constants. We then attempt to improve the spectral fit further than is possible with Carlson
chromophore alone, by retrieving our own set of chromophore spectra, as a function of particle
size, from limb darkening over a single latitudinal swath of the NEB. We then select the ‘optimal’
retrieved chromophore spectrum that can both produce a good fit to a GRS spectrum and result
in vertical aerosol profiles that are physical. Finally, we fit our retrieved chromophore spectrum
to other regions of Jupiter, gauging the reliability of the model through a sensitivity analysis, and
thereby derive some preliminary conclusions about spatial differences in colour, cloud structure and
ammonia abundance.

The design of the framework of NEMESIS was primarily implemented by my supervisor, Professor
Patrick Irwin, based on the original Radtran code developed by Dr Simon Calcutt, though NEMESIS
is a collaborative project and minor modifications to its functionality have been made by a large
number of people, including myself. The Créme Brilée model, although designed by SR17, was
adapted for NEMESIS by me. Reference atmospheres, gas absorption data and scattering codes are
given in each case as citations, to which I made little personal contribution. The parametrisation of
a continuous cloud profile for NEMESIS with a limited number of sample altitudes, as first described
in section 4.4, was a joint effort between me and Patrick Irwin, together with the homogeneous layer
splitting. However, the customisation of the cloud model itself for its application to Jovian MUSE
spectra was entirely my own work. All the remaining analysis and conclusions presented in this

chapter, where citations are not provided, are, of course, entirely my own work.
4.2 Reference atmosphere and gas absorption data

In this section, we describe aspects of the reference atmosphere that remain unchanged through-
out chapters 4 and 5 regardless of the other parameters of the forward model. Most of these are also
described in, and are the same as in, Irwin et al. [2018, 2019a] and Giles [2016].

The reference atmosphere covers pressure values from a deep limit of 10 bars (90km below the 1
bar reference level) to a high-altitude limit of 1 mbar (150km above the 1 bar level); both altitudes
lie far outside MUSE’s sensitivity range. This atmosphere is split into 39 homogeneous layers,
which are equally-spaced in log pressure in section 4.3, but the layer-splitting for the remaining

sections is clarified further in section 4.4 and is shown graphically in figure 4.4.1. The temperature-
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pressure profile from the high stratosphere down to 0.8 bars is taken from Fletcher et al. [2009], and
extrapolated to deeper altitudes using a dry adiabat. We neglect spatial variations in temperature,
for which no information can be retrieved from visible and near-infrared spectra. This should not
have a major effect on our retrievals, given that the temperature profile on Jupiter only varies
between zones and belts by approximately £5K at 0.1 bar [Fletcher et al., 2016]. All reference
compositional abundance profiles are as shown in figure 1.2.2, apart from ammonia which is as in
Fletcher et al. [2009]. Only the ammonia profile will be allowed to vary, as the other gases are either
well-mixed in the troposphere (in the case of methane), are present in very low abundances above the
cloud-tops (in the case of water vapour), or do not have spectral features in the MUSE wavelength
range that would allow them to be retrieved directly (in the case of every other gas). Deep volume
mixing ratios of Hy, He and CHy (primarily isotopologue 211 as specified in the HITRAN database
[Rothman et al., 2013]), which are the gases that are present at the greatest concentration in the
troposphere, are 0.86, 0.134 and 1.8 x 1073 respectively [Niemann et al., 1998, von Zahn et al., 1998].

Methane absorption data was obtained from Karkoschka and Tomasko [2010], where each ab-
sorption band was approximated with a Goody-Voigt band model [Goody and Yung, 1995], due to
the lack of accurate methane line lists at these wavelengths. Ammonia absorption data was obtained
from the new Coles et al. [2018] line list, as was described in Irwin et al. [2019a]. Weak Hs quadrupole
absorption data was obtained from the line lists found in the HITRAN database [Rothman et al.,
2013], although their contribution to MUSE spectra was barely observable. The methane, ammonia
and Hy absorption coefficients were converted into k-tables before running retrievals with them, in
order to save computational time as previously discussed in section 3.6. Rayleigh scattering cross-
section computation codes were obtained from Sromovsky (personal communication) and modelled
using standard theory (eg. Goody and Yung [1995]). The reference extraterrestrial solar spectrum,
used to convert radiance values into I/F, was obtained from Chance and Kurucz [2010].

H, - He and H» - Hy CIA data was supposed to have been modelled according to Borysow and
Frommbhold [1989] and Borysow et al. [2000] respectively. However, there was a computational fault
in our CIA look-up table which was only discovered shortly before submission of this thesis. This
means that none of the retrievals presented here or in chapter 5 properly take CIA into account
(the contribution of CIA to giant planet spectra was originally assumed to be as small as that of
the pure quadrupole Hy lines, while the resulting discrepancies in fit around 0.80pm-0.85um were
blamed instead on poor methane band data and telluric noise). Fortunately, the lack of CIA only
induces small errors in a few of our retrieved parameters, which we will discuss in appendix B, and

does not invalidate any of the results presented either here or in chapter 5.
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4.3 The Créme Brilée model

Creme Brilée model Vertical ammonia profile
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Figure 4.3.1: Ammonia VMR profile, assumed to be saturated above the condensation pressure level
D¢, together with a diagram of the Créme Brilée model on the left with free parameters labelled.
The VMR around the knee pressure mnhgp; is modelled using a hyperbolic approximation
nhsv(p) = f(nhgvy  — nhzur)(1 4+  tanh(20(p - nhap1))) + nhgu
since the step function used in SR17 was seen to inadequately account for variation in the
value of nhsp;.

We first attempt to validate the results of SR17 using a cloud model parametrisation that resembles
that of the SR17 model as closely as possible, with parameters defined in Table 4.3.1. The decision
to fix or vary each parameter is therefore, when possible, also the same as in SR17, even when
the writer of this thesis disagrees on doing so. Their cloud model consisted of a very thin layer of
chromophore fixed to the top of an extended tropospheric cloud layer, plus an additional detached
sheet haze layer higher in the stratosphere, which they nicknamed the ‘Créme Brilée model’ due
to its superficial resemblance to the eponymous dessert, as can be seen in figure 4.3.1. Baines
et al. [2019] found that this model provided a superior fit to VIMS-V spectra of the GRS than
either placing the chromophore in the stratosphere or as a thin coating around tropospheric cloud
particles. The optical constants of the chromophore layer are fixed to Carlson chromophore values

from CR16 (which we remind the reader refers to Carlson et al. [2016]), which are exponentially
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extrapolated to wavelengths above 0.75um for which CR16 values do not exist (see figure 4.5.1).
Although SR17 obtain their ammonia absorption data from Bowles et al. [2008], and ignore the
shorter-wave ammonia absorption features, we have chosen here to use the new ammonia absorption
data from Coles et al. [2018] anyway to provide a fair test of the Créme Brilée model’s suitability to
Jovian visible and near-infrared spectra. SR17’s vertical ammonia profile consists of a sudden step
change in abundance at a given retrieved ‘knee’ pressure nhsp;. Below this step, the abundance
is fixed to a ‘deep’ value nhgzvg obtained from radio observations [Showman and de Pater, 2005].
Above the step, the abundance nhsv; is assumed constant with height up to the saturation level,
and is retrieved directly from the data. We assume 100% saturation above the condensation level.

Particle size distributions are very difficult to constrain from spectra observed at just a single
geometry.  Often, the likelihood function of particle effective radius follows a bi- or multimodal
distribution, especially when one assumes a constant particle size distribution over a wide range of
altitudes. Two local maximum likelihood estimates of effective radius could provide indistinguishable
fits to an observed spectrum, but result in drastically different vertical aerosol profiles. Optimal
estimation functions poorly for solutions that do not follow an approximately Gaussian distribution,
and so NEMESIS will usually choose one or the other maximum likelihood estimate entirely at
random, even if the one it chooses actually gives a worse x?/n value than the other estimate. If one
therefore attempts spectral retrievals of an entire meridional cross-section of Jupiter, the variation
in the retrieval of particle size and density will oscillate wildly from pixel to pixel between the
two estimates. A way of getting round this may be to decrease the prior errors on particle effective
radius, but then one has to be careful to choose a prior value that is closer to the maximum likelihood
estimate with the smaller 2 /n value. This is difficult if, say, one maximum likelihood estimate gives
a superior x2/n in the zones while the other gives a better x?/n in the belts. For this reason, we
have chosen in this section only to look at a small sample of spectra, as SR17 did. The locations
of the EZ, NEB and SEB spectra were chosen to match as closely as possible to those in SR17,
while we chose the GRS spectrum with the largest I/F gradient at blue wavelengths. Additionally,
we chose a spectrum of the NTBs from MUSE cube 2017-05-15T02:01:59.328 in order to test the
Créme Brialée model’s applicability to a red region of Jupiter that was not modelled in SR17. A
more general analysis of meridional and zonal variations in spectral fit and retrieved quantities will
be given in section 4.7.

When we apply the Créme Brilée model to our MUSE data (with results for specific regions
of Jupiter presented in tables 4.3.2 and 4.3.3 and for a broader latitudinal range in figure 4.3.2),

we find good consistencies between our retrieved opacity values 71 and 73 and those of SR17 in
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Parameter | Description Fixed (F) or Prior value with
variable (V)? | constraints
p1 Stratospheric Haze (SH) pressure F 0.04 bars
r1 Effective radius of SH particles F 0.1uym
T SH opacity at A\ = 0.89um \Y% (0.24+0.1)
a1 (A) = Complex refractive index of SH particles F 1.4£0¢
n1 + tky
D2 Tropospheric Cloud (TC) base pressure \% (2.5 £ 1.25) bars
P2 TC top pressure A% (0.2 £0.1) bars
ro Mean radius of TC particles \Y% (()(3.?5i:t0.1(;531“mmin the GRS
To TC opacity at A = 0.89um A% (20 £ 10)
Zz (j—\)zkzz Complex refractive index of TC particles F (;4 1:.‘:822 1o
D3 Chromophore layer (CB) base pressure A% Set as equal to par
p3T CB top pressure \% Set as equal to 0.9 X par
r3 Effective radius of CB particles \% (0.18 £ 0.018) pm
T3 CB opacity at A = 0.89um \% (0.2+0.1)
fiz(A) = Complex refractive index of CB particles F CR16
ng + k3
Variance of particle size distribution
b F 0.1
(same for all layers)
H./H, TC ?article/gas p'faurticle F 10
fractional scale height
nhspi Ammonia knee pressure \Y% (1.5 4+ 0.15) bars
nhsvo Ammonia vmr (p > nhspr) F 0.0035 ppv
nhsvy Ammonia vir (nhspr < p < pe) \Y% (140.5) x 107° ppv

Table 4.3.1: Key to Créme Brilée model parameters with default prior values. Cloud particle
size distributions in each layer are described by a gamma distribution [Hansen and Travis, 1974]:
n(r) = ngr1=30/% exp(—r/r;b) where r; is the effective radius of the particles in layer i. Parameter
notation was chosen to be consistent with SR17.

the NEB and SEB, especially given that the cloud structure in those regions would have evolved
considerably between 2000 and 2018. We also retrieve the same chromophore altitude por in the
NEB within error, while the small differences in the SEB could easily be attributed to longitudinal or
temporal changes. In any case, both values are consistent with a chromophore located in the upper
tropospheric haze just below the tropopause altitude. However, although we usually obtain x?/n
values less than 1.5 in all our retrievals (apart from in the EZ), we can see a number of clear flaws in
the Créme Brilée model when applied to our MUSE data using NEMESIS, particularly in regions
of thick haze. One issue is the difficulty of retrieving two particle size distributions on top of cloud
opacities: although we were able to fit most of the spectra using prior values of ro similar to those in
SR17, we had to choose a much larger prior ro value to have an even remotely good fit to the GRS.
Elsewhere on Jupiter, we were unable to retrieve any physical variations in ro and 73, as can clearly

be seen in figure 4.3.2, due to their degeneracy with opacity, and so we derive no scientific return in
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Figure 4.3.2: Retrieved parameters as a function of latitude along a single meridional swath of Jupiter
(MUSE cube 2018-04-09T06:04:06.918); we refer to table 4.3.1 for a key to each of the variables in
the plots.

allowing those parameters to vary in our model. In addition, we clearly cannot constrain ammonia
abundances while also allowing nhsp; to vary, which may be because we lack ammonia absorption
data above 0.93um that would allow us to retrieve vertical variations in ammonia abundances, even
despite new ammonia line data which allows us to accurately model the 0.648um absorption band.
Apart from the presence of degenerate variables, the biggest issue with the Créme Brilée model
is the wide pressure range covered by the tropospheric cloud layer. A uniform fractional scale height
in cloud opacity is assumed from ps, which is generally retrieved at an altitude that can only be
sensed directly in the 5 micron window, to por. This means that if the chromophore layer is placed
at too low an altitude, the reflectance at 0.89um, which is sensitive to haze around 0.1-0.2 bars,
will be underestimated as the entire region between the chromophore layer and the stratospheric
haze layer is assumed clear of aerosol, making it difficult to completely decouple real variations in
chromophore altitude from differences in high-altitude haze opacity even if sufficient information is

contained in the MUSE spectra to do so. The assumption of a constant fractional scale height also
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means that it is difficult to simultaneously provide a good fit to wavelengths sensitive to high-altitude
haze (at 0.89um) and wavelengths sensitive to deeper cloud (eg. at 0.619um), which we show clearly
in figure 4.3.3. The stratospheric haze layer is placed at too high an altitude for 7 to be adequately
constrained, due to the absence of information close to 0.4um that is present in the VIMS-V data.
While it could be placed deeper in the atmosphere in order to account for 0.89um reflectance, doing

so was seen to interfere with the retrieval of par.
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Figure 4.3.3: Meridional variation in the observed and fit I/F values at a wavelength sensitive to
deep cloud (0.619um) and a wavelength sensitive to high-altitude haze (0.887um) using the Créme
Brilée model, showing the poor simultaneous fit to both wavelengths.

Although the Créme Brilée model is seen to provide a good approximation to the cloud structure
of most regions of Jupiter, its inadequacies in modelling MUSE spectra motivates us to use a different
cloud model, where degenerate variables are kept to a minimum and where tropospheric cloud, high-
altitude haze and chromophore altitude can all be decoupled and varied independently, while still
keeping the number of state vector variables as low as possible. We will present such a model in

section 4.4.
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EZ NEB SEB
MUSE (2.9°) | SR17 | n2 | MUSE | SR17 | MUSE (-12.5°) | SR17 (-12.9°)
(1.8°) (12.2°) | (12.6°)
14 | 285+ | 25402
p2 (bars) 2.67+0.08 | 2.6+0.3 0.06 2.28 4 0.04 24402
1.85 | 3.01+ | 26402
0.02
0.08 + 14 | 016+ | 022+
par (bars) 0.06 £ 0.04 0.14 £0.03 0.33£0.04
0.03 0.02 0.05
1.85| 017+ | 023+
0.08 0.3
14 | 168+ | 1542
™ 144+ 0.6 21+ 4 00 9.3+0.3 11+£2
1.85 | 145+ | 6.8404
0.6
0154+ | 1.4 | 027+ | 033+
73 0.10 4 0.02 0.17 +0.03 0.15£0.03
0.000 0.03 0.05
1.85| 023+ | 035+
0.02 0.03
0.000+ | 1.4 | 005+ | 0.0170%7
m 0.26 & 0.03 : 0.07 £ 0.05 0.03 £ 0.02
0.000 0.02
1.85| 0.05+ | 0.000+
0.03 0.000
14 | 032+ | 0.6+0.1
72 (Wm) 0.31+0.01 0.5+0.1 0.02 0.253 4 0.009 0.5+0.1
185 026+ | 033+
0.02 0.03
0.18 + 14 | 016+ | 0.18+
73 (Wm) 0.19+0.05 0.17 £ 0.02 0.15+0.01
0.02 0.01 0.02
185] 015+ | 022+
0.01 0.01
+1.2 14 1.44 £+ 1.54+0.5
nhspy (bars) 1.15 +0.05 14732 0.08 1.16 + 0.04 14404
185] 149+ | 1.6+0.5
0.02
. 14 | 941 442
nhgvy x 10 14+ 21 11412 26 + 35 4+1
185 10+14 | 442
) 14 | 491.4 96.04
X 831.7 93.13 470.3 100.3
1.85 | 572.7 90.49
) 1.4 1.1 1.2
x?/N 1.8 1.1 1.0 1.2
1.85 1.3 1.1

Table 4.3.2: Best-fit values retrieved by SR17 at low phase angle compared with MUSE retrievals
at similar planetocentric latitude. Note that optical depths are taken at 0.89um using MUSE data
but at 1ym in SR17.
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NTBs
MUSE (-18.6°) | MUSE (-20.1°) | SR17 (-20.4°)
p2 (bars) 2.94 4+ 0.08 3.8+0.1 2.9+0.3
por (bars) 0.34 £ 0.05 0.094 + 0.004 0.33 + 0.04
T2 2441 4342 11+2
3 0.074 + 0.008 0.100 + 0.002 0.14 +0.03
m 0.13 4 0.01 0.011 + 0.003 0.0279-99
o (um) 0.152 + 0.004 5.11 4 0.05 0.3+0.1
r3 (um) 0.096 =+ 0.007 0.042 + 0.003 0.13 +0.02
nhapy (bars) 1.6+ 0.9 1.59 + 0.05 16752
nhgvy x 1072 1241 3.6+1.0 8+3
x2 623.5 565.2 80.49
x2/N 1.4 1.3 0.98

Table 4.3.3: Same as table 4.3.2, but for the NTBs and GRS. The MUSE NTBs observation was
taken from spectral image cube 2017-05-15T02:01:59:328. In this table we only include retrievals
where ny = 1.4.

4.4 Continuous model with Carlson chromophore as a univer-
sal chromophore

Due to the inadequacies of the Créme Brilée model in modelling upper tropospheric haze, we chose
instead to use a model where variations in aerosol density with height could be determined to within
greater vertical sensitivity. In Irwin et al. [2018], an example of such a model is presented, where a
vertical profile of a single aerosol population, together with its imaginary refractive index spectrum,
is retrieved continuously over the entire reference atmosphere. Such a retrieval is computationally
expensive, as it requires the retrieval of a single cloud abundance value for each and every one of
the 39 pressure levels specified in the reference atmosphere. Most of these retrievals are completely
unnecessary, as firstly the pressure levels are spaced much more closely together than could possibly
be resolved from the MUSE spectra, and secondly many of these pressure levels lie at altitudes where
MUSE has very little sensitivity to cloud structure.

We therefore choose instead to model a continuous aerosol profile, where densities are only
retrieved at a small number of selected pressure levels (spaced within half a pressure scale height
apart in the region of peak MUSE sensitivity between 0.1-1.5 bar), and then interpolated over all 39
homogeneous layers in the model atmosphere between 1mbar and 10 bar using a cubic spline (Figure
4.4.1). The profile is set to vary smoothly with altitude according to a fixed correlation length A, as
previously described. This model has the advantage over the Créme Brilée model of greater vertical
resolution in the upper troposphere, yet is faster than a full layer-by-layer retrieval as in Irwin et al.
[2018]. The biggest downside to such a parametrisation is that it makes vertical variations in particle

size very difficult to model. Attempts to model variations in particle size with height usually result

72



in smaller particle sizes as one moves away from the equator, due to the longer path length of light
scattered by cloud and haze, and provide no noticeable improvement in fit compared to having a
single particle size distribution. Specifying a gradual change in particle size with height is also very
computationally expensive, since it requires the calculation of particle scattering phase functions for

each of the 39 homogeneous layers in our reference atmosphere individually.
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Figure 4.4.1: Graphs showing arbitrary (and unphysical) retrieved atmospheric parameters from a
synthetic spectrum of Jupiter, chosen to best highlight all variable parametrisations in our model.
Left is a continuous vertical profile of conservatively-scattering non-chromophore aerosol. Particle
density values are retrieved at the altitudes marked with the black crosses (and with pressure values
in bars stated next to each cross), and then interpolated over the whole atmosphere using a cubic
spline. These altitudes are chosen to be more closely-spaced in regions of greater vertical sensitivity
and further-spaced in regions of little sensitivity. Alternating red and white horizontal lines indicate
the altitudes of the 39 homogeneous layers used in our reference atmosphere (which also apply to our
other variable profiles), whose vertical spacing is chosen according to the same criteria. Top-right is
a vertical chromophore profile, which we parametrise using a Gaussian of peak abundance 7. centred
around an altitude p., and with a full width half-maximum FWHM. Bottom-right is a vertical profile
of gaseous ammonia. We retrieve a reference volume mixing ratio value nhzv; at a reference pressure
value nhsp;. We then extrapolate this value to all other pressure levels either using a scale height
value fsh, which we require to be less than 1 in order for the ammonia abundance to decrease with
ascending height, or by assuming 100% saturation (whichever value is lower).

In our model, we therefore assume a constant cloud particle size distribution with height. For this
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profile, the cloud particles are assumed to be conservatively-scattering, which is a safe assumption
as the imaginary refractive index of ammonia ice is only of the order of 107° at these wavelengths
[Martonchik et al., 1984]. We set the correlation length A., of this profile to be 1.5, which was seen
to be a good compromise between providing a reasonable fit to Jovian spectra while still providing
realistic information on vertical variations of aerosol without ill-conditioning.

Another drawback of the model of Irwin et al. [2018] is that it does not decouple chromophores
from other aerosol particles, instead assuming the same optical constants for all aerosols when in
practice only a small fraction of the total aerosol content is likely to be blue-absorbing. This makes
it very difficult to fit laboratory optical constants, which were obtained from much purer samples of
chromophore, to Jovian spectra. We therefore retrieve two separate aerosol profiles simulaneously:
one conservatively-scattering cloud profile as previously mentioned, plus an additional vertical pro-
file of chromophore abundance with optical constants fixed to those listed in CR16. When doing
preliminary modelling of a continuous chromophore profile, we found that the retrieval naturally
converged to a solution where the chromophore profile would roughly resemble a Gaussian centred
at an altitude of peak chromophore opacity. We therefore decided to model the chromophore profile
as a Gaussian, of a retrievable pressure and peak opacity, and fixed FWHM of a pressure scale height.
This was in order to a) save computational time, due to the fewer variables to be retrieved, and b) in
order to properly decouple cloud and chromophore particles at altitudes where there is sensitivity to
cloud but not to chromophore. We usually parametrise both our cloud and chromophore profiles in
units of particles cm? /gram of atmosphere (that is, the specific density in particles/gram multiplied
by the extinction cross-section of the particles at 0.89um), since this allows individual cloud layers to
be better discerned than using more intuitive density units of particles/cm? of atmosphere, although
in section 4.6 we will convert these values into units of g/1 in order to compare them with theoretical
and observational constraints in the literature. The ammonia gas profile was parametrised by a
fractional scale height, with a single retrieved value at a fixed pressure level of 0.6 bars. This is
somewhat above the altitude of peak ammonia sensitivity, but ensured sub-saturation above the
predicted ammonia cloud condensation level. We set abundances to never exceed 100% saturation
regardless of altitude. A full list of the forward model parameters used in this section, together with
their prior values and constraints, is given in table 4.4.1.

Our new model now leaves us with three unconstrained parameters that are very difficult to
retrieve directly using optimal estimation: the effective radii of both particle populations (r, and r.
for the non-chromophore and chromophore particles respectively) and the most likely value for the

real part of the refractive index of non-chromophore particles (n,). We therefore perform several
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Profile Variable definition Variable Fixed (F) or Prior values with
symbol variable (V)? uncertainties
7 (9.87)
7 (3.30)
Specific aerosol densities of 70 (2.00)
non-chromophore profile 7n(1.20)
7n(P) (in units of aerosol 7 (0.73)
particles cm® /gram of 7 (0-49) v (1.0£0.3) x 1073vP
atmosphere)as a function of 7 (0-27)
a given pressure grid P (in 7 (0.16)
. bars) 7n(0.10)
Combined 7 (0.06)
cloud and haze 7,(0.02)
7,,(0.001)
Correlation length of aerosol Arn 1.5
profile
Effective particle radius (um) | 7» Found through x?/n analysis
Variance of particle size on - 0.1
distribution
Real refractive index at Nn Found through x2/n analysis
A=0.Tum
Imaginary part of
complex refractive index kn(X) 1079V
spectrum
as a function of wavelength A
Correlation length of Agn 0.1
refractive index spectrum
Aerosol density at centre of Te (1.0£0.5) x 1073
Gaussian (particles cmg/g) v
Altitude of centre of P, 1.0£0.5
Gaussian (bars)
Chromophore -
Gaussian FWHM (pressure Ae 1
scale height)
Effective particle radius (pm) | rc P Found through x2/n analysis
Variance of particle size oc 0.1
distribution
Real refractive index at Ne 1.4
A=0.7Tum
Imaginary part of complex ke(X) Carlson et al. [2016] extrapolated
refractive index spectrum as exponentially to wavelengths
a function of wavelength A A > 0.75um
Correlation length of Age 0.1
refractive index spectrum
Reference pressure level nhspi F 0.6
Ammonia gas (bars)
Reference volume mixing nhsvi Vv (1.0£0.5) x 1075,
ratio (VMR) at a pressure saturation-limited
level of 0.6 bars
Fractional scale height fsh \% 0.50 = 0.25, decreasing with height

and saturation-limited

Table 4.4.1: Explanation of variables used to parametrise the forward model in section 4.4, with

prior values and constraints specified when applicable.
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retrievals fixing each of these parameters to a range of different values, and then selecting those
values that result in the lowest x?/n. We refer to this method as a “x?/n analysis’, and is similar
to the method used by Sato et al. [2013] to find the most likely real refractive index value of the
visible cloud layers of Jupiter from Cassini/ISS. We place a lower bound on n, of 1.42, akin to
the value of ammonia ice [Martonchik et al., 1984], and an upper bound of 1.8, close to the value
found by Sato et al. [2013], while we fix the chromophore real refractive index n. to 1.4 in line
with CR16. The lower and upper bounds on r, and r. are more difficult to estimate. Ragent
et al. [1998] estimate the effective radii of the 0.5 and 1.2 bar cloud layers found in the PES to be
anything from 0.5 to 5 microns, but West et al. [2004] estimate stratospheric haze particle effective
radii, to which MUSE spectra may be sensitive towards the poles, of below 0.2um. These values
are also similar to constraints provided by spectropolarimetric observations of Jupiter (e.g. Stoll
[1980], McLean et al. [2017]). We therefore place the lower and upper bounds on 7, at 0.1ym and
7.5um respectively. We have even less prior constraint on chromophore particle sizes, other than
that they are most likely located above the visible cloud layers and are hence smaller than aerosols
in the deepest visible cloud layer. The chosen lower and upper bounds on r. respectively of 0.02um
and lum are therefore more arbitrary. We choose to perform our y?/n analysis using a grid of 8
different r,, values {0.1,0.25,0.5,0.75,1,2.5,5,7.5}, 6 different r. values {0.02,0.05,0.1,0.2,0.5,1.0}
and 4 different n,, values {1.42,1.5,1.6,1.8}, giving a total of 192 separate retrievals for a single
spectrum. For our initial modelling test, we choose a spectrum from the centre of the GRS (-
20.4° planetocentric latitude, 146.5° System III longitude), since this is both the reddest region of
Jupiter and, as we found in section 4.3, the most difficult region of Jupiter to model using Carlson
chromophore. We fix the variances of both particle size distributions to be 0.1 as in SR17; this is a
relatively arbitrary value and we find that changing it to 0.05 as in eg. Irwin et al. [2018] does not
provide a noticeable improvement in fit to MUSE spectra or provide a better constraint on particle
effective radii.

Figure 4.4.2 shows the results of this x?/n analysis. As the blue-absorption slope of the GRS
is so much steeper than that of the Carlson chromophore absorption spectrum, the retrieval has to
make the blue-absorption slope as steep as possible by raising the value of r,, and n,, (to increase the
scattering efficiency at red and near-infrared continuum wavelengths), while also decreasing . to very
low values (to drive down scattering at very short wavelengths). The best fit to the GRS spectrum,
achieved with r, = 5um, r. = 0.02um and n,, = 1.6, is shown in figure 4.4.3. The overestimation
of I/F around 0.82-0.83um is partly due to poor modelling of CIA, as we explain in appendix B. In

addition, CR16 did not publish data above 0.75um, so our exponential extrapolation of the CR16
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Figure 4.4.2: Results of x2/n analysis, when chromophore optical constants are fixed to CR16 values.
Each retrieval is plotted against 7, on the x-axis and 7. on the y-axis, for a single value of n,, as
given in the plot title. Intersections of dashed grid lines show the fixed r, and r. values of the
retrievals themselves. The red cross shows the retrieval with the best convergence (y?/n = 1.18),
but the resulting cloud profile is unphysical. The black cross shows the retrieval with the second-best
convergence (x2/n = 1.22), and whose spectral fit is plotted in figure 4.4.3.

optical constants to near-infrared wavelengths could be incorrect. There are, however, two poorly-fit
wavelength regions that lie within the range of tabulated values in CR17 and which clearly highlight
flaws in the absorption spectrum of Carlson chromophore. One is the region around 0.63-0.70um,
whose reflectance is underestimated by Carlson chromophore, and the other is around 0.53-0.58um,
which is home to a weak methane and ammonia absorption feature. By contrast, the I/F below
0.5um is underestimated, a result of having to make the value of r, very small in order to improve
the fit to the spectral slope at higher wavelengths. Expanding our parameter space down to lower
values of r. would only make the I/F values at these wavelengths even more greatly underestimated
due to the lower scattering efficiency. Together, these discrepancies therefore indicate a chromophore
whose absorption spectrum requires a more abrupt change in gradient somewhere around 0.6um than

can be provided by Carlson chromophore. Although this model is still an improvement on the Créme
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Brilée model, we are still curious to see if we can glean any information from the MUSE spectra on
how a real Jovian chromophore absorption spectrum would differ from the CR16 optical constants.
For this reason, we will choose to retrieve the chromophore refractive index spectrum directly from

the MUSE data in section 4.6.
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Figure 4.4.3: Best fit to the spectrum of the GRS (for the values of r,,, r. and n,, that give the best
physical fit as shown in figure 4.4.2)

4.5 Fits using other laboratory chromophores

4.5.1 Titan tholins and phosphorus chromophore

Apart from CR16, the only other available optical constants for Jovian chromophore were published
by Noy et al. [1981], who produced a yellow allotrope of phosphorus in the laboratory by photolysing
phosphine in the presence of hydrogen gas with UV radiation. Preliminary retrievals on OPAL data
by Fry and Sromovsky [2018] showed similar promise for the Noy chromophore as for the Carlson
chromophore. Unfortunately, data from Noy et al. [1981] are only available at wavelengths shortward
of 0.6um. We have therefore extrapolated these optical constants using an exponential for the rest
of the wavelengths in the MUSE spectral range.

Given the scarcity of Jovian laboratory chromophore data, we have decided to also compare
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Carlson chromophore with alternative non-Jovian laboratory chromophores in the literature. A
great wealth of laboratory analyses and optical constant derivations of the chromophore particles
(commonly known as ‘tholins’) that make up Titan’s haze layers is available in the literature, as
reviewed by Brassé et al. [2015]. This is because, unlike on Jupiter where the origin of chromophore
remains elusive, the production of Titan tholins is known to be the result of photochemical reactions
between N, and CH,4 in Titan’s primarily nitrogen-based atmosphere, even if the exact reaction
pathways and constituents of tholins are still subject to debate, as reviewed by Waite et al. [2009].
This is analogous to the production mechanism behind Carlson chromophore, involving reactions
between NH3 and CyHs, the latter compound itself a photolysis product of CHy, in a hydrogen-based
atmosphere. Although the atmospheric conditions found in Titan’s upper atmosphere (which are
beyond the scope of this thesis, but are reviewed in detail in Strobel et al. [2009]) that result in
chromophore production are very different to those found on Jupiter, the plenitude of laboratory
optical constants for Titan tholins leads to them occasionally being used to fit residuals in giant

planet spectra, for instance by Sindoni et al. [2017].

Complex refractive index spectra of selected chromophores
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Figure 4.5.1: Optical constant spectra of different candidate chromophores, with the real part shown
in the plot on top and the imaginary part in the plot on the bottom. Dashed lines indicate extrap-
olated values that are not present in the literature. For Noy et al. [1981], all values above 0.6um are
extrapolated, while for CR17 all values above 0.75um are extrapolated.
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Out of all the Titan tholins reviewed in Brassé et al. [2015], we tested the fit to the spectrum
of the GRS using the optical constants of Khare et al. [1984], Vuitton et al. [2009] and the 2%
and 5% methane analogues in Mahjoub et al. [2012]. These were chosen due to their favourable
spectral range, and due to their similar smooth increase in imaginary refractive index towards short
wavelengths (unlike that of Ramirez et al. [2002] which shows some decrease in absorption below
0.5um). Of all these optical constants, we only managed to provide a comparable fit to Carlson
chromophore using Khare et al. [1984], which we achieved using a value of n,, = 1.6, r, = 4.5um
and r. = 0.05um. We note that these optical constants were also found to provide the best fit to
Juno/JIRAM spectra between 2.4 and 3.0um of the STB white ovals according to Sindoni et al.
[2017], albeit using much smaller particle sizes than in our analysis. However, the Khare et al. [1984]
spectrum also provided a poor fit to wavelengths between 0.59um and 0.68um, which resulted in an
aerosol profile where the greatest density of aerosol was perceived to be in the upper tropospheric
haze, as shown in figure 4.5.3. We know this to be unphysical, as prior observations at our wavelength
range in the literature have shown that a thick cloud layer must be found deeper than at least 0.7
bars (as was discussed previously in section 1.2), as we retrieve clearly with Carlson chromophore,
for which the fit to the methane peak at 0.619um is superior. We can therefore see that, even despite
the many adjustments one can make to particle size distributions in order to fit an arbitrary set of
chromophore optical constants to MUSE spectra, the Carlson chromophore can still provide a better
fit than Titan tholins.

We obtained a fit to the GRS spectrum using the Noy chromophore very close to that of the
Carlson chromophore, even despite the very large difference in real refractive index between the two
compounds. This was achieved using the same values of n,,, r, and r. as with the optical constants
of Khare et al. [1984]. However, we also obtained a similarly unphysical cloud profile with the Noy
et al. [1981] optical constants to the one we obtained using the Khare et al. [1984] optical constants,
partly a consequence of the lack of empirical laboratory data above 0.6um. Since the CR16 optical
constants provide better constraints on the degree of absorption up to 0.75um, we have chosen to
abandon the use of the Noy chromophore, even as a prior, for subsequent retrievals in this chapter.

We will revisit the Noy chromophore when we perform retrievals of Saturn spectra in chapter 6.

4.5.2 Irradiated NH,SH

An alternative hypothesis of the source of red colour in Jupiter’s atmosphere is that of NH,SH

ice itself, which was shown first by Lebofsky and Fegley [1976] and later by Loeffler et al. [2016]
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Figure 4.5.2: A comparison of the fit of Carlson chromophore to the GRS, as presented in figure
4.4.3, to the fit to the same spectrum provided by two other candidate chromophore compounds.
In each case, we state the quality of convergence to the spectrum in the legend. We highlight the
spectral range in which the chromophore of Khare et al. [1984] provides a poor fit to the spectrum
of the GRS using the blue arrow in the bottom diagram.

and Loeffler and Hudson [2018] to dissociate into species of sulphur radicals under high-energy
proton irradiation (simulating cosmic radiation) that strongly absorb shortwave radiation. This is
an attractive proposition given the postulated composition of the visible cloud layers as previously
explained in section 1.2, which would provide an abundant source of chromophore through this
production mechanism. Additional hypotheses would therefore not need to be invoked in order to
explain local elevations in the abundances of chromophore reactants such as acetylene, as would
Carlson chromophore. The raised elevated real refractive index of aerosol particles found by Sato
et al. [2013] in the STropZ also appears to provide some observational evidence of the presence of
NH,4SH, and retrievals by Sromovsky and Fry [2010] in the near-IR even appear to suggest that
NH,4SH ice could be present well into the upper tropospheric haze.

There are several issues with NH,SH as a chromophore, however, as can be seen later in Figure

4.6.4. One is that the reflectance spectrum of irradiated NH4SH only appears to show substantial
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Figure 4.5.3: Retrieved cloud profiles 7, (p) for the three different candidate chromophore compounds
fit to the GRS, whose spectral fits are shown in figure 4.5.2.

absorption below 0.5um, whereas the shortwave absorption peak in Jovian spectra extends all the
way to 0.6um. This discrepancy may be alleviated by altering the altitude of the irradiated NH4SH
particles or changing their size distribution, but this is difficult to verify currently due to the absence
of NH,SH optical constant data below 1lum. The other issue pertains to the presence of a secondary
broad absorption peak at around 0.61um due to S5 radicals, which is completely absent in Jovian
spectra. This extra absorption peak is known to disappear under only two circumstances: a) the
NH4SH is irradiated at temperatures far below even the coldest temperatures found on Jupiter
[Loeffler and Hudson, 2018], or b) the NH4SH is irradiated at temperatures typically found in the
upper troposphere, but is then reheated to temperatures one would only expect around 2 bars,
substantially below the maximum visible penetration depth even in the belts [Loeffler et al., 2016].
We will therefore solely assume an organic photochemical chromophore compound unless better
NH4SH optical constants become available and a plausible hypothesis arises to explain the absence

of this secondary peak in Jovian spectra.
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4.6 Direct chromophore retrieval

4.6.1 Limb darkening analysis of the NEB
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Figure 4.6.1: Plots showing the extraction of a limb darkening spectrum from the MUSE data. Plots
on the left show the MUSE spectral image at two sample wavelengths: the top at a wavelength
sensitive to chromophore, and the bottom at a wavelength sensitive to high-altitude haze. Dashed
white lines show the equator and the sub-observer longitude, dotted lines show lines of planetocentric
latitude (in increments of 20 degrees) and lines of longitude relative to the sub-observer point (in
increments of 30 degrees). The thick outer white line shows the calculated terminator of Jupiter
using ellipsoid limb fitting as described in section 2.4.2. The latitudinal swath extracted from the
data is shown in a darker shade, bounded by 10°N and 13°N (planetocentric) on each side. Plots on
the right show, for the same two wavelengths, all the I/F values at each spatial pixel contained within
the swath in black, as a function of longitude. Points in blue then show the averaged latitudinal
swath, sampled at 30 degree intervals, used for limb darkening analysis, with vertical bars showing
the spectral error associated with those points. We note that the curves are not symmetric around
the central meridian due to an offset between the sub-solar and sub-observer longitudes.

Seeking to improve our fit to the GRS spectrum relative to Carlson chromophore, we chose to
retrieve the imaginary refractive index spectrum k() of a universal chromophore ourselves directly.
A drawback of imaginary refractive index retrieval is that it takes into account any broad residuals
in an observed spectrum, that may be more likely to be a result of a poor forward model than of

actual chromophore absorption features. It is therefore almost completely impossible to decouple
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uncertainties in both aerosol size distributions and optical constants using a single spectrum alone,
since any error in the shape of the spectrum caused by a bad particle size distribution would be
taken into account in the shape of the imaginary refractive index spectrum. We therefore need to
place an additional constraint on the particle size distributions through limb darkening analysis.

In limb darkening analysis, one assumes that a single latitudinal swath of Jupiter is spatially
homogeneous over its entire longitudinal range, and measure the attenuation of spectral I/F with
viewing zenith angle. This provides an additional source of information on aerosol structure to
greater precision and vertical resolution than can be provided by observations of Jupiter at a sin-
gle viewing geometry (so-called ‘point’ retrievals), as the optical path of reflected sunlight through
Jupiter’s atmosphere, and hence the altitude of peak sensitivity to aerosol and ammonia, increases
with viewing zenith angle from nadir. Limb darkening analysis also provides greater angular con-
straint on the scattering phase functions of aerosols in Jupiter’s atmosphere, and hence their particle
size distributions and the real parts of their refractive indices. There are two major disadvantages
of limb darkening, however. The first is that increasing the number of viewing geometries also in-
creases the number of spectral points to be retrieved by the same magnitude. This makes retrievals
far slower than they would otherwise be for point retrievals, especially if one makes use of geome-
tries obtained at very high viewing zenith angles, for reasons previously explained in section 3.3. To
mitigate this, we attempt to minimise the number of geometries to fit simultaneously, but over as
large a viewing zenith angle range as possible. In addition, we discard ‘rank 4’ wavelengths in our
reduced wavelength scheme (referring back to section 3.8) and only make use of wavelength ranks 3
and below. As shown in Figure 3.8.2, the difference in the retrieved profiles between using the full
wavelength grid and discarding rank 4 wavelengths is not particularly noteworthy for point retrievals,
and would not be substantially more noteworthy for limb darkening retrievals, given where the rank
4 wavelengths are located. The second disadvantage of limb darkening is that it is often difficult to
find a latitudinal swath of Jupiter that can consistently be treated as spatially homogeneous at every
single wavelength. One therefore has to choose the latitudinal range of the swath very carefully in
order to avoid boundaries in the banded structure at both the level of the main cloud layer and the
high-altitude haze layers. In addition, the degree of limb darkening with respect to viewing zenith
angle has to be averaged over a given viewing zenith angle bin, in order to disregard anomalies in
I/F due to the presence of discrete features. Nonetheless, one has to take into account that gaseous
ammonia abundances vary greatly with longitude, even in the absence of discrete features, as shown
by Fletcher et al. [2016].

For our representative swath, we chose the southern half of the NEB between 10°N and 13°N
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(planetographic), for a number of reasons. Firstly, it was the second reddest region of Jupiter after
the GRS, as some time had already elapsed by this point since the formation of the NTBs red haze
layer in late 2016 (see chapter 5). It also had low cloud and haze cover, as well as low gaseous
ammonia abundances. This made extraction of a chromophore absorption spectrum more reliable,
and less dependent on uncertainties in particle size distribution. Secondly, it was relatively spatially
homogeneous in comparison both to the northern NEB, where a number of discrete features were
present following the NTBs upheaval, and the SEB which was even more turbulent, both due to the
presence of the GRS and to a large convective outbreak in the SEB in January 2017. The shape of
the limb darkening curve along the swath was seen to be well-modelled if the swath was sampled
at each wavelength at 30 degree longitude intervals (within a longitude range of +60 degrees of the
sub-observer longitude, in order to avoid mixing with the sky close to the outer perimeter of Jupiter’s
planetary disc), with each sample obtained by computing a Gaussian weighted average of all spectra
within a FWHM of 3 degrees of longitude. The respective spectral errors were then found through
the corresponding standard deviation of the Gaussian weighted average.

We then perform a similar x?/n analysis on this NEB swath as we did on the GRS in section 4.4,
with only two differences. One is that the imaginary refractive index spectrum of chromophore is not
fixed to Carlson chromophore at all wavelengths, but variable using the CR16 optical constants as a
prior (with n. fixed at 1.4). We retrieve the imaginary refractive index spectrum over a wavelength
grid of 0.1ym intervals, chosen to be deliberately broad both in order to minimise the number of
state vector variables to be retrieved (and hence the computational time), and so that the retrieval
avoids mistaking local residuals in the spectra that may be due to other forward modelling errors
as being due to chromophore absorption. The wavelength grid covers a wider range (0.4-1.0um)
than that of MUSE itself, to ensure that the imaginary refractive index spectrum fits the observed
data well at the periphery of the MUSE wavelength range, given the broad spectral sampling of
the imaginary refractive index grid. The other difference in our methodology from section 4.4 is
that, since limb darkening retrievals have greater vertical precision than point retrievals, we have to
decrease the intervals between adjacent pressure levels in the region of greatest vertical sensitivity
between 0.1 and 1.5 bars, as well as increase the number of pressure levels upwards into the lower
stratosphere, in order to model 0.89 micron absorption at the highest phase angles where the optical
path through Jupiter’s atmosphere is at its greatest.

The resulting x?/n values are shown in figure 4.6.2. We can see that the non-chromophore
effective particle radius r,, can usually be constrained to within +0.25um as a function of real

refractive index n,,, even with a maximum viewing zenith angle of just 60 degrees, as the value of r,
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Profile Variable definition Variable symbol Fixed (F) or Prior values with
variable (V)? uncertainties
™ (9.87) | 7,(0.45)
Specific aerosol densities 7 (5.40) | 7,(0.27)
of non-chromophore 7 (3.30) | 7,(0.16)
profile 7, (P) (in units of T (2.00) | 7,(0.10)
aerosol particles Tn(1.54) | 7,(0.06) | V (1.040.1) x 1073vP
cm2/gram of atmosphere) | 7,(1.20) | 7,(0.036)
Combined as a function of a given 7(0.94) | 7,(0.02)
cloud and pressure grid P (in bars) 7 (0.73) | 7,(0.012)
haze 7 (0.57) | 7,(0.001)
Correlation length of Arn 1.5
aerosol profile
Effective particle radius Tn F Found through x2/n analysis
(um)
Variance of particle size on 0.1
distribution
Real refractive index at Nn Found through x2/n analysis
A=0.7Tum
Imaginary part of complex | kn(A) 1079v\
refractive index spectrum
as a function of
wavelength A
Correlation length of Akn 0.1
refractive index spectrum
Aerosol density at centre Te v (1.0£0.2) x 1073
of Gaussian (particles
em?/g)
Altitude of centre of P, 1.0+0.2
Chromophore .
Gaussian (bars)
Gaussian FWHM Ac 1
(pressure scale height) F
Effective particle radius re Found through x2/n analysis
(um)
Variance of particle size oc 0.1
distribution
Real refractive index at Ne 1.4
A=0.Tum
Imaginary part of complex | kc(X) A% Carlson et al. [2016]
refractive index spectrum extrapolated exponentially
as a function of to wavelengths A > 0.75um
wavelength A with 10% prior uncertainty
Correlation length of Age F 0.1
refractive index spectrum
. Reference pressure level nhapi F 0.6
Ammonia
(bars)
6as Reference volume mixing | nhso1 % (1.0+0.2) x 105,
ratio (VMR) at nhap1 saturation-limited
(ppv)
Fractional scale height fsh A% 0.50 & 0.05, decreasing with

height and saturation-limited

Table 4.6.1: Explanation of variables used to parametrise forward model in section 4.6, with prior
values and constraints specified when applicable.
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is inversely correlated with the difference in spectral I/F between low and high viewing zenith angle.
However, it is still very difficult to constrain both n, and r, independently, even when observing
a single latitude at multiple viewing geometries, while r. can barely be constrained at all. An
increase in the value of n,, can be compensated for in the fit to the spectrum simply by shifting r,, to
progressively smaller values, from around 1ym when n,, = 1.4 to around 0.25uym when n,, = 1.8, while
an increase in r. can also be mitigated, to some degree, by increasing the chromophore imaginary
refractive index spectrum k.()) at the shortest wavelengths. This makes an accurate retrieval of
k() difficult, as 7. is the quantity for which we have the least prior knowledge. Filtering out all
the solutions in our x?/n analysis with a x?/n value higher than 2.2, which corresponds roughly to
the x2/n value below which a reasonable fit can be had to the general shape of the limb darkening

curve, still leaves us with 31 possible optical constant solutions for the NEB.
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Figure 4.6.2: Results of x2/n analysis for a single swath of the NEB at 10°-13°N, allowing the chro-
mophore imaginary refractive index spectrum to vary from a prior based on CR16 optical constants.
Each retrieval is plotted against 7, on the x-axis and 7. on the y-axis, for a single value of n,, as
given in the plot title. Intersections of dashed grid lines show the fixed r, and r. values of the
retrievals themselves.
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4.6.2 Eliminating optical constant solutions that result in unphysical
aerosol profiles in the GRS

If we assume a universal chromophore, we can narrow down these degenerate optical constant solu-
tions further by applying each one to a spectrum of the GRS and then eliminating the solutions that
result in a x?/n value greater than 1. We use the same r,,, 7. and n,, values for each optical constant
solution obtained from the NEB to fit the GRS when possible. However, if a good fit cannot be had
with all of those values together, 7, is allowed to vary. If many valid solutions still remain after this
process, the remaining solutions are eliminated according to more qualitative criteria. These solu-
tions could have a) clearly unrealistic changes in aerosol density with height that do not correspond
to prior observations of Jovian cloud structure (in the visible and near-infrared or otherwise), b)
cloud abundances that do not match with microphysical constraints, or ¢) chromophore abundances
that are too high given known concentrations of acetylene in the upper troposphere.

In Table 4.6.2, we tabulate retrieved maximum aerosol densities of both particle populations
from the GRS using different chromophore optical constants, excluding results where x?/n > 1. To
obtain aerosol mass density values in g/l from specific aerosol densities in particles cm?/gram, we
assume that each particle (both chromophore and non-chromophore) has the same average density
as ammonia ice, equal to 0.87 g/cm? according to Satorre et al. [2013]. If the main cloud layer is
made up of NH4SH, those values would have to be approximately tripled to account for the higher
molecular mass of NH4SH relative to NH;. While there is substantial literature on the estimated
aerosol densities of Jupiter’s main cloud decks based on ECCMs and microphysical constraints, as
previously discussed in section 1.2, most of these studies do not apply directly to the GRS, which
is predicted to be exceptionally cloudy relative to other regions of Jupiter. Palotai et al. [2014]
estimated consistent aerosol mass densities in the centre of the GRS of the order of 1075 g/1 over all
visible altitudes using a general circulation model, while Zuchowski et al. [2009] estimated average
NH,4SH cloud mass densities in the STropZ of the order of 1076 g/1. By contrast, the Galileo Probe
Nephelometer retrieved maximum mass densities of the order of 10=7 — 1076 g/l at the PES [Ragent
et al., 1998]. Recall that the PES was a hotspot region where aerosol densities are predicted to be
exceptionally low by Jovian standards. Experimental constraints on the amount of chromophore
that would be produced from the reaction of ammonia and acetylene in Jupiter’s atmosphere is hard
to come by, both because they are heavily dependent on the experimental conditions themselves,
and because it is difficult to ascertain which exact endmembers of the reaction products are red in

the first place. No information was given by CR16 on the yield of chromophore residue produced
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Ny, rp (prior, um) | 7, (retrieved, re (Um) XZ/n Peak cloud Peak
pm) mass density chromophore
(g/1) mass density

(s/)
0.02 0.86 1.11E-06 1.36E-08
0.75 0.05 0.82 1.02E-06 1.35E-08
0.2 0.77 1.60E-06 8.22E-09
1.42 0.5 0.80 2.89E-06 9.62E-09
1.0 0.05 0.96 1.67E-05 1.66E-08
0.1 0.78 1.70E-05 1.12E-08
1.0 5.63 0.2 0.57 1.02E-05 1.13E-08
1.06 0.1 0.68 2.31E-07 1.08E-08
15 0.5 1.30 0.05 0.75 2.18E-07 1.17E-08
’ 1.49 0.02 0.87 2.41E-07 1.08E-08
0.5 0.2 0.74 3.77E-07 7.92E-09
0.02 0.74 7.75E-07 1.92E-08
1.6 0.5 0.05 0.88 8.04E-07 1.52E-08
' 0.1 0.96 2.11E-06 1.15E-08
0.2 0.91 9.77E-07 9.06E-09
0.02 0.70 7.60E-07 1.47E-08
0.25 0.1 0.63 3.28E-07 1.07E-08
1.8 0.2 0.64 3.88E-07 7.90E-09
0.5 0.69 4.83E-07 9.76E-09
0.25 ‘ 0.80 0.05 0.52 5.82E-08 2.61E-08

Table 4.6.2: Retrieved cloud and chromophore mass density values when chromophore optical con-
stants obtained in limb darkening analysis (for a given r,, r. and n,) are used to fit the GRS,
excluding retrievals where x2/n > 1. If fixing r,, in the retrieval does not give a superior x?/n than
when 7, is allowed to vary, then the former retrieval is excluded in this table, otherwise the latter
retrieval is excluded. The set of r,, r. and n,, values that will be selected for all subsequent Jupiter
retrievals is highlighted in bold.

in their experiment. This makes it hard to put lower limits on Jovian chromophore abundances
that would rule out retrievals with a value of 7. that is too low, even if the acetylene production or
advection rate in the upper troposphere of Jupiter is known. Keane [2017] published quantum yields
of a small selection of compounds produced in the reaction of ammonia and acetylene, but none
of them absorb light at visible wavelengths. Nonetheless, we can still provide a reasonable guess
of an upper bound on the amount of chromophore produced in the Great Red Spot, based on the
fact that the chromophore production rate cannot be greater than the acetylene flux rate. Moses
et al. [2010] estimate mole fractions of acetylene of the order of 1079 at 0.1 bars, which translates
to approximately 10710 — 1079 g/1.

From Table 4.6.2, we can see that by far the easiest way of selecting a good set of optical constants
for a given set of r,, r. and n, values is by looking at retrieved maximum cloud densities, usually
obtained between 1 and 2 bars of altitude. Values of n,, even slightly greater than 1.42 result in cloud

abundances that are comparable to the Galileo PES or even smaller, even if NH4SH is assumed to be
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the main cloud component instead of NH3. Curiously, we begin to retrieve these low abundances even
for n,, = 1.5, which is close to the margin of error for laboratory values of ammonia ice: although we
assume a value of 1.42 to be consistent with Martonchik et al. [1984], Romanescu et al. [2010] and
Satorre et al. [2013] both find values closer to 1.48. The only compound that is known to be present
in Jupiter’s atmosphere which is also known to have a lower refractive index than ammonia ice is
water ice. Although water ice condenses out of Jupiter’s atmosphere far below the level of the visible
clouds, moist convection is known to be powerful enough on Jupiter to lift water ice particles to
very high altitudes, particularly in regions to the northwest of the GRS [Simon-Miller et al., 2000].
It is possible that some water ice convects upwards into the visible clouds in the centre of the GRS
itself, but that would require greater knowledge of microphysical processes to prove. By contrast,
chromophore mass densities are consistently retrieved within a factor of 2 of 10=% g/1, regardless of
the chosen values of 7, 7. or n,. This is comparable to the amount of chromophore retrieved in the
GRS by both SR17 and Baines et al. [2019], and would require acetylene abundances to be elevated
by at least a factor of 10 in the GRS relative to the photochemical model of Moses et al. [2010].
Hypotheses regarding the increased abundances of acetylene in the GRS (for instance by Baines et al.
[2019], who suggested lightning as a possible source) remain speculative, and are beyond the scope
of this thesis. We will therefore neglect chromophore mass density values as a selection criterion for
our possible chromophore solutions. Instead, we have chosen the solution in which n,, = 1.42 and
7. = 0.2um, due to its low x?/n value and its high peak cloud mass density value when fit to the
GRS. Although the chromophore optical constants were retrieved from the NEB using a value of
r, = 1.0pm, this had to be raised to 5.62um in order to fit the GRS. Unfortunately, this means that,
when we apply this chromophore optical constant solution to other regions of Jupiter, we will not
be able to keep r,, constant, as previously hoped.

Figure 4.6.3 shows this optimal chromophore optical constant solution as retrieved from the
NEB. We find two major deviations in the imaginary refractive index spectrum of our chromophore
compared with CR16. One is the generally steeper blue-absorption gradient from 0.4 to 0.7um that
is required to fit red spectra on Jupiter. The other is a smaller secondary absorption peak at near-
infrared wavelengths. This does not appear to be an artefact of a poor choice of particle size, since
this feature is relatively consistent over all the prior particle sizes we chose in this analysis, nor could
it be a consequence of poor airmass correction, for reasons outlined in chapter 2. Although poor
modelling of CIA does overestimate the imaginary refractive index around 0.8um, as we will show in
appendix B, it cannot explain the increase at 0.9um. It is possible that better methane or ammonia

absorption data, and lesser second-order contamination, would result in these wavelengths being
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better fit without having to increase the imaginary refractive index. However, we also note that, in
the experimental data of CR16, the absorption spectrum of their chromophore does exhibit a slight
increase in absorption at the longest wavelengths they analysed, as well as a steeper blue-absorption
gradient as we find, if the experiment is allowed to go on for its full 8-day duration. We clarify that
the CR16 optical constants were only recorded three days into the experiment due to interference
fringes in later data. This may also be one piece of evidence of a chromophore formation timescale

of several weeks to months.
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Figure 4.6.3: Results of the NEB limb darkening retrieval for which chromophore optical constants
were seen to provide the best fit to the GRS. For this fit, n,, = 1.42, r,, = 1.0wm and r. = 0.2um. Top
two rows show the spectral fit (in blue) to the observed MUSE spectrum (in black, with error bounds
shaded in grey) at five different angular geometries, spaced apart by 30 degrees of longitude, with
the middle plot showing the difference in I/F between the fit and observed spectrum. Bottom plot
shows the retrieved chromophore imaginary refractive index spectrum (in blue, with error bounds
shaded) compared to the imaginary refractive index of Carlson chromophore (in red, with dashed
line indicating extrapolation from CR16 values).

In figure 4.6.4 we then use this optimal chromophore solution to fit four representative MUSE
spectra, with r, varying from a prior of 1.0um, r. fixed at 0.2um and the other prior variables

parametrised according to table 4.4.1. Each were chosen to represent the three main spectral mor-
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phologies one typically finds on Jupiter (excluding hotspot regions): high continuum reflectivity
with low blue-absorption (the EZ), low continuum reflectivity with high blue-absorption (the NEB),
and high continuum reflectivity with high blue-absorption (the NTBs and GRS). Wavelengths below
0.6um are fit well within the uncertainty boundaries for the belts and the GRS, with small deviations
in the blue-absorption gradient easily explained by the uncertainty in the chromophore particle size
distribution. However, although the I/F values we model for the zones lie consistently just within the
error boundaries at the same wavelength, it is clear that the general shape of the fit spectral slope
does not correspond with that of the observed spectrum, even when variations in particle size are
accounted for. We focus on the spectral region that consistently causes the greatest perturbation to
the blue-absorption slope, which is between around 0.51 and 0.54um. Here, a slight increase in I/F
is observed in the EZ and the NTBs relative to the NEB and the GRS, which is not accounted for in
our retrieved chromophore absorption spectrum. The variability in I/F at these wavelengths could
be due to a number of factors: a) a genuine secondary chromophore absorption feature (perhaps
due to an n — 7* transition, as we previously explained in section 1.3) that could be characteristic
of a certain molecular endmember, b) a consequence of other properties of the atmosphere that we
have not properly accounted for, but which might alter the local blue-absorption gradient (such
as the presence of additional aerosol or gas layers, or local changes in temperature and pressure
that could alter the molecular structure of the chromophore and hence the breadth of its primary
absorption feature), ¢) poor band data around the 0.54um methane absorption feature, or even d) a
relatively low signal-to-noise ratio. Nonetheless, our spectral fits are consistent with a chromophore
that is universal, at least for regions of Jupiter that are sufficiently red. We will therefore assume
the same chromophore optical constants for all regions of Jupiter, and leave the further investigation

of spectral variability between 0.51 and 0.54pm to future work.

4.7 General meridional and zonal variations in cloud, haze and
colour

We now apply our optimal chromophore optical constant solution to three individual meridional
swaths extracted from Jupiter cube 2018-04-09T06:04:06.918, shown in figure 4.7.1. One of these
swaths was selected close to the central meridian (offset west by 2°) while two others further away
from nadir were selected (offset west by 35° and east by 40° respectively) in order to decouple
consistent meridional variations in Jovian atmospheric properties with longitudinal effects, while

avoiding obvious longitudinal anomalies such as the GRS. The latter two swaths were also selected to
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Figure 4.6.4: Fits (in red) to different representative MUSE spectra (in black, with spectral un-
certainty bounds indicated by the grey dotted lines) using the chromophore imaginary refractive
index spectrum retrieved in section 4.6 and displayed in figure 4.6.3. The NTBs spectrum was taken
from MUSE dataset 2017-05-15T02:01:59.328, while the remaining three spectra were obtained from
dataset 2018-04-09T06:04:06.918. For each of the four spectra, the given latitude values are planeto-
centric, while longitude values are east relative to the sub-observer. x2/n values of the quality of the
fit of the retrieved imaginary refractive index spectrum to each MUSE spectrum are also shown. We
have highlighted small deviations in the fit to the EZ and NTBs spectra at blue wavelengths with
the red arrows, which we have proposed require further investigation. Poor fits above 0.91ym are
mainly due to second-order contamination. For comparison, we also show the shape of the NH,SH
absorption spectrum (in green) as obtained by Loeffler et al. [2016] when reheated to 200K following
proton irradiation. Reference spectra obtained at lower temperatures have a similar shape, but with
a much deeper absorption feature around 0.6um.
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cover relatively similar phase angles either side of the central meridian, in order to further decouple
genuine longitudinal variations from effects that simply result from the differing path length of
radiation through Jupiter’s atmosphere. As in the previous section, we fixed r. at 0.2um but we
set r, to vary from a prior of 3.0um. We raised the prior value of r, in this way as we believed
a ‘compromise value’ of r,, between that required to fit the NEB and that required to fit the GRS
would stabilise the retrieval of r,,. When this was implemented, however, we found that NEB spectra
observed at a single geometry did not contain enough information for r, to be constrained reliably,
and so the value of r,, in the belts tends to be overestimated from the most likely value found through
limb darkening. The remaining state vector variables were parametrised according to table 4.4.1.
Although we will present our retrievals of gaseous ammonia here, we will leave a full discussion of
temporal variations in the meridional ammonia gas profile to section 5.2. Our results for each of the
three swaths are shown in figure 4.7.2.

One surprising aspect of our retrievals is the lack of the expected variations in cloud structure
between the zones and the belts. We expected the zones to always be regions of thick cloud and
the belts to always be regions of depleted cloud, but this does not always appear to be the case
from our retrievals. We find in all three swaths that the northern NEB appears to have thicker
tropospheric cloud than the EZ. This could partly be due to the thicker haze cover in the EZ, or
perhaps even a possible higher-altitude cloud, which obscures much of the cloud below it. In addition,
the inversion of the cloud opacities of the two regions are partly exaggerated due to temporary
meteorological changes. We note that the first half of 2018 was associated with an expansion of
the NTropZ southwards into the NEB, which would have led to mixing at those altitudes and
hence the appearance of thicker cloud in the northern NEB than the southern NEB. The regions
of relatively depleted cloud cover in the northern EZ are also associated with higher chromophore
content compared to the southern EZ, marking the onset of the EZ colouration event, which will
be discussed in further detail in section 5.4. We find that the STropZ has consistently the greatest
tropospheric cloud opacity of all regions of Jupiter, which was also observed by Mendikoa et al.
[2017] and Antuhano et al. [2018]. As expected, we also generally find thicker haze cover over the
zones than the belts. The haze is thickest over the northern EZ, as it has been since the year
2000 [Lii et al., 2010]. In two of the three swaths we resolve this haze as being detached from the
cloud layer below it, but this is most likely due to an attempt to fit wavelengths where second-order
contamination is prominent, at the expense of wavelengths around 0.79um where the model slightly
overestimates the reflectance. We note that we do not consistently retrieve a detached haze layer in

the EZ, either in figure 4.7.2 or from other Jupiter datasets.
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As the belts are thought to be regions of net downwelling, we would expect the altitude of the
cloud layer to be deeper here than in the zones. In addition, a lack of cloud and haze cover in
the belts would allow for the observation of deeper layers than in the zones. However, we observe
a relative lack of variation in the altitude of the main cloud layer, usually retrieved around 1.5
bars in both the zones and the belts. This cannot simply be explained by effects of the model, as
suppressing prior cloud densities below the ammonia cloud level leads to a very poor fit both to
the 0.619um absorption feature and to continuum infrared wavelengths, regardless of particle size
distribution. Even in the EZ, in which net upwelling is thought to be at its strongest, we always
require a thick cloud layer deeper than 1 bar to fit our spectra. It is predicted to be too warm
at these altitudes for ammonia ice to condense out of the atmosphere, and so these cloud layers
cannot be made of ammonia ice. Although ECCMs usually predict an NH4SH cloud to be located
deeper than our retrieved altitude (around 2.2 bars, as previously discussed in section 1.2), the cloud
could be located at a higher altitude if the HoS mixing ratio is suppressed, or if the cloud is made
of a different sulphur compound. We note that Wong et al. [2015] predicted an (NHy)2S cloud to
condense at the same altitude as where we retrieve our main cloud layer, which also happens to be
the approximate altitude at which the Galileo Probe retrieved a thick cloud layer in the PES. It is
also possible that the apparently missing NHj3 cloud is in fact present in the zones, but cannot be
resolved either from the main 1-bar cloud layer or from the upper tropospheric hazes due to a lack
of vertical resolution.

Variations in retrieved chromophore abundances between zones and belts in these two sets of
retrievals are not as strong as one would generally expect, but this is partly a consequence of the
NTBs upheaval and EZ colouration events, which will be discussed in further detail in chapter 5.
We retrieve stronger zone-belt differences in chromophore in our 2016 data, before both these events
occurred. We consistently retrieve the greatest chromophore content in the NEB than in the SEB,
as was also found by Ordonez-Etxeberria et al. [2016]. However, even in the NEB we do not retrieve
sufficient chromophore content to reliably constrain its most likely altitude, as we will show in section
4.8. Nonetheless, our retrievals do suggest that chromophore in the belts cannot be located much
deeper than the ammonia condensation level. We will provide further discussion on the implications
of this in chapter 5.

We generally retrieve higher particle sizes in the zones than in the belts, perhaps as the zones are
regions where dynamic upwelling of large cloud particles from deeper altitudes is stronger. However,
the difficulty of reliably retrieving particle size values from the data is obvious, particularly if the

particles are small as we will show in section 4.8. This causes unrealistic fluctuations in particle size
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from retrieval to retrieval, which also results in both unrealistic variations in cloud distribution and
quality of fit. In order to remove the worst of these fluctuations, we have chosen to smooth over
pixel-to-pixel variations in the retrieved parameters over each swath using a Gaussian. We note,
however, that we are unable to have x?/n values consistent between the zones and the belts, even if

we leave the particle size fixed.
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Figure 4.7.1: Top row: Images of three meridional swaths, at 0.480um and 0.887um, extracted from
dataset 2018-04-09T06:04:06.918. These three swaths (shown as green, red and blue vertical lines)
follow the —35°, —2° and +40° longitudes parallel respectively relative to the central meridian. The
bottom row shows how the reflectivity at the same two wavelengths changes along each of the swaths,
as a function of latitude.
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Figure 4.7.2: Results of a set of retrievals along three meridional swaths from left to right, with
longitudes offset from the central meridian shown at the top, and plots C-E colour-coded according
to figure 4.7.1, as a function of planetocentric latitude. Plots marked A show contour plots of aerosol
abundance (chromophore and non-chromophore combined) as a function of pressure and latitude,
with lighter colours indicating higher aerosol abundances. Fractional uncertainties in the retrieved
aerosol abundances are given in plots marked B (the darker the colour, the lower the uncertainty).
Superimposed on plot A is a plot of retrieved chromophore altitude p. (circles, with horizontal lines
indicating error bounds), with the colour of each datapoint indicating the retrieved value of 7.. The
redder the colour, the higher the value of 7.. Plots marked C show the retrieved ammonia volume
mixing ratio extrapolated down to 1.2 bars, for reasons explained in section 5.2. Plots marked D
show the retrieved effective radius of the non-chromophore particle population. Plots marked E
show retrieved x?/n values. We mark the approximate locations of each of the zones and belts on
Jupiter in alternating white and light grey for plots C-E (which are labelled in plot E). We do not
mark zone-belt differences for latitudes poleward of the first temperate domain (NTZ and STZ) as
they are difficult to spatially resolve in the MUSE data.
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4.8 Sensitivity analysis

4.8.1 Generation of synthetic spectra

In the previous section, we showed that retrievals of cloud structure and colour resulted in some
unexpected meridional variations. We now have to test to what extent those variations are a result
of genuine latitudinal differences, and to what extent those differences are due to shortcomings in
our cloud model. The best way to test this is to randomly generate a number of state vectors
according to the constraints provided by the retrievals in the previous section, then run the state
vectors through a forward model to generate ‘synthetic spectra’, and finally attempt to retrieve the
same state vector again from the synthetic spectrum using our retrieval model. One can therefore
gauge the quality of the retrieval model and the amount of information one can reasonably expect
to extract out of MUSE spectra by observing to what extent the randomly-generated ‘input’ state
vector corresponds to the retrieved ‘output’ state vector; the greater the correspondence, the better.

To generate these input state vectors, we first create a prior state vector xi* whose values we wish
to vary within an interval Axi either side of xi*. Both of these values are constrained according
to the variability we retrieved from our data in section 4.7. For profiles that are not continuous, the
calculation of the input state vector xiP is straightforward:

zir =gl + R | Azfr]] -1 < Ry <1 (4.8.1)

ni

where R; is a value created by a pseudo-random number generator. For continuous profiles,
however, the calculation is more complicated as the correlation length of the profile A needs to be
taken into account. We therefore simulate these continuous profiles as a set of sine waves using three

randomly-generated values: an amplitude A, a length parameter [ and a phase ¢:

ai = it + A sn (207 0) (42)

where 0 < A<1, s <I1<20and 0< ¢ < 27.

1
2

The prior state vector xi is then run through a forward model to create a synthetic spectrum
y, which is then distorted to simulate Gaussian noise according to a spectral covariance matrix

Sy (as previously defined in section 3.7) obtained from a real MUSE spectrum, ensuring non-zero

covariance between adjacent wavelengths:
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where R; and Ro are both random numbers between -1 and 1.

4.8.2 Retrievals from synthetic spectra

We created 100 synthetic spectra in the manner previously described, and then retrieved our at-
mospheric parameters as in section 4.7, filtering out retrievals where either x?/n > 1 or where the
input ammonia gas profile was unphysical (for instance, if the abundance increased with height or
was supersaturated). We present a comparison between the input and output aerosol profiles in
figure 4.8.1. From these plots, it is clear to see that the profiles that most closely correspond to their
true values are those where cloud abundance decreases monotonically with height from a thick cloud
base (eg. panel A4), while the worst-retrieved profiles are those where the density fluctuates with
height (eg. panels B4 and C3) or where the particle size is poorly retrieved (eg. panels A3 and B3).
We do not obtain better retrievals of highly-fluctuating profiles even if we decrease the correlation
length A,, or increase the prior uncertainties on the aerosol profile 7,,(p). This may cause issues if
we wish to model detached haze layers on Jupiter, which are known to exist on Jupiter as they have
been observed several times by JunoCam (Glenn Orton, personal communication). In practice, the
assumption of a constant particle size distribution with height will result in an underestimate of haze
particle densities anyway, regardless of whether they can be resolved from the tropospheric cloud
layers or not. It also illustrates why we retrieved surprisingly low tropospheric cloud abundances
in the EZ, as the thickness of the main cloud layer tends to be underestimated if substantial upper
tropospheric haze is present above it. From these plots, it would therefore seem that vertical cloud
profiles will be most reliably retrieved in the belts, where there is little haze cover, while cloud
density around 1.5 bars will be underestimated in zones where there is more haze cover. Regardless
of the haze cover, however, the cloud base appears to be reliably retrieved to within a quarter of a
pressure scale height of its true altitude. The relatively consistent altitude of the main cloud base

around 1.0-1.5 bars in both the zones and the belts is therefore most likely genuine.
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Figure 4.8.1: A comparison of a sample of randomly-generated vertical aerosol profiles (in black)
used to create synthetic Jovian spectra, compared to the profiles (in red, with uncertainties shaded)
later retrieved from the same spectra. The closer the correspondence between the two profiles, the
better the quality of the retrieval model and the more information can be extracted on vertical
cloud distribution from MUSE spectra of Jupiter. We present the conservatively-scattering non-
chromophore profile as a solid line, and the cominbed chromophore and non-chromophore profile as
a dashed line. Dotted horizonal black lines in each case indicate the altitude at which the input and
retrieved gaseous ammonia profiles bisect each other, a proxy for the approximate altitude of peak
ammonia gas sensitivity. By default we have put the line at 0.5 bars if they do not bisect each other
at all, as the altitude of greatest sensitivity to ammonia would be higher than the saturation level.
In the title we provide the input value of particle effective radius r,, and the extent to which the
retrieved value deviates from it (dr, = r, (output) — r, (input)).

Figure 4.8.2 then shows the modelled versus the retrieved values of the remaining parameters

of this analysis. Generally, we can only reliably constrain both the chromophore opacity 7. and
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pressure p. simultaneously if peak abundances are either above 4 x 1073 particles cm? /gram or if
the true chromophore pressure is deeper than approximately 1 bar. Retrievals of either quantity also
begin to be unreliable if the chromophore pressure is less than approximately 0.15 bars. In cases
where the altitude of the chromophore has been proven to be difficult to constrain, its depth tends to
be overestimated. Reliable retrievals of the pressure of the chromophore are therefore only possible
in the GRS, while the retrieved chromophore pressures in our meridional swaths presented in figure
4.7.2 can mostly be ignored. This is because MUSE data lacks shorter wavelength information that

can constrain the higher-altitude bound of p. in these cases through Rayleigh scattering.
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Figure 4.8.2: Sensitivity to each variable model parameter, comparing modelled input values with
retrieved output values. All symbols are defined in table 4.6.1. Blue datapoints in the first two plots
indicate input values in which either 7. > 4 x 1073 particles cm? /gram and p. > 0.15 bars, or p. > 1
bar, for reasons explained in the text. These values are also marked as vertical black dashed lines on
the plot for clarity. In the bottom-right diagram we have extrapolated gaseous ammonia abundances
down to 1.2 bars, for reasons explained in the text, based on our retrieved values of nhzv; at 0.6
bars and the fractional scale height. Points on the solid blue diagonal line have identical input and
output values while the dashed blue diagonal lines indicate output values within a 50% error of the
input values; an ideal retrieval would have all datapoints aligned with the solid blue diagonal for
each variable case.

Although we cannot retrieve either nhgvy or fsh particularly reliably, we find that the correspon-
dence between the input and retrieved ammonia abundances improves substantially if one follows
the ammonia profile down to approximately 1.2 bars, equivalent to the altitude where the main cloud
layer is usually retrieved. The cases where the correspondence is poor are usually due to variations
in the pressure of the main cloud layer or the presence of a thick overlying haze layer. As expected,

we only see a weak correlation between the modelled and retrieved values of r,, especially if the
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values of r,, are small. The difficulty of retrieving particle size has particular impact on the shapes

of the aerosol profiles we present in figure 4.8.1.

4.8.3 Sensitivity to calibration errors

In section 2.4 we ensured that each MUSE dataset was scaled relative to HST/WFC3 in order to
ensure that the average systematic discrepancy in I/F was less 5% in each case. A 5% discrepancy
in I/F can, however, have substantial detriment to retrieved atmospheric parameters. We show this
in figure 4.8.3, in which we take a sample EZ spectrum of Jupiter (which was previously shown in
figure 4.6.4), systematically scale its I/F values by 5% in either direction over all wavelengths, and
then run NEMESIS on it. We find that the greatest impact on the scaling of I/F is at the level of
the deepest visible cloud layer: the higher the I/F, the greater the opacity of the cloud at around 1
bar, although the pressure of the cloud layer itself remains relatively unchanged with respect to the
scaling. Increased I/F values should also result in a systematic increase in retrieved particle sizes,
due to the perceived increase in aerosol scattering cross-section, as will be clearly demonstrated in
chapter 5. The chromophore and ammonia profiles, on the other hand, remain constant to within
the retrieved uncertainty ranges. We must therefore be cautious of perceived changes in cloud cover
over time when we analyse the full range of MUSE datasets in chapter 5, as this could be the result
of small uncertainties in photometric calibration. Instead, it will be more informative to look at

changes in relative latitudinal differences in cloud cover over time.
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Figure 4.8.3: Change in retrieved atmospheric parameters when a sample EZ spectrum is scaled in
I/F by 5% relative to the original calibrated ‘baseline’ values. We note that r,, has been fixed in all
three retrievals, since r,, is difficult to retrieve and has a major impact on retrieved aerosol profiles
by itself.
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Chapter 5

Jupiter - Temporal changes in visible
appearance

5.1 Overview

In the previous chapter, we explained how we refined our cloud model for Jupiter and retrieved a
universal chromophore complex refractive index spectrum from a single Jupiter MUSE dataset. We
now apply this model to all our Jupiter MUSE datasets in order to investigate temporal variability in
the atmosphere of Jupiter between 2014 and 2018. As previously described in chapter 2, one of the
main issues with this analysis is the inferior observation conditions and calibration experienced in
these datasets, particularly those from 2014, compared with the 9th of April 2018 dataset analysed in
chapter 4. However, if we want a full analysis of temporal variations in Jupiter’s visible appearance,
we cannot neglect the 2014 data, as it holds valuable information particularly of changes in the
morphology of the GRS. In general, we focus mostly on changes associated with the northern tropics
and temperate regions, with some discussion of the GRS and Oval BA. We will mostly leave the
characterisation of concurrent changes at higher latitudes and the southern tropics to future work,
as while these were indeed substantial, they tended to occur over both shorter timescales and spatial
scales than could be easily resolved with our collection of MUSE data. We make no changes to the
prior model parametrisation compared with section 4.7, and so an account of how much of the work
presented here is my own contribution is not needed, as it is more or less identical to that of chapter
4. This of course includes the deficiencies in the modelling of CIA, for which we refer the reader to
appendix B.

In section 5.2, we present meridional swaths, equivalent to those in section 4.7, from sample
MUSE datasets covering the whole period between 2014 and 2018, focussing mostly on variations in

cloud-top ammonia abundance, which was only discussed briefly in chapter 4. We will qualitatively
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compare our MUSE profiles with preliminary deep ammonia gas retrievals from Juno/MWR up to
PJ9, as presented in Dr Steven Levin’s (NASA/JPL) public lecture online! (provided in private
communication). In section 5.3 we then focus on a single latitudinal region between the NEB and
the NTZ, looking at changes associated with both the northward ‘aborted’ expansion of the NEB
that occurred between 2015 and 2016, and the subsequent revival of the NTBs in late 2016 and
2017; we lump these two events together in the same section as they are most likely coupled in some
fashion. In section 5.4 we then focus more broadly on the EZ to analyse the development of a local
upheaval event, the first signs of which were visible in data from April 2018 and which is likely to
continue well into 2019. Finally, in the last two sections (5.5 and 5.6), we attempt to analyse changes
in the morphology of the GRS and Oval BA over the entire MUSE observation period; we mostly

neglect any smaller discrete features as they are not well-resolved in the MUSE data.

5.2 General meridional variations in gaseous ammonia abun-
dances

Before we examine temporal changes in specific regions of Jupiter associated with upheaval events, we
first wish to examine more general temporal changes associated with Jupiter’s meridional structure.
Although we will present some brief discussion on changes in cloud structure and colour here, we
will not focus as much on them as we did in section 4.7, as a full discussion of the changes we observe
would require more analysis of upheaval events and outbreaks in the southern hemisphere, which
is beyond the scope of this thesis. Instead, we wish to focus more on changes in the meridional
cloud-top gaseous ammonia abundance profile, and compare them with meridional profiles obtained
at other wavelengths, for which more recent literature is available than for meridional profiles in
vertical cloud structure and colour. In order to use these data to constrain the composition of the
main cloud layer, we would need to feed our results into a sophisticated cloud condensation model,
as was done by Blain et al. [2018]. We will save such an analysis for future work.

We extracted a meridional swath from each of 10 sample MUSE datasets from February 2014
to September 2018, usually close to the central meridian but avoiding longitudinal anomalies (such
as the GRS) where possible. The locations of these swaths in each case are shown in figure 5.2.1.
We caution that retrieved ammonia abundances have a slight inverse correlation with particle size,
the latter difficult to retrieve as previously explained in chapter 4. The latitude grid in each plot

is therefore selected in order to minimise unrealistic small-scale fluctuations in ammonia abundance

Thttps://youtu.be/S6Joupv6f-M?t=1975 (accessed 17.01.2019)
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2014-02-17T702:07:56.907 2016-04-01T05:39:03.340

2016-04-02T04:39:47.831 2017-01-10T07:43:03.128

2017-05-15T02:01:59.3287 2017-07-26T00:31:05.579

2018-04-09T06:04:06.918 2018-05-18T00:57:16.678

2018-07-12T02:20:43.256 2018-09-11T23:11:42.877

Figure 5.2.1: Footprint of each of the meridional swaths described in section 5.2, shown in red on
top of the respective MUSE dataset averaged between 0.485um to 0.495um. Each image is shown at
the same spatial scale (1167"x44”), in order to highlight the variation in angular diameter of Jupiter
over the four-year period.
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that are a result of either poor convergence due to local artefacts or of inconsistencies in the retrieval
of particle size; by default we only select every second pixel along the swath to display, and then
exchange pixels with local spikes in retrieved particle size with neighbouring ones. We remind the
reader that we have very little sensitivity to vertical variations in ammonia abundance at these
wavelengths, instead just to column abundances of ammonia gas above the deepest visible cloud
layer. This means that apparently low retrieved abundances of ammonia gas are not necessarily
reflective of genuine depletions; they may also be reflective of the presence of a cloud layer that
is unusually opaque or elevated in altitude. For that reason, we must also take into account the
altitude of the main cloud layer in our retrievals. The altitude of this cloud layer is usually retrieved
between 1.2 and 1.5 bars, and so for consistency, we plot ammonia abundances extrapolated to 1.2
bars, according to the profile we specified in chapter 4. Our results are shown in figures 5.2.2 and
5.2.3, which in the former case are also compared with corresponding profiles from Juno/MWR.

As we show in Figure 5.2.2, there is a good correspondence in the general meridional profile
of ammonia gas abundances between our MUSE data and MWR data between approximately 1
and 2 bars from the perijove obtained closest in time and longitude. While larger deviations in
retrieved ammonia abundances are seen between MUSE dataset 2017-07-26T00:31:05.579 and the
PJ7 MWR data, as well as between 2016-04-01T02:22:07.339 and the PJ1 MWR swath, they can
easily be explained by longitudinal variations (we note that Juno flew directly over the GRS in PJ7).
This shows that our retrievals of ammonia are generally reliable and rigorous, and can usually be
decoupled from underlying cloud structure. As we consistently retrieve a relatively constant cloud
base altitude, we do not generally need to worry about the influence of cloud layers on the retrievals
of ammonia abundance, apart from perhaps in hotspot regions of the northern EZ or the southern
NEB, where there is very low cloud cover. We also generally find a good correspondence between
cloudy regions and high ammonia abundances, with only a few exceptions (among them the NTBs,
which we will discuss in section 5.3). This is the opposite of what we would expect if variations in
cloud altitude or thickness had a major impact on the abundances of ammonia we retrieve.

The most often-cited features of the MWR profile, namely the strong hemispherical asymmetry
and the upwelling-downwelling system in the northern tropics, are much weaker in our MUSE data
following the NTBs upheaval in late 2016, with similar upwelling-downwelling systems strengthen-
ing in the southern tropics that more or less correspond to the main zone-belt regions. This is also
somewhat reflected at the cloud-top level in the MWR profiles. The clearest variability is in the
upwelling region in the northern EZ, as we show in figure 5.2.3. The high cloud-top ammonia abun-

dances we see in this region appear to become consistently lower in 2017 and 2018 by approximately
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Figure 5.2.2: In blue we show the 1.2 bar ammonia abundances retrieved from the MUSE dataset
shown in the title, with the red dashed line showing the approximate altitude of the main cloud layer
in bars. Below each of these graphs is a plot of the ammonia abundances retrieved from Juno/MWR
by Li et al. [2018] at approximately the same altitude (we have selected the profile between 0.7
and 2.0 bars), corresponding to (clockwise from top left) PJ1 (26th of August 2016), PJ4 (2nd of
February 2017), PJ7 (11th of July 2017) and PJ6 (19th of May 2017). The colour bars give the
ammonia volume mixing ratios in 10* xppmv. We have annotated the most apparent changes in the
ammonia profile during this time directly on the plots. Alternating white and grey regions show
approximate boundaries of individual zones and belts, with the name of each zone indicated on the
plots. Latitude values are all planetocentric. Juno/MWR plots taken partially from YouTube link
provided by Steven Levin in private communication, as described in section 5.1.
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30% relative to their April 2016 peak. Although the complete disappearance of the northern EZ
ammonia plume in the swath from 2018-04-09T06:04:06.918 is likely just a longitudinal effect, we
find a secondary region of upwelling of ammonia in the southern half of the EZ, independent of
longitude, that rivals that in the northern EZ. A resurgence of ammonia upwelling in the northern
EZ only begins to be noticeable again in our MUSE data around the start of the EZ colouration

event in July 2018, finally reaching its original 2016 levels again in September 2018.
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Figure 5.2.3: 1.2 bar ammonia abundances retrieved from all 10 MUSE meridional swaths. We refer
to figure 5.2.2 for a detailed key.

When we examine the MWR data, it is also clear that there is some variability in ammonia

abundance at the cloud-top level in the northern EZ; often the region of high ammonia abundance
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drops off dramatically above the altitude at which we retrieve the main cloud layer (which is what we
would expect from a condensate cloud, regardless of if was made of NH3 or NH,SH), while at other
times the main cloud layer appears to have little effect on the ammonia abundance at all. However,
the variability detected in MWR does not appear to be constant or predictable, nor does it correlate
with the variability that we retrieve in our MUSE profiles in this region. This is particularly clear in
our 15th of May 2017 dataset, where ammonia abundances from MUSE in the northern EZ appear
unusually high for this time, while conversely, retrieved abundances in the same region from PJ7
MWR data appear to be unusually low. We see no evidence for substantial changes in the cloud or
haze structure in this area that could have resulted in the changes we see in our retrieved ammonia
abundances from our MUSE data between 2016 and 2017, nor can we blame longitudinal variations.
Alternatively, the apparently reduced ammonia abundance in the EZ could be a consequence of an
underestimate of particle size, but yet again this would be reflected in thicker cloud or depleted
haze in that region, for which we find no evidence either. This makes it difficult to tie temporal
variations in ammonia abundance in the northern EZ conclusively with the NTBs upheaval and EZ
colouration events, or indeed any other atmospheric cycles associated with equatorial regions (e.g.
Simon-Miller et al. [2007]).

Unlike in the northern hemisphere, the MWR data shows that the upwelling-downwelling regions
in the southern hemisphere that we retrieve in our MUSE data always appear to be confined to
altitudes above which we retrieve the main cloud layer, even if the magnitudes of the upwelling and
downwelling themselves are comparable with their northern counterparts at the cloud-tops. The
cause of this imbalance is a mystery, and appears to imply that the main cloud layer acts as a
more impenetrable barrier to sunlight in the southern hemisphere, thereby confining all meteorology
to the cloud-tops, than it does in the northern tropics where the local meteorology is driven by
deep convective activity. It also implies that sunlight can drive equally vigorous circulation at the
cloud-tops as the heat from the interior can. However, while we do indeed generally retrieve the
highest cloud abundances of any region of Jupiter beside the EZ in the STropZ, we find no evidence
for consistently high cloud densities over the whole southern hemisphere relative to the northern
hemisphere, nor is there any evidence of any more substantial hemispherical asymmetries in cloud

structure at deeper altitudes from 5um observations.
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5.3 The NEB expansion event of 2015 and the NTBs upheaval
cycle

In this section, we present retrievals of the Northern Tropical and Temperate Domains associated
with two cyclical events. One is of the temporary northward expansion of the NEB into the North
Tropical Zone (NTropZ), which occurs approximately every 3-5 years and was last seen in 2015-2016
[Fletcher et al., 2017c]. This is commonly known as an ‘NEB expansion’ event, and is illustrated
in figure 5.3.1. The other is a more complex cycle of disappearance and revival of the southern
NTB (NTBs) over a 5 year period, usually referred to as an ‘NTBs revival’ or ‘NTBs upheaval’
event, which is illustrated in figure 5.3.2. In this cycle, the red colour of the NTBs gradually fades
over a number of years, before a dramatic set of outbreaks of convective plumes from the NTBs jet
at 23.7N precedes the reappearance of the NTBs’s bright red colour. NTBs outbreak events have
been recorded since 1880 [Rogers, 1995], but the only ones that have been analysed in great detail
were in 1975 [Rogers, 1976, Sanchez-Lavega and Quesada, 1988], 1980, 1990 [Sanchez-Lavega et al.,
1991, Rogers, 1992], 2007 [Sanchez-Lavega et al., 2008, Rogers and Mettig, 2008], 2012 [Rogers and
Adamoli, 2018] and, most recently, 2016 [Sanchez-Lavega et al., 2017]. On many occasions, such
as in 2012, they occurred during solar conjunction and so were difficult to monitor from start to
finish. The 2012 event was unusual in that the NEB expansion and NTBs revival events occurred
more or less simultaneously with each other, as well as with an EZ colouration event. However,
there is not usually a regular time interval between any of these events and hence it is difficult to
conclude that they are related. The aforementioned citations usually describe general changes in
visual appearance together with dynamical measurements of certain discrete features. Retrievals of
basic cloud structure changes associated with the cycle were also made by Sanchez-Lavega et al.
[2008] and Pérez-Hoyos et al. [2018] using broad-band multispectral data. However, we are not
aware of any simultaneous retrievals of vertical cloud structure, colour and ammonia abundances
from hyperspectral data of the NTBs prior to the writing of this thesis. Such retrievals provide a
good opportunity to shed light on the possibility and origin of a universal chromophore.

To analyse the progression of the NTBs upheaval, we extracted sample slices of narrow longitu-
dinal width (just wide enough to make small-scale longitudinal variations clear, but not too wide
as to make the retrievals slow), ranging in latitude approximately from the NEB to the NTB, from
each of the four datasets that follow the NTBs upheaval event. These four datasets were selected to
show the rough progression of the upheaval at as many stages as possible. Although we do not have

any images during the ‘herring-bone’ phase (see figure 5.3.2), we have one dataset from January
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Figure 5.3.1: Progression of events in the NTropZ and NTBs, before and after the NTBs outbreak
that occurred around solar conjunction in October 2016, as viewed by amateur observers. Images
are projected from left to right in chronological order and cropped to between 0° and 50° latitude
(planetographic), all were selected from the Planetary Virtual Observatory and Laboratory (PVOL)
database [Hueso et al., 2010] according to clarity and seeing conditions; longitude values are therefore
arbitrary. From left to right: 10th of July 2016 (Anthony Wesley), showing the pre-outbreak state of
Jupiter; 2nd of November 2016 (Pic-du-Midi observatory), showing the state of the atmosphere soon
after the outbreak, with ‘herring-bone’ structures [Rogers and Adamoli, 2018] of alternating cyclonic
dark spots and anticyclonic bright filamentary arcs around the NTBs jet; 27th of November 2016
(Christopher Go), showing the appearance of the bright red haze layer around the NTBs and the dark
filamentary structures in the NTropZ; 11th of December 2016 (Christopher Go); 17th of January
2017 (Paul Maxson); 26th of February 2017 (Damian Peach); 22nd of March 2017 (Christopher Go).
We also refer the reader to the supplementary material of Sanchez-Lavega et al. [2017] for a more
detailed view of Jupiter just after the outbreak event.
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Figure 5.3.2: Tllustration of the northern NEB in February 2016 during the expansion event, with the
expanded region indicated by the black arrow, as viewed by amateur observers. Images are projected
according to System III longitude, and cropped to between 0° and 30° latitude (planetographic),
all were selected from the Planetary Virtual Observatory and Laboratory (PVOL) database [Hueso
et al., 2010]. From left to right: 25th of February 2016 (Damian Peach); 11th of February 2016
(Christopher Go); 28th of February 2016 (Christopher Go); 18th of February 2016 (Trevor Barry);
20th of February (Christopher Go); 12th of February (Christopher Go). We refer the reader to the
supplementary material of Fletcher et al. [2017c] for a more detailed view of the evolution of the
NEB over time during the expansion event.
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2017 when there was still substantial mixing between the NTropZ and NEB, two from May and
July 2017 respectively, in which Jupiter’s latitudinal structure became distinct once more but the
red haze region around the NTBs remained bright, and one from April 2018 when the colour of the
NTBs, while still visible, no longer overshadowed that of the other belts. These slices were obtained
relatively close to the central meridian, avoiding anomalous regions where possible, in order to min-
imise computational time as previously explained in chapter 3. The locations of these slices in each
case are shown in figure 5.3.5 and the results shown in figure 5.3.7.

2016-03-08T06:08:30.448

2016-04-01T705:39:03.340

2016-04-02T04:39:47.831

Figure 5.3.3: All the MUSE datasets described in reference to the NEB expansion event, with the
image on the left an average of the spectral image cube between 0.485um and 0.495um, and the image
on the right the corresponding image averaged between 0.885um and 0.890ym, and the footprint of
the slice in each case shown in red. In each case, we choose slices that are generally as close to
the central meridian as possible, but avoiding anomalous regions. The 2016-03-08T03:04:34.213
and 2016-04-02T03:39:47.831 slices represent regions of non-expanded NEB, while the other two
represent expanded NEB. Each image is shown at the same spatial scale (84”x44”). The bright circle
in the second image from the top just to the right of Jupiter is the moon Io, which far outshines
Jupiter at 0.89um.

We also made use of our two global datasets from 2016 to analyse the NEB expansion, in both

cases obtaining one slice from an expanded region of NEB and another from a non-expanded region
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of NEB, as we show in figure 5.3.3. The March 2016 dataset would ordinarily have been the most
appropriate to use for this analysis, as the northern edge of the expanded region of the NEB had
already begun to recede by April of that year. However, the calibration of the March 2016 datasets
was sub-optimal due to the spectrum of the standard containing a number of artefacts. We therefore
had to reduce the March datasets using a spectral response function that came with the calibration
software, which resulted in noticeable artefacts at the shortest wavelengths as previously discussed
in chapter 2. Despite the difficulties in calibrating the March 2016 data, we decided to include both
2016 datasets in our analysis of the NEB anyway. We show the results of these retrievals in figures
5.3.4.

Unfortunately, a lot of information stored in our retrieval results is somewhat obscured by the
poor and unpredictable retrieval of particle size, particularly in the slices from 2016-04-02T04:39:47.831
and 2017-07-26T00:31:05.579. This results in speckling which is most visible in retrievals of high-
altitude haze density, as a lower retrieved particle size results in comparatively less haze. We
therefore plot our retrieval results averaged longitudinally over the slice, with errors in the retrieved
profiles calculated from the standard deviation over longitude. This does not result in substantial
loss of information since there is little longitudinal variation in I/F over any of the slices (except
2017-01-10T07:43:03.128 when the NTropZ was very turbulent).

The observed differences in colour between expanded and non-expanded regions of NEB are
somewhat difficult to correlate with other retrieved atmospheric variables due to systematic differ-
ences in the calibration between the March and April 2016 datasets, especially with respect to the
retrieval of particle size, as can be clearly seen in figure 5.3.4. However, the most consistent differ-
ence between the two regions of NEB is in the cloud structure, with the expanded region associated
with cloud depletion, as well as some tentative indications of ammonia gas depletion. By contrast,
we retrieve little conclusive variation in haze between the two regions. This would therefore indicate
that the chromophore in this region is located not far above the cloud-tops, and we suggest that the
red colour in this region could be a result of relative absence of ammonia gas that can condensate
around the chromophore nuclei and mask their signature. We note that our retrieved main cloud
altitude remains relatively uniform at around 1.2-1.5 bars, but as we state earlier, this is most likely
made of a sulphur compound akin to NH,SH. We still do not discount the possibility of a substantial
ammonia cloud layer around 0.7 bars that is present in the zones but not the belts, but that we
simply cannot resolve from the underlying NH4SH cloud. This ammonia cloud could well prove to be
the location of the chromophore. We therefore propose further investigation of a possible ammonia

cloud layer in these regions for future work.
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Figure 5.3.4: Results of the simultaneous retrievals of aerosol density, colour and ammonia abundance
around the NEB and NTropZ, at longitudes of expansion (2016-03-08T06:08:30.448 and 2016-04-
01T05:39:03.340) and non-expansion (2016-03-08T03:04:34.213 and 2016-04-02T04:39:47.831), with
most notable features highlighted. The top row displays a simple RGB composite of the MUSE
data, with the red component corresponding to the average I/F between 0.620pm and 0.750pm,
the green component to the average I/F between 0.495um and 0.570pym and the blue component
to the average I/F between 0.475pm and 0.495um (the wavelength ranges chosen approximately
according to colours as perceived by the human eye). From top to bottom, the plots show peak
aerosol abundance (chromophore + non-chromophore) in units of particles cm? per kg of atmosphere
between 0.7 and 2.5 bars (to correspond to the main cloud layer), peak aerosol abundance between
0.1 and 0.3 bars (to correspond with high-altitude haze), peak chromophore abundance, ammonia
volume mixing ratio at 1 bar (multipled by 10%), and the effective radius of non-chromophore particles
Ty, all averaged with respect to longitude and with errors calculated from the standard deviation.
The main zones and belts are marked in white and light grey respectively on each graph, with the
names of the zonal bands marked on the right-hand side. Latitude values are all planetographic.

In pre-outbreak data of Jupiter, we observe a dark band at 0.89um over the NTBs in 2016, as we

115



show in figure 5.3.6, whose brightness appears to be relatively uniform with longitude, although the
northern boundary of the dark band is noticeably more distinct at longitudes of expanded NEB than
at longitudes of non-expanded NEB. This same band was also seen by Simon et al. [2015] and Hueso
et al. [2017] at both 0.89um and at 0.275um, indicating a substantial depletion in haze. We can also
detect this band to a lesser extent at 0.727um, while at 0.619um we can only just discern a very thin
dark band that separates latitudes which are 0.89um-dark from the NTropZ. This thin dark band
presumably marks the boundary between two adjacent convection cells, with greater upwelling in

the southern cell (the NTropZ) than in the northern cell (the NTBs).

2016-04-02T04:39:47.831

2017-01-10T07:43:03.128

2017-05-15T702:01:59.3287

2017-07-26T00:31:05.579

2018-04-09T06:04:06.918

Figure 5.3.5: All MUSE datasets described in reference to the NTBs upheaval event, with the image
on the left an average of the spectral image cube between 0.485um and 0.495um, and the image
on the right the corresponding image averaged between 0.885um and 0.890um, and the footprint
of the slice in each case shown in red. In each case, we choose slices that are generally as close
to the central meridian as possible, but avoiding anomalous regions (particularly in the 2018-09-
04T06:04:06.918 dataset, where a large number of discrete features can be observed in the northern
EZ). It is impossible not to take longitudinal variations into account in the 10th of January 2017
dataset, and so we simply choose an arbitrary longitude close to the central meridian. The 2016-04-
02T04:39:47.831 dataset takes into account a region of non-expanded NEB. Each image is shown at
the same spatial scale (104”x44”), in order to highlight the variation in angular diameter of Jupiter
over the four-year period.
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Figure 5.3.6: Average I/F values corresponding to the plots shown in figure 5.3.7, from top to bottom:
average I/F between 0.480um and 0.490pm (sensitive to chromophore), I/F at 0.619um (sensitive to
1 bar cloud), I/F at 0.727um (sensitive to haze between approximately 0.3-0.6 bars) and average I/F
between 0.885um and 0.895um (sensitive to haze between approximately 0.1-0.2 bars). Latitudes
values are planetographic.

MUSE retrievals from just after the outbreak in early 2017, as we show in figure 5.3.7, indicate
a resurgence in both cloud and haze in the NTBs around the region that was previously dark at
0.89um. Although our retrievals only show a gradual increase in cloud and haze cover over the
NTBs over time following the upheaval, in reality this is most likely just an effect of differences in
calibration and particle size retrieval. In fact, the opposite is more likely true, in that we should

see a dramatic increase in cloud and haze before we see an increase in red colour. One piece of

117



evidence for this is the apparent depletion of ammonia in the NTBs in January 2017 that is not seen
in later data, most likely a consequence of unusually high cloud cover in the region. In addition, the
retrieval has to increase the particle size in the NTBs in order to account simultaneously for high
continuum I/F values and low I/F values at blue wavelengths, which thereby affects the retrieval of
haze abundances for reasons previously explained in chapter 4. This increase in particle size is most
likely genuine, and also appears to be accompanied by a small-particle region to the north, perhaps
indicating a local upwelling-downwelling system.

The formation of chromophore in this region is therefore most likely a direct consequence of this
dramatic upwelling. If we were to assume that Carlson chromophore is the universal chromophore on
Jupiter, we could suggest that upwelling in this region is sufficient that large quantities of ammonia
ice from the troposphere can react with downwelling acetylene from the stratosphere to produce
chromophore directly in the tropopause. However, this would then require an explanation as to
the ubiquity of chromophore closer to the level of the main cloud layer, as we found in the NEB
and as we would assume by extension to also be the case in the other belt regions of Jupiter,
where acetylene is not present at sufficiently high abundances to produce Carlson chromophore in
situ. Conversely, if we were to assume that low-altitude chromophore in the belts was a result of
sedimentation from the haze layers in which the chromophore originates, we would then have to
ask why the NTBs and certain discrete features are the only regions in which we observe bright
red colour associated with thick haze. For the moment, we will neglect the hypothesis of Baines
et al. [2019] that lightning can raise acetylene abundances in certain regions of Jupiter sufficiently
to produce tropospheric chromophore, due to its highly speculative nature. If, on the other hand,
we suggest that chromophore particles act as condensation nuclei for ammonia ice (eg. Atreya et al.
[2005], Kalogerakis et al. [2008]), then the particles themselves could reach sufficiently high altitudes
in the NTBs (or indeed in red ovals such as the GRS) for the surrounding ammonia ice to be removed
through reactions with haze constituents, leaving behind the red chromophore nuclei. This would
have to be a somewhat slow reaction, as changes to high-altitude haze cover often precede colour
changes in discrete features (and most likely the NTBs as well, judging by our observations) by
several months. This also leaves our original question unresolved as to what the chromophore is

made of and how it is formed in the first place.
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Figure 5.3.7: Results of the simultaneous retrievals of aerosol density, colour and ammonia abundance
around the NTB and NTropZ, before the NTBs upheaval (2016-04-02T04:39:47.831) and after (the
remaining columns). We refer the reader to figure 5.3.4 for a detailed key to each of the plots. For
comparison, we also replot the zonally-averaged chromophore abundance profile in the second-plot
from the top, arbitrarily scaled to the peak cloud abundance level in the NTBs, in order to show
the offset in latitude between the red NTBs haze and thick cloud region.

By 2018, while the red colour of the NTBs was no longer as bright as it was a year prior, it
still remained conspicuous. However, we find little match, in both our observed I/F values in figure
5.3.6 and our associated retrievals in figure 5.3.7, between the red region and local variations in
aerosol structure or ammonia abundances, which revert back almost to their pre-outbreak states.
The chromophore in the NTBs could therefore be located in a very stable region (perhaps near a cold

trap such as the tropopause) of the atmosphere in which timescales of either chemical degradation,
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eddy diffusion or sedimentation are of the order of years. The NTBs only gradually loses its colour
through the slow sedimentation of chromophore particles into the troposphere, where ammonia ice
condenses around them and thereby masks their signature, a process that occurs in a matter of
hours [Sanchez-Lavega and Gomez, 1996]. Such a hypothesis would require a detailed microphysical
model to test, which we have proposed for future work.

In summary, we therefore propose that the NTBs upheaval event is associated with cyclical
variations in upward convection in the NTBs, which is associated with changes in cloud and haze
cover that are shortly followed by changes in colour. In order to better understand the origin of these
cyclical variations, we propose further investigation of associated changes in the NTZ and NNTB

for future work.

5.4 The EZ colouration event of 2018

In 2018, we saw the start of a new event in the Equatorial Zone. Starting around the time of PJ11
in February 2018, the centre of the EZ began to develop a very faint orange colour [Rogers, 2018b].
This colour then gradually became stronger over the coming months before visibly affecting the
underlying cloud morphology of the EZ. Like the NTBs upheaval, this is also a quasi-regular event
which last occurred in 2012 [Fletcher, 2017], but unlike the NTBs upheaval does not appear to be
triggered by any particular sudden convective event. Despite a long history of colour changes in the
EZ, discussion in the literature is far more sparse than for the NTBs upheaval, even when amateur
work is included. The most detailed discussion of historical observations of EZ colourations is given
by Antufiano et al. [2018], focussing particularly on associated observations of deep cloud at 5um.
As in the previous section, we extracted swaths of the EZ, presented in figure 5.4.1, from four
separate MUSE datasets between April and September 2018. The resulting retrievals are presented
in figure 5.4.2, zonally averaged as in the previous section. Despite the relative homogeneity of the
orange colour in the EZ that would indicate the presence of chromophore at high altitude, we find
no conclusive evidence of changes in high-altitude haze cover over the EZ, or any kind of correlation
between haze cover and colour as we saw in the NTBs. We only observe some cloud clearing in the
southern half of the EZ in September 2018, several months after colour changes were first observed in
the region. Even then, this apparent cloud clearing could partly be attributed to the poor calibration
of the 2018-09-11T23:11:42.877 dataset instead of a real effect, although observations in the mid-IR

by Antunano et al. [2018] would appear to confirm cloud clearing in this region that is actually more
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pronounced and widespread than our retrievals would suggest. We find more convincing evidence of
a gradual depletion of ammonia abundances in the southern EZ accompanied by a gradual increase
in ammonia in the northern EZ. This could indicate some kind of cyclical atmospheric variability in
the EZ as we suggested previously in section 5.2, but is difficult to link with changes in colour.

2018-04-09T06:04:06.918

2018-05-18T00:57:16.678

2018-07-12T02:20:43.256

-

—

2018-09-11723:11:42.877

=

Figure 5.4.1: All MUSE datasets described in section 5.4, with footprint of the slice in each case
shown in red. In each case, we choose slices that are generally as close to the central meridian as
possible; the exact region is relatively arbitrary due to substantial longitudinal variations over these
spatial scales. Each image is shown at the same spatial scale (84”x44”), in order to highlight the
variation in angular diameter of Jupiter over the four-year period. The left image is the median of
the spectral image cube over a wavelength range 0.485um to 0.495um, while the right image is the
equivalent median between 0.885um and 0.890um. Note the wave structure in the northern NEB,
particularly in the 2018-04-09T06:04:06.918 and 2018-09-11T23:11:42.877 images.

The fact that visible colour changes in the EZ occurred before any corresponding changes to
tropospheric aerosol structure would appear to contradict the hypotheses of a universal chromophore
that we laid out in the previous section. The first half of 2018 saw substantial wave activity in the
NEB that was visible at 0.89um which accompanied the southward retreat of the northern boundary

of the NEB, as can be clearly seen in figure 5.4.1. It is therefore possible that the increase in
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chromophore in the EZ is linked with dynamics at higher altitude, but we can only speculate as to

the cause of the reddening without further information on associated temperature changes in the

region in 2018. In order to better understand the changes in the observed appearance of the EZ,

we can only continue to perform retrievals of cloud structure and colour as the colouration event

intensifies and progresses well into 2019, for which further MUSE observations have already been

granted and which will hopefully be executed under better observing conditions and using better

calibration.
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Figure 5.4.2: Results of the simultaneous retrievals of aerosol density, colour and ammonia abundance
around the EZ, during the colouration event, with major features highlighted. We refer the reader
to figure 5.3.4 for a detailed key to each of the plots.
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5.5 Changes in cloud structure and colour of the GRS

The Great Red Spot has been extant at least since the 19th Century, and possibly even corresponded
to ‘Hooke’s spot’, a storm feature which was discovered by the eponymous astronomer 200 years
earlier [Rogers, 1995]. How it has managed to survive for so long is as yet still unknown, but it
is thought to be sustained by mergers with other smaller anticyclones [Vasavada and Showman,
2005]. Despite its persistence in Jupiter’s atmosphere, substantial changes have been seen in the
morphology of the GRS in recent years. The GRS has been observed to continually shrink in its
longitudinal extent since the Voyager mission, but this shrinkage accelerated dramatically after 2014
as reported by Simon et al. [2014, 2018]. It is thought that if the shrinking continues at its current
rate, the GRS will no longer be in a stable configuration and it will entirely disintegrate. The GRS
is the only discrete feature on Jupiter (with the possible exception of Oval BA, as will be explained
further in section 5.6) whose interior structure can be fully resolved with MUSE. We therefore wish
to use our MUSE data to retrieve spatial and temporal variations in cloud structure and colour in
order to shed light on both its fine structure and the origin of its shrinkage. In addition, the GRS is
the only region where chromophore abundances are great enough that their altitude can be reliably
retrieved using our cloud model.

While the MUSE data cover the entirety of the temporal range associated with the most dramatic
shrinking of the GRS, the quality of most of our MUSE observations of the GRS are somewhat
deficient. Only two observations of the GRS below a 50 degree viewing zenith angle were made
before 2018: one in 2014, in which the structure of the GRS was partially obscured by striping
artefacts (the effects of which were mostly, but imperfectly, corrected for as explained in section
2.4.3), and one in 2017 which was observed when Jupiter was low on the horizon and close to
solar conjunction, making the fine structure of the GRS more difficult to resolve. By contrast, our
observation of the GRS in April 2018 was seen to be much more reliable, taken during very good
seeing conditions and at low airmass. For our retrievals, we analysed sample regions of the GRS
and its environs from each of these three datasets, whose footprints are shown in figure 5.5.1. We
also acquired an additional observation of the GRS close to nadir on the 25th of May 2018 (see
appendix A), but we have left it out of this analysis for a number of reasons. Firstly, the boundary
between two adjacent MUSE IFUs went straight through the centre of the GRS, and left a striping
artefact that, while milder than those seen in the 2014 data, was still conspicuous enough to affect
retrievals of cloud structure and ammonia. Aside from this artefact, preliminary retrievals showed

very little difference in the fine structure of the GRS compared with our April 2018 data, apart from
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a few features near the inner ring of the GRS whose morphologies change over very short timescales.
We therefore decided that this dataset would add little value to this particular analysis, even if the
striping artefact would have been benign enough to smooth over without particular detriment to
the MUSE spatial resolution. Moreover, the 25th of May 2018 observation of the GRS was obtained
within half an hour of an observation in the thermal IR by VISIR (Fletcher and Donnelly, personal
communication). Studying these two datasets together, one can perform retrievals of a number of
different variables independently for the entirety of the GRS and its environs, as explained previously
in section 3.2. This merits an entire analysis of its own, which we do not have space to cover here,
and which we have therefore left to future work.

2014-02-17T02:07:56.907

2017-08-16T00:05:02.682

Figure 5.5.1: All MUSE datasets described in section 5.5, with footprint of the sample region in each
case shown in red, taking into account the whole of the GRS and much of its environs. Each image
is shown at the same spatial scale (627x44”), in order to highlight the variation in angular diameter
of Jupiter over the four-year period. The left image is the median of the spectral image cube over
a wavelength range 0.485um to 0.495um, while the right image is the equivalent median between
0.885um and 0.890um. The bright circle in the top-right image to the right of the GRS is the moon
Europa which far outshines Jupiter at 0.89um. Europa is also visible to the right of Jupiter in the
16th of August 2017 images, and casts a dark shadow that is visible in the middle of the NTZ at
0.49um.
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We display the results of our retrievals in figure 5.5.2, which we smoothed using a median filter
of kernel size 7x7 pixels in order to smooth over unrealistic pixel-to-pixel variations in retrieved
particle size; we include an additional plot of the source I/F values in figure 5.5.3 to assure the
reader that our results are consistent with our observations. The most noticeable change during the
four-year period is in the cloud structure of the GRS. Like Simon et al. [2018], we find an increase
in haze across the whole of the GRS, and which is less concentrated around the inner core. This
also correlates with an increase in red colour across the feature, with the colour nonetheless still
most intense in the central core. However, we also see an approximately fourfold increase in the
density of 1 bar cloud between 2014 and 2017. The apparent increase in cloud opacity towards the
central core is most likely a result of poor spatial resolution, since we can see from our April 2018
retrievals that the bulk of the aerosol density at these altitudes is contained around the centre of
the GRS (a region which we will dub the ‘eye wall’, as per the legend in figure 5.5.2), particularly in
regions of high relative vorticity (as identified by eg. Dowling and Ingersoll [1988], Choi et al. [2007],
Shetty and Marcus [2010], Sanchez-Lavega et al. [2018]). Such an increase cannot be fully explained
by uncertainties either in the photometric calibration or in the particle size, especially given the
corresponding cloud abundances we retrieve in the surrounding ‘collar’. Most likely, this is a direct
consequence of vortex stretching associated with the shrinkage of the GRS and the conservation of
angular momentum, as stated in Simon et al. [2018], which results in the GRS becoming taller. Our
data also provides some indication of a corresponding increase in gaseous ammonia abundances in
the centre of the GRS, but this is difficult to confirm definitively given the spatial resolution and the
quality of the 2014 data. Despite these findings, we retrieve almost no spatial or temporal changes
in the altitude of the main cloud layer.

We find a north-south asymmetry in the structure of the GRS at this altitude that is particularly
clear in our retrievals of ammonia abundance and which appears constant over time. This structure
is particularly well-resolved in our April 2018 retrievals, and consists of a relative elevation in cloud-
top ammonia abundance in the GRS itself and the northern collar, and a relative depletion in the
southern collar. This also corresponds closely to the distribution retrieved by Fletcher et al. [2010b]
at around 550mbar from data obtained between 2006 and 2008, which they speculated to be a result
of a southward obliquity of the GRS vortex. Asymmetries within the GRS itself are not well-reflected
in cloud-top ammonia gas abundances, whose profile appears uniform over the surface of most of the
GRS, but inhomogeneities are seen in the cloud structure itself within the GRS eye wall. We note
in particular a relative depletion of cloud in the southwest of the GRS in 2014, and local elevations

of cloud in the east and west of the GRS in 2018. These are, however, more likely to be a result of
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small-scale cloud clusters and vortices as identified by Sanchez-Lavega et al. [2018], which vary over
short timescales. We note that the structure of the eye wall in our preliminary retrievals of GRS

data from May 2018 is quite different from that in April 2018.
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Figure 5.5.2: Results of the simultaneous retrievals of aerosol density, colour and ammonia abundance
in the GRS and its surroundings, with nomenclature relating to different parts of the GRS shown in
the top-right plot. The top row displays a simple RGB composite of the MUSE data, with the red
component corresponding to the average I/F between 0.620um and 0.750um, the green component
to the average I/F between 0.495um and 0.570um and the blue component to the average I/F
between 0.475um and 0.495um (the wavelength ranges chosen approximately according to colours
as perceived by the human eye). From top to bottom, the plots show peak aerosol abundance
(chromophore + non-chromophore) in units of particles cm? per kg of atmosphere between 0.7 and
2.5 bars (to correspond to the main cloud layer), peak aerosol abundance between 0.1 and 0.3 bars
(to correspond with high-altitude haze), peak chromophore abundance, ammonia volume mixing
ratio at 1 bar (multipled by 10%), x?/n, and the effective radius of non-chromophore particles 7.
Latitude values are all planetographic. The straight horizontal line that shows up in the x?/n plot
for the 2014-02-17T02:07:56.907 dataset is a consequence of the Gaussian destriping described in
section 2.4.3, while the local spikes in x?/n that appear in the same plot are a result of hot pixels.
Noise around the edge of each plot is due to median filtering.
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Figure 5.5.3: Average I/F values of the GRS corresponding to the plots in figure 5.5.2. We refer the
reader to figure 5.3.6 for a key to each of these plots.

As we show in figure 5.5.4, we consistently retrieve the chromophore altitude in the GRS around
the tropopause at 0.1 bars (for retrievals in which the retrieval of chromophore altitude is reliable),
as we expect given the correlation between the region of thick haze and deep red colour. This would
indicate that the chromophore, at least in the GRS, is generated or exposed in the high-altitude haze
itself, as we surmise it is in the NTBs. We also note that the ammonia abundances in the centre of
the GRS as retrieved by Fletcher et al. [2010b] and de Pater et al. [2019] at around 0.5 bars are not
nearly as elevated relative to the surroundings as they are in our data, particularly after 2014. Even
taking time variability into account, this would provide some evidence that ammonia depletes faster
with altitude in the GRS than it does in the surroundings, presumably due to increased ammonia

condensation or photolysis.

5.6 Characterising morphological changes in Oval BA

The second-largest discrete feature on Jupiter is Oval BA, an anticyclone that formed from the
merger of three smaller white ovals in 2000 [Sanchez-Lavega et al., 2001]. While Oval BA was

originally a white colour following its initial formation, it turned red over a period of a few months
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Figure 5.5.4: The temporal evolution of the retrieved 2-D chromophore altitude profile of the GRS
(following median filtering as explained in the text), as exhibited by both the black contour lines
and the colours (in units of bar pressure). The green contour line indicates the region within which
retrieved chromophore abundances are in excess of 4 particles cm?/kg, and hence the region in
which retrieved chromophore abundance and altitude values can be reliably decoupled, as previously
explained in section 4.8.

in 2006 [Naeye, 2006], despite no noticeable change in its circulation or cloud structure to trigger the
colour change [Pérez-Hoyos et al., 2009, Wong et al., 2011]. More recently, this red colour has been
seen to gradually fade over time, and has now almost completely disappeared as of writing in March
2019. The earliest, very tentative report of the fading colour of Oval BA that we can find appears
to be Rogers [2018a], published in June 2018. However, we would argue from our own inspection of
images obtained by the amateur community that the fading started becoming obvious well before
this (around the end of 2017). We must note this as our latest MUSE observations of Oval BA from
the 14th of April 2018 exhibit a much less red colour than our original observations from the 28th

of May 2017, even when taking the different observing conditions into account.
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2017-05-28T01:31:25.168

2018-04-14T709:00:50.919

Figure 5.6.1: Both MUSE datasets described in section 5.5, taking into account the whole of Oval
BA and much of its environs. Both images are shown at the same spatial scale (64”’x64”). The left
image is the median of the spectral image cube over a wavelength range 0.485um to 0.495um, while
the right image is the equivalent median between 0.885um and 0.890uym. The bright circle in the
top-right image just to the right of the GRS is the moon Io which far outshines Jupiter at 0.89um.
To also casts a noticeable dark shadow in the NEB at both wavelengths.

We extracted spectra of the region around Oval BA from these two datasets, as shown in figure
5.6.1, and performed retrievals on them, the results of which are shown in figure 5.6.2. It is difficult
to compare like with like, given that the spatial resolution is far superior in the 2018 image than
in the 2017 image. This is also compounded by the fact that the 2018 image of Oval BA was
taken close to nadir while the 2017 image was taken at high viewing zenith angle. The clearest
manifestation of this is the lack of a visible distinction between the red annulus and pale centre of
the oval in the 2017 image, despite this structure being clearly visible even in concurrent amateur
observations. Instead, we observe red colour concentrated in the centre of Oval BA in our MUSE
data from 2017, which we know to be incorrect. By contrast, the red annulus of Oval BA is clear
to see in our 2018 data and appears to be located just within the region of both increased cloud
and haze, as previously observed by Asay-Davis et al. [2009]. This is consistent with the model of
the vertical circulation hypothesised by de Pater et al. [2010] based on radio observations, in which
the chromophore forms in a region of local downwelling, presumably due to adiabatic heating which

either sublimates ammonia ice rime surrounding a chromophore condensation nucleus or elevates
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the reaction rate enough for chromophore to be produced in situ.

Even in the 2018 data, we find it very difficult to resolve any spatial differences in ammonia
abundance that would clearly mark out Oval BA from its surroundings. However, we can clearly
mark out Oval BA in both cases when we look at its cloud structure, particularly in its high-altitude
haze, which, like that of the GRS, is very opaque relative to the surroundings. Curiously, as in
the previous colour change in 2006, we detect little change in cloud structure associated with the

whitening of Oval BA.
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Figure 5.6.2: Results of the simultaneous retrievals of aerosol density, colour and ammonia abundance

in Oval BA and its surroundings. We refer the reader to figure 5.5.2 for a detailed key to each of
the plots. No median filtering was performed for these plots.
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Chapter 6

Saturn - Constraining a universal
chromophore and cloud model

6.1 Overview

In chapter 4, we explained how we tested and refined our retrieval model in order to maximise the
amount of reliable information that could be extracted from a MUSE spectrum of Jupiter. We now
apply the same methodology to refine an equivalent retrieval model for Saturn MUSE spectra in
this chapter. This chapter will therefore follow a somewhat similar structure to chapter 4, and so we
will avoid reiterating information that is identical in both the Jupiter and Saturn cases. The biggest
difference between this work and the work presented in chapter 4 is the relative dearth of literature
devoted to studies of Saturn’s troposphere compared with that of Jupiter. Although several papers
have been published on Saturnian cloud structure retrievals in the past, which will be described in
more detail in sections 6.4 and 6.5, one has to take into account seasonal changes in cloud structure
over its entire 30 year orbital period. This means that, in order to compare the current state of
Saturn’s atmosphere with the last northern summer solstice, one would have to refer to observations
made 30 years ago with the astronomical instrumentation and computational technology that was
available at the time (recall that this would predate both Cassini and HST). Literature dedicated to
either the observation or laboratory synthesis of Saturnian chromophore is very sparse: any explicit
mention of Saturn chromophore in the literature is usually only added as an aside (the most detailed
review the writer can find is in West et al. [2009], which consists of two paragraphs of speculation
and one citation to laboratory experiments of Jovian chromophore). We note the work of Guillemin
et al. [2001], who found that a yellow substance could be formed through the reaction of ethene with
either ammonia or phosphine under UV radiation, but these reaction products were not analysed

or fit to Saturnian spectra as in CR16. This lack of prior literature comes as a blessing and a
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curse: on the one hand, even the most flawed and inconclusive work presented here on Saturnian
chromophore is treading new scientific waters, while on the other hand, it will be much harder to
constrain degenerate results with physical data as we did in section 4.6.

First, we attempt to fit the laboratory chromophores of Noy et al. [1981] and Carlson et al. [2016]
to Saturn MUSE data in section 6.3, and then retrieve a universal Saturn chromophore imaginary
refractive index spectrum in section 6.4. All these retrievals will be conducted on a single MUSE
spectral image cube (timestamp 2017-06-18T06:04:09.111), which was the only cube to be obtained
using AO. As Saturn lacks discrete features at visible wavelengths at this time, and we only have
a limited set of Saturn data from 2014 and 2017, we cannot have an extended analysis of temporal
changes in Saturnian cloud structure and colour that would be sufficient for a stand-alone chapter, as
we did for Jupiter in chapter 5. The most obvious way of getting around this would be to study Saturn
data obtained by the VIMS-V instrument between 2004 and 2017, which has received surprisingly
little attention in the literature (the work of Oliva et al. [2016] being a notable exception) and onto
which we could easily apply our own forward models that we refined on MUSE data. However,
the standard routines provided in newer versions of the software used to calibrate VIMS-V spectra
(USGS Integrated Software for Imaging and Spectrometers, better known as ISIS3) include a bug
which was most likely added during a 2017 update and which, despite all our own efforts and those
of the ISIS3 helpdesk, we were unable to fix. Nonetheless, we will present a brief comparison of
the 2014 and 2017 MUSE datasets in section 6.5, and thereby induce possible temporal or seasonal
changes in colour and cloud structure that may have occurred during that short timespan. Finally,
in section 6.7 we apply a technique known as Principal Component Analysis (PCA) to the Saturn
data in order to map spatial and temporal variations in ammonia abundance.

There is little to add here to describe my personal contribution to this work that has not already
been stated in sections 2.1 or 4.1, since most of the NEMESIS framework that was applied to Jupiter
can also be applied to Saturn. Reference atmospheres for Saturn are also given as citations, and
I have little personal contribution to their creation or obtention. Although the IDL codes used to
perform the PCA in the final section of this chapter were obtained directly from the IDL Astronomy
User’s Library (IDLAstro), courtesy of NASA /GSFC, I am solely responsible for their application
to ammonia absorption features on Saturn. As with chapter 4, all the remaining analysis and

conclusions presented in this chapter, where citations are not provided, are entirely my own work.
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around high mid-latitudes and NPR
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Figure 6.1.1: A comparison of polar projected amateur RGB images of Saturn (left) in 2014, with
the names of the major zones and belts highlighted, and (right) in 2017 with the most distinctive
changes in the visual appearance of specific latitudinal bands highlighted. We base our zone-belt
nomenclature on that of Benton [2018]. Grey circular lines show lines of planetographic latitude in
increments of 20°, with the north pole in the centre and the equator at the edge (the ring shadow
region is not in view as it is located just south of the equator). Images from 2014 were obtained
at 2014-02-05 (Darryl Pfitzner Milika), 2014-02-16 (Darryl Pfitzner Milika), 2014-04-24 (Damian
Peach) and 2014-06-02 (Christopher Go). Images from 2017 were obtained at 2017-04-03 (Clyde
Foster), 2017-05-24 (Damian Peach), 2017-06-12 (Pic du Midi) and 2017-07-10 (Damian Peach).

6.2 Reference atmosphere

In this section, we detail all the aspects of the reference atmosphere that remain unchanged through-
out this chapter. Many of these are also defined in Sinclair [2013] and Barstow et al. [2016]. We will
not have a detailed discussion here on the sources of gas absorption and Rayleigh scattering data,
as these are identical to those used in atmospheric retrievals of Jupiter as described in section 4.2.
The reference atmosphere covers a pressure range from a deep limit of 4 bars (95km below the 1 bar
reference level) to a high-altitude limit of 5 mbar (300km above the 1 bar level); with both altitudes
lying far outside MUSE’s sensitivity range. Homogeneous layer splitting is performed analogously
to that for Jupiter as was illustrated in figure 4.4.1. The temperature-pressure profile from the high
stratosphere down to 0.8 bars was obtained from the mean of a number of different profiles retrieved
at nadir by the Cassini/CIRS instrument, as described in Fletcher et al. [2010a], and extrapolated to

deeper altitudes using a dry adiabat. We neglect spatial variations in temperature, as MUSE spectra
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have a negligible input from Saturnian thermal emission, even though differences in temperature at
the 0.1 bar level between the northern mid-latitudes and the southern EZ (regions south of which
are obscured by Saturn’s rings) could be up to 10K [Fletcher et al., 2010a]. All reference composi-
tional abundance profiles are as shown in figure 1.2.2. None of these profiles will be allowed to vary,
as the gases they describe are either well-mixed in the troposphere (in the case of methane), are
present in very low abundances above the haze-tops (in the case of water vapour and ammonia), or
do not have spectral features in the MUSE wavelength range that would allow them to be retrieved
directly (in the case of every other gas). Deep volume mixing ratios of Hs, He and CH4 (primarily
isotopologue 211 as specified in the HITRAN database [Rothman et al., 2013]), which are the gases
that are present at the greatest concentrations in the troposphere, are 0.88, 0.119 and 4.5 x 1073
respectively [Conrath and Gautier, 2000, Fletcher et al., 2009]. As in chapters 4 and 5, we did
not take collision-induced absorption into account properly in our retrievals, however we show in

appendix B that the effect is even more minor for Saturn spectra than it is for Jupiter spectra.

6.3 Fitting Saturn chromophores with laboratory spectra

Asin section 4.4, we seek a cloud model that permits conservatively-scattering haze and chromophore
to be distinguished, while also allowing vertical aerosol structure to vary as freely as possible without
incorporating too many degenerate variables. Once again, this involves two vertical aerosol profiles
to be retrieved simultaneously: one of conservatively-scattering non-chromophore particles, whose
abundances are retrieved at a set of sample altitudes and then interpolated over the whole reference
atmosphere, and another of chromophore particles, whose optical constants are fixed to laboratory
values, and whose vertical profile is parametrised as a Gaussian with flexible central altitude and
abundance. A full list of variable parameters, together with the pressure grid over which the haze
profile is retrieved, is given in table 6.3.1. We also perform our homogeneous layer splitting in such
a way so that the number of layers between each pressure value in the haze profile grid is roughly
equal, with 39 layers in total as for Jupiter. However, once again we face the issue of a lack of
prior knowledge of both particle size distributions 7, and 7., as well as the real refractive index of
the non-chromophore haze particles n,, (this last parameter being even more problematic than on
Jupiter, since we do not know the composition of the upper tropospheric haze). Roman et al. [2013]
suggest from simple considerations of Stoke’s law that, for particles to remain suspended in the

upper tropospheric haze for sufficient time, they must have an effective radius of around lym at the
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equator, where the gravity is lowest, with the effective radius increasing with latitude. However, we
should also take into consideration a possible contribution to the spectrum from the deeper ammonia
cloud layer, where particle sizes are predicted to be even larger (although exact sizes are very difficult
to constrain observationally). On the other end of the scale, polar stratospheric haze particles could
be as small as 0.1ym [Muiloz et al., 2004, Karkoschka and Tomasko, 2005, Pérez-Hoyos et al., 2005].
Of course, we have even less theoretical and observational constraint when it comes to the values of
r. and n,. We therefore perform a x?/n analysis on the data using the same prior values of r,, r.
and n,, as for Jupiter. The spectrum we choose for our retrievals is located at 21.47° planetographic
latitude and 9.90° longitude relative to the sub-observer point, a location that was observed to be
relatively depleted in haze but rich in colour.

In Figure 6.3.1a we show the results of the x?/n analysis when the chromophore optical constants
are fixed to those of the Noy chromophore. A somewhat wide range of values for r,, and n,, give
reasonable fits to the data with x?/n < 2, provided that 7. < 0.1um, although the values for r,,
are not within the range one would predict for the upper tropospheric haze at this latitude. When
we take the best fits to the observed MUSE spectra as shown in figure 6.3.2, we find very similar
discrepancy patterns in spectral fit for all values of r,,, 7. and n,, that give reasonable values of x2/n.
At wavelengths below 0.55um, the Noy chromophore fits the MUSE spectrum almost consistently
within an error of 1%, but at longer wavelengths the discrepancies are more obvious, and in many
ways resemble the fit to the GRS using the Carlson chromophore optical constants as previously
shown in section 4.4. Our exponential extrapolation of the Noy optical constants results in both
an overestimation in depth of the 0.619um methane absorption feature and an overestimation of
continuum I/F at near-infrared wavelengths. This results in an upper tropospheric haze layer with
a deeper retrieved altitude than it would be in reality. Although the very good fit of the Noy
chromophore to blue wavelengths shows promise, it is clear that, if we are to assume a phosphorus
chromophore with such a high real refractive index as the Noy chromophore, we must retrieve the
imaginary refractive index spectrum directly from the MUSE data, and not simply rely on laboratory
constants.

When we fix the chromophore optical constants to those of the Carlson chromophore, by contrast,
the resulting x2/n map looks superficially similar to both that found using the Noy chromophore
optical constants, and to that retrieved from the NEB on Jupiter in figure 4.4.2. However, the x2/n
values themselves are substantially higher; the lowest x?/n value we could retrieve using the CR16
optical constants was 2.6, compared with 1.2 using the Noy optical constants. The reason for this

is that the shape of the blue-absorption gradient of a Saturn NEB spectrum is different to that of a
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Fixed (F) or

Prior values with

refractive index spectrum

Profile Variable definition Variable symbol . L
variable (V)? | uncertainties
Specific aerosol densities 7 (3.95) 7 (0.074)
of non-chromophore 7n (1.20) 71,(0.044)
profile 7, (P) (in units of 7(0.80) 7 (0.027)
aerosol particles 7r (0.50) 7, (0.017) A% (1.0£0.3) x 1073VP
cmz/gram of atmosphere) 7(0.32) 7 (0.01)
as a function of a given 7,(0.20) 7, (0.004)
Haze pressure grid P (in bars) 7(0.12) 7,(0.0005)
Correlation length of Arn 1.5
aerosol profile
. . . Found through x2/n
Effective particle radius Tn F .
analysis
(um)
Variance of particle size on 0.1
distribution
L Found through x2/n
Real refractive index at Nn .
analysis
A=0.Tum
Imaginary part of complex | kpn(\) 1079v\
refractive index spectrum
as a function of
wavelength A
Correlation length of Akn 0.1
refractive index spectrum
Aerosol density at centre Te v (1.040.5) x 1073
of Gaussian (particles
2
cm”/g)
Altitude of centre of P, 1.0+ 0.5
Chromophore .
Gaussian (bars)
Gaussian FWHM Ae 1
(pressure scale height)
. . . Found through x2/n
Effective particle radius Te F .
analysis
(um)
Variance of particle size oc 0.1
distribution
L 2.1 [Noy et al., 1981] or 1.4
Real refractive index at Ne
[Carlson et al., 2016]
A=0.7Tum
Noy et al. [1981]
extrapolated exponentially
to wavelengths A > 0.6um,
Imaginary part of complex | kc(\
& . y.p P e or Carlson et al. [2016]
refractive index spectrum .
X extrapolated exponentially
as a function of
to wavelengths A > 0.75um.
wavelength A
Correlation length of Ape 0.1

Table 6.3.1: Explanation of all the variables used to parametrise the forward model in section 6.3,
with prior values and constraints specified when applicable.
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Figure 6.3.1: Results of x?/n analysis on a single pixel in Saturn’s NEB, when plotted against r,,,
r. and n,. Image (a) shows the case where the chromophore optical constants are fixed to the Noy
chromophore values, while image (b) shows the case where they are fixed to the Carlson chromophore
values, extracted exponentially to wavelengths where they are not tabulated as explained in the
text. Redder colours show values of r,, r. and n, with the best convergence, with retrievals where
x?/n > 10 masked in white. Intersections of dashed grid lines show the fixed r,, and 7. values of the
retrievals themselves.
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Jupiter NEB spectrum: while the shape of a red Jupiter spectrum below 0.6um can be approximated
to first order by an exponential with increasing gradient towards shorter wavelengths, the shape of a
corresponding Saturn NEB spectrum within the same wavelength range appears much more linear,
with even a slight decrease in gradient towards shorter wavelengths. This could be an indication
of the presence of a bathochrome in Saturnian chromophore that is absent in Jovian chromophore.
Indeed, disc-averaged observations of Jupiter and Saturn in the near-UV by eg. Karkoschka [1994,
1998] show that the central absorption feature in Saturn spectra is around 0.38um, while in Jupiter

spectra it is closer to 0.32um, depending on whether one is looking at a zone or a belt.

—— Observed
—— Carlson et al (2016)
—— Noy et al (1981)

I/F difference

0.5 0.6 0.7 0.8 0.9
Wavelength (um)

Figure 6.3.2: Fit to observed NEB spectrum of Saturn, where the complex refractive index spectrum
is fixed to two different values as shown in the legend. Plot on the bottom shows the difference
between the fit and the observed spectra (fit-observed). In both cases, r, = 5.0um, r. = 0.02um
and n, = 1.6.

6.4 Direct chromophore retrieval using limb darkening analy-
sis

As we did in section 4.6 for Jupiter, we now attempt to retrieve a chromophore imaginary refractive

index spectrum directly by performing limb darkening analysis on a single latitude swath of Saturn,

taking into account variations in particle size and real refractive index through x?/n analysis. This

is more challenging for Saturn than it is for Jupiter, as individual latitudinal bands are narrower and
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less distinct, making it more difficult to find a band that can be treated as completely homogeneous
across its entire latitude and longitude range. For our analysis, we chose a swath between 19°N and
24°N (planetographic), where the haze was seen to be thinnest and where the colour reddest, and
which we sampled at each wavelength at 35 degree longitude intervals (within a longitude range of
-35 to +70 degrees of the sub-observer longitude, in order to avoid mixing with the sky close to the
outer perimeter of Saturn’s planetary disc; the geometry at -70 degrees had to be discarded as its
I/F values appeared to be anomalously high across all wavelengths), with each sample obtained by
computing a Gaussian weighted average of all spectra within a FWHM of 3 degrees of longitude.
The respective spectral errors were then found through the corresponding standard deviation of
the Gaussian weighted average. However, since the latitude swath has a narrow pixel width, this
value is much smaller than it would be for a Jupiter swath, even though the spectral uncertainties
on the Saturn swath are likely to be proportionally much larger due to the difficulty of selecting
a swath that is completely homogeneous. The spectral errors are therefore underestimated using
this method, and this is reflected in even the best x?/n values we retrieve in our analysis. As with
Jupiter, we discard ‘rank 4’ wavelengths from our reduced wavelength scheme in our analysis, as
well as all wavelengths between 0.573um and 0.604um taken up by the laser guide star. This results
in a total of 184 wavelengths per geometry to be retrieved, over four geometries in total.

Again, we retrieve the chromophore imaginary refractive index spectrum directly, in the first
case using the Noy optical constants as a prior (n. = 2.1), and in the second using the CR16 optical
constants as a prior (n. = 1.4). We also increase both the vertical resolution and the vertical range
over which we retrieve the non-chromophore aerosol profile in order to account for the increased
precision and accuracy of limb darkening retrievals relative to retrievals at a single point geometry.
A table of all the fixed and free parameters is given in table 6.4.1. Unlike with Jupiter, we do not
just increase the resolution at altitudes above MUSE peak sensitivity (to take into account the larger
optical path at high viewing zenith angles), but also at altitudes below MUSE peak sensitivity, in
order to confirm that an ammonia cloud layer is not needed to fit the MUSE data, in spite of its
frequent inclusion in cloud models using observations at this wavelength range (eg. Ortiz et al.
[1996], Acarreta and Sanchez-Lavega [1999], Muifloz et al. [2004], Roman et al. [2013]). In addition,
we retrieve our imaginary refractive index spectrum at 0.1um intervals between 0.45um and 0.95um,
as the previous grid between 0.4um and 1.0um was seen to produce edge effects in the retrieved
imaginary refractive index spectra that fit point retrievals poorly. The resulting x?/n map is shown
in figure 6.4.2. As expected, we retrieve best-fit values of r, that are somewhat larger than on

Jupiter, presumably due to the lower gravity on Saturn that allows for larger particles to be present
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Figure 6.4.1: Plots showing the extraction of a limb darkening spectrum from Saturn MUSE data.
Plots on the left show the MUSE spectral image at two sample wavelengths: the top at a wavelength
sensitive to chromophore, and the bottom at a wavelength sensitive to high-altitude haze (mostly
in the lower stratosphere). At this time, we are observing Saturn close to northern solstice and
at solar opposition, with the sub-observer point located at 31.3 degrees north (planetographic).
Dashed white lines show the equator and the sub-observer longitude, dotted lines show lines of
planetographic latitude (in increments of 20 degrees, although lines south of the equator are in
practice obscured by Saturn’s rings) and lines of longitude relative to the sub-observer point (in
increments of 30 degrees). The thick outer white line shows the calculated perimeter of Saturn’s
planetary disc (excluding the rings) using ellipsoid limb fitting as described in section 2.4.2. The
latitudinal swath extracted from the data is shown in red, bounded by 19 and 24 degrees north
(planetographic) on each side. Plots on the right show, for the same two wavelengths, all the I/F
values at each spatial pixel contained within the swath in black, as a function of longitude. Points in
blue then show the averaged latitudinal swath, sampled at 35 degree intervals (with the average at
-70 degrees discarded as explained in the text), used for limb darkening analysis, with vertical bars
showing the spectral error associated with those points. We have increased the overall brightness
of the bottom-left image and decreased the relative brightness of the rings in order to bring out the
contrast in 0.89um brightness with respect to latitude that would otherwise not be visible in the
print version of this thesis; we note in particular the increased brightness in the region bounded by
the equator and our selected swath due to stratospheric haze cover. In reality, the rings far outshine
Saturn at these wavelengths, particularly close to solar opposition when the rings brighten due to
the Seeliger effect.
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at higher altitudes than on Jupiter. For lower values of n,,, we retrieve best-fit values of r, around
2.5um, which is in line with the particle effective radii of upper tropospheric haze particles given
microphysical constraints as estimated by Roman et al. [2013]. However, as with Jupiter, we are
still unable to completely constrain r. and n, using this method, although our results do suggest
that the chromophore particles cannot have an effective radius much larger than 0.1um if we were
to assume n, = 2.1, and microphysical constraints suggest that the sizes of r, we would need to
model the limb darkening spectra when n,, = 1.8 are too small given where we retrieve the altitude
of maximum haze opacity. We retrieve similar x?/n maps in both the n. = 2.1 and n. = 1.4 cases,
albeit with larger r. values permitted in the latter case, and for a given set of n,, r, and r. the
two prior solutions result in almost identical haze and chromophore profiles. MUSE spectra on their
own are therefore insufficient to discriminate between an organic and a phosphorus chromophore.
In the Noy case, our x2/n analysis leaves us with 17 solutions that provide a reasonable fit to
the limb darkening spectrum (approximately where y?/n < 1.61). While this is half the number
of solutions that could reasonably fit the equivalent Jupiter limb-darkening spectrum as previously
discussed in section 4.6, it will be much more difficult to select one representative ‘best’ solution as
the degree of spatial variation in blue-absorption is less than on Jupiter (even if the shape of the
blue-absorption gradient does vary, as we will show in section 6.5). One alternative method is to
use basic microphysical constraints to filter out unphysical solutions. From HST and Cassini/ISS
observations made just after the last southern summer solstice, both Karkoschka and Tomasko [2005]
and Roman et al. [2013] retrieved particle sizes around luym in the EZ which then increased twofold
as one moved away from the EZ. This was shown by Roman et al. [2013] to be a consequence of
lower gravity at the equator and hence slower sedimentation times. One gauge of the quality of the
limb darkening solution would therefore be to observe if a high quality of fit is possible, given the
same imaginary refractive index spectrum as well as r. and n,, using a value of r,, = 2.5um in the
NEB but using a value of r, &~ 1um in the EZ. This would, of course, mean discarding any of the
solutions where r, # 2.5um, which may be an unfair assumption given that the model of Roman
et al. [2013] did not take into account several factors that would have affected particle sedimentation
rates such as coagulation or non-spherical particle shapes. In addition, there is some uncertainty
with respect to the timescales of visible changes in the upper tropospheric haze, usually anything
from months to years for given latitudinal regions [Pérez-Hoyos et al., 2005], which would also affect
how long a haze particle of a given size would stay in the troposphere. Nonetheless, for the sake of
simplifying our model, we will take this assumption of r,, = 2.5um in the NEB as given.

Of the 17 best solutions from the limb darkening x?/n analysis, a total of six solutions had a
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Fixed (F) or

Prior values with

refractive index spectrum

Profile Variable definition Variable symbol . L.
variable (V)? | uncertainties
7 (3.95) 7(0.12)
7 (2.00) 7 (0.074)
Specific aerosol densities 7 (1.20) 7 (0.044)
of non-chromophore 7,(0.80) 7 (0.027)
profile 7, (P) (in units of 7r(0.63) 7,(0.017)
aerosol particles 71 (0.50) 7r(0.01) A% (1.0£0.1) x 1073VP
cm2/gram of atmosphere) 7(0.38) 7.(0.006)
as a function of a given 7(0.32) 7 (0.004)
Haze pressure grid P (in bars) 7n(0.25) 7,(0.0015)
7,(0.20) 7,(0.0005)
7 (0.15)
Correlation length of Arn 1.5
aerosol profile
. . . Found through x2/n
Effective particle radius Tn F .
analysis
(um)
Variance of particle size on 0.1
distribution
L Found through x2/n
Real refractive index at Nn .
analysis
A=0.Tum
Imaginary part of complex | kn(\) 1079v\
refractive index spectrum
as a function of
wavelength A
Correlation length of Akn 0.1
refractive index spectrum
Aerosol density at centre Te v (1.040.2) x 1073
of Gaussian (particles
2
cm”/g)
Altitude of centre of P, 1.0+0.2
Chromophore .
Gaussian (bars)
Gaussian FWHM Ae 1
(pressure scale height) F
. . . Found through x2/n
Effective particle radius Te .
analysis
(um)
Variance of particle size oc 0.1
distribution
Real refractive index at Ne 2.1
A=0.Tum
Noy et al. [1981]
. extrapolated exponentially
Imaginary part of complex | kc(A) A%
L. to wavelengths A > 0.6pum.
refractive index spectrum . L
. Prior uncertainties of 10%.
as a function of
wavelength A
Correlation length of Age F 0.1

Table 6.4.1: Explanation of variables used to parametrise forward model in section 6.4, with prior
values and constraints specified when applicable.
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Figure 6.4.2: Results of x?/n analysis applied to a limb-darkening spectrum of the NEB, where the
complex refractive index spectrum is allowed to vary from a prior spectrum (equal to the optical
constants of Noy et al. [1981] in case (a) and Carlson et al. [2016] in case (b). In effect, the two plots
show the difference in convergence between (a) a chromophore of real refractive index n. = 2.1 and
(b) one of n. = 1.4. Retrievals where x?/n > 10 have been masked in white.
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Ne N Tn Te X2/n Level of Peak haze Level of peak Peak
(retrieved, | (um) peak haze mass chromophore chromophore
pm) density density density (bars) | mass density

(bars) (g/1) (g/1)
0.93 0.02 0.66 0.35 3.44E-07 0.18 1.93E-09
1.42 1.80 0.05 1.08 0.31 4.46E-07 0.31 3.08E-09
ilagl'\joy 1.87 0.1 0.78 0.31 3.79E-07 0.31 1.76 E-09
1981] 1.17 0.02 0.79 0.40 2.15E-07 0.45 4.59E-09
1.5 1.18 0.05 0.71 0.40 1.91E-07 0.40 3.73E-09
1.24 0.1 0.66 0.40 1.48E-07 0.58 2.79E-09
1.50 0.02 1.19 0.35 4.52E-07 0.31 9.62E-09

1.4 149 1.80 0.05 0.97 0.31 4.86E-07 0.27 1.03E-08

[Carlson 1.71 0.1 0.94 0.31 3.79E-07 0.27 8.71E-09

et al., 1.82 0.2 0.85 0.31 3.56 E-07 0.31 7.03E-09

2016] 15 1.29 0.1 0.75 0.35 1.70E-07 0.45 1.27E-08
1.32 0.2 0.72 0.35 1.44E-07 0.51 9.56 E-09

Table 6.4.2: Retrieved cloud and chromophore mass density values when chromophore optical con-
stants obtained in NEB limb darkening analysis (for a given r,, r. and n,) are used to fit the EZ
(lat, lon = 5.86°, 25.55°), in each case letting the value of r,, vary from a prior value of 1ym. In this
table we have excluded solutions obtained from NEB limb darkening analysis where r,, < 1um or
rn > 2.5um. The set of r,, r. and n,, values that will be selected for all subsequent Saturn retrievals
is highlighted in bold.

value of r, = 2.5um. We then applied these six chromophore imaginary refractive index solutions
to a point spectrum of the EZ, in one case keeping the value of 7, the same, and in the other
allowing the value of r,, to vary from a prior value of (1.0 & 0.1)um. All these solutions were seen
to have very similar fits to point retrievals of the NEB. In two cases (n, = 1.42, r. = 0.05um and
n, = 1.42, r. = 0.1um), the EZ retrieval attempted to raise the value of r,, back towards 2um. These
two solutions were therefore discarded. In another (n, = 1.5, r. = 0.1um), the altitude of peak
chromophore opacity was retrieved almost half a pressure scale height below the altitude of peak
haze opacity, which seems unlikely to be physical given that the upper tropospheric haze is almost
completely opaque in the MUSE wavelength range. Of the remaining three solutions, the only one
where a substantially better fit to continuum near-infrared wavelengths was seen in the r, = 1um
case compared to the r, = 2.5um case was the one where n,, = 1.4 and r. = 0.02um (although we
note that in all cases the imaginary refractive index spectra failed to model the shortest wavelengths
of the EZ spectra correctly). This is important, since we explained in previous chapters that the
retrieval of particle size from MUSE spectra is somewhat unreliable, and so if we are to allow r,, to
vary for a retrieval of a meridional swath of Saturn, we must be sure that physical particle sizes give
better solutions than non-physical particle sizes. By contrast, we were unable to obtain a similar
solution from limb darkening analysis using the Carlson chromophore as a prior.

In all cases, our retrievals indicate a chromophore that is located either within or just above
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the upper tropospheric haze, akin to the Créme Brilée model for Jupiter described in section 4.3.
With such small chromophore particle sizes retrieved, it is unlikely that they would be a result
of chromophore sedimenting down from the stratosphere. Instead, the chromophore is most likely
created in situ in the tropospheric haze, perhaps through the reaction of organic haze particles
with a phosphorus compound that results in a very thin coating of chromophore around the haze
particles. It seems unlikely that Saturnian chromophore would be formed as a result of the reaction
mechanism detailed by Guillemin et al. [2001], since ethene is present at even lower abundances
at these altitudes than acetylene is [Moses et al., 2000, Moses and Greathouse, 2005], but it is
possible that a similar chromophore reaction mechanism could occur with ethene substituted by a
different unsaturated organic compound present in the haze. Spectral constraints place the amount
of phosphine at these altitudes at the order of a few parts per million (eg. Noll and Larson [1991],
Fletcher et al. [2007]), which is approximately two orders of magnitude greater than the amounts of
chromophore we retrieve. This would make the prospect of a phosphorus-based chromophore seem
plausible, although more definite constraints are not currently possible due to the lack of reaction
rate data for phosphine photolysis [White et al., 2016]. A chromophore more similar to the Carlson
chromophore (that is, with n. = 1.4), which we assume as a proxy for a chromophore in which
phosphine photochemistry does not play a major role, would require abundances larger than that
of the Noy-based chromophore (n. = 2.1) by a factor of 10, and so an n. = 1.4 chromophore would
require the presence of much greater abundances of ammonia in the upper troposphere than an
n. = 2.1 chromophore. Given the scarcity of ammonia at these altitudes, we would either have to
favour an n. = 2.1 chromophore, or assume that a Carlson-type chromophore is convected upwards
from below the tropospheric haze. We will assume the former in the rest of this chapter.

The resulting ‘best’ chromophore imaginary refractive index spectrum is shown in figure 6.4.3.
Just as when we retrieved Jovian chromophore from a Carlson chromophore prior, we find that we
need a steeper blue-absorption slope to fit Saturn spectra than the Noy chromophore can provide.
We also require a secondary absorption peak around 0.85um (even if we properly take CIA into

account, as we show in appendix B), although this could be due to poor methane band data.
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Spectral fit to NEB limb darkening swath
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Figure 6.4.3: Results of the NEB limb darkening retrieval for which chromophore optical constants
were seen to provide a good fit, and for which a physical haze and chromophore profile was found to
be possible in the EZ. For this fit, n,, = 1.42, n, = 2.1, r,, = 2.5um and r. = 0.02um. Top two rows
show the spectral fit (in blue) to the observed MUSE spectrum (in black, with error bounds shaded
in grey) at four different angular geometries (with the longitudes relative to the sub-observer point
marked on the plot), with the middle plot showing the difference in I/F between the fit and observed
spectrum. Bottom plot shows the retrieved chromophore imaginary refractive index spectrum (in
blue, with error bounds shaded) compared to the imaginary refractive index of the Noy chromophore
(in red, with dashed line indicating extrapolation from the Noy et al. [1981] values).

6.5 General variations in chromophore and haze structure

We now apply our chromophore optical constant solution to a single individual meridional swath
extracted from each of our three Saturn MUSE data cubes, to observe how haze structure and
chromophore abundances vary over latitude, according to our model, and to see if we can discern
any temporal variation between 2014 and 2017. As we do not expect major temporal variation
to occur in the three months that elapsed between the obtention of the two 2017 datasets, we
will assume that any observed differences between the two 2017 retrievals are either to do with
longitudinal variations or deficiencies in the model. The AO dataset from June 2017 was obtained
close to opposition, which would cause the rings to appear exceptionally bright compared to the
non-AQO dataset from April 2017 due to the Seeliger effect, but this should not have any impact on

observations of Saturn’s atmosphere. A key to the zone-belt nomenclature is provided in figure 6.1.1.
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Figure 6.5.1: Top row: Images of a meridional swath, at 0.48um and 0.89um, extracted from MUSE
dataset 2017-06-18T06:04:09.111, shown as a red diagonal line through the middle of Saturn, avoid-
ing Saturn’s rings where possible. The bottom row shows how the reflectivity at the same two
wavelengths changes along the swath, as a function of latitude. This observation was obtained when
Saturn was at opposition, resulting in the rings appearing unusually bright due to the Seeliger effect.
We have therefore lowered the brightness of the rings and increased the brightness of Saturn itself
in the top-right image (hence the artefacts around the edges of the rings) in order to make the
latitudinal structure clearer.

In our swaths we excluded any latitudes that were either completely obscured by Saturn’s thick A
and B rings or where the contribution of the A and B rings to the spectra was obvious enough to
make them scientifically useless to discern local haze structure. However, we included Saturn’s ring
shadow for reference, despite it often being partly obscured by the thin inner C ring. As in the
previous section, we fixed r. to 0.02um but we set r,, to vary from a prior of 2.0um. The remaining
state vector variables were parametrised according to table 6.3.1. Although we included ammonia
gas absorption k-tables in our model, we did not allow the ammonia gas profile to vary in any way,
as we found very little sensitivity to haze-top ammonia abundances in preliminary retrievals. We
provide a more qualitative analysis of ammonia variations in section 6.7.

When we compare the spectral fits of our chromophore to different latitudinal regions of Saturn in
figure 6.5.2, we generally find that the further one moves away from the NEB and the mid-latitudes,

the less the shape of the observed Saturn spectrum below 0.55um resembles that of the chromophore
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spectrum we retrieved in section 6.4. While at the poles and the equator, the spectral slope increases
with decreasing wavelength below 0.6um, at the NEB we observe the opposite, perhaps indicating a
central wavelength of the chromophore absorption feature only just outside the MUSE wavelength
range. Such a dramatic change in shape of the blue-absorption feature between the NEB and
elsewhere is difficult to model using a single ‘universal’ chromophore absorption spectrum as we have
done in this work. Like on Jupiter, we also see substantial variability in the shape of the spectrum
between approximately 0.51ym and 0.54um. We suggest that Saturnian spectra are in fact influenced
by two different chromophore compounds: one formed in the high-altitude haze layers themselves,
which most closely resembles the chromophore we retrieved in section 6.4, and one formed deeper in
Saturn’s atmosphere, which more closely resembles Jovian chromophore. In regions of high upwelling,
such as the EZ, chromophore formed at deeper layers could be convected to higher altitudes where it
can be seen above Saturn’s thick haze layers. Conversely, at the poles, the tropospheric haze could
be thin enough that deeper chromophore colour becomes visible. In addition, the polar haze layers
are likely to be more dominated by aromatic hydrocarbons than the haze layers at lower latitudes
[Kim et al., 2019], which would also inevitably alter the chromophore absorption spectrum. The
NEB may occupy a ‘sweet spot’ where the tropospheric haze is thick enough to obscure deeper
structure, but where upwelling is not sufficient for deep tropospheric components to be advected to
visible altitudes. Such a hypothesis may also require that the so-called ‘deep chromophore’ is formed
deeper in Saturn’s atmosphere than it would be on Jupiter, where we mostly retrieve it above the
main visible cloud layer. This is not an unreasonable assumption given Saturn’s lower temperatures
and hence deeper cloud levels. Our results could, however, be explained by alternative hypotheses:
perhaps a unique chromophore formation process is present in the NEB and in mid-latitudes that
is absent in the rest of Saturn, or perhaps there is indeed a universal Saturnian chromophore, but
there is some alternative scattering process that modulates the NEB spectrum which we have not
accounted for in our model, as we suggested for Jupiter. We suggest further study of limb darkening
in other latitudinal bands (particularly the EZ), as well as the extension of our analysis to shorter
wavelengths, for future work, in order to completely rule out the possibility of a universal Saturnian

chromophore.
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Figure 6.5.2: Fits (in red) to representative MUSE spectra (in black, with spectral uncertainty
bounds shaded in grey and bounded by grey dotted lines) along a single north-south swath obtained
from Saturn MUSE dataset 2017-06-18T06:04:09.111, using the chromophore refractive index spec-
trum retrieved in section 6.4 and displayed in figure 6.4.3. For each of the spectra, we give the
locations on the surface of Saturn in terms of planetographic latitude and east longitude relative to
the sub-observer, as well as the retrieved x?/n value which quantifies the quality of fit in each case.
Red arrows highlight regions where the fit is most noticeably deficient in each case.

Outside the ring shadow, where haze retrievals may be affected by Saturn’s translucent C ring,
we consistently observe the stratospheric haze layer to be highest and thickest in the EZ as expected,
where it is located around 0.03 bars. We retrieve the stratospheric haze in the EZ as being detached

from the underlying tropospheric haze layer by a layer of low haze opacity around the tropopause.
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This is in agreement with previous studies of Saturn’s haze structure, most definitively by Stam
et al. [2001]. We also retrieve elevated haze in the NTZ and the NNTZ; it is possible that the
haze layers in both of these regions extend well above the tropopause level, but we are not able to
resolve them as being detached from the deeper tropospheric haze like in the EZ. Unlike on Jupiter,
we retrieve some substantial variation in the altitude of the tropospheric haze layer, peaking at
around 0.3 bars in the southern EZ and then moving down to around 0.5-0.6 bars in the northern
EZ and southern NEB. This also corresponds somewhat to past studies of Saturnian cloud structure
in the southern hemisphere (eg. Pérez-Hoyos et al. [2005], Roman et al. [2013]). In those studies,
however, the decrease in altitude is more gradual with southern latitude, whereas we retrieve a
more dramatic decrease between around 10-20 degrees northern latitude. Curiously, this was also
found in the northern hemisphere by Karkoschka and Tomasko [2005], and was observed to be
relatively invariant over season. This is perhaps indicative of an intrinsic hemispheric asymmetry
in haze structure on Saturn. From our retrievals it would appear that the region of thick haze in
the northern EZ is a region of substantial upward convection, akin to the NTBs region on Jupiter
as previously discussed, which for some reason is absent in the southern hemisphere. Contrary to
past studies, we also observe a gradual increase in the altitude of the tropospheric haze as one
moves northward from the NEB. This cannot purely be an effect of changes in the optical path with
latitude, as otherwise we would observe a similar and even more dramatic effect in our retrievals of
Jupiter, which we do not. As expected, we find no evidence of being able to detect variations in
tropospheric cloud structure deeper than 1 bar, even in regions where the fractional error in retrieved
aerosol abundance around 1 bar (particularly in the NEB and NTB) is comparable to uncertainties
in higher-altitude haze retrievals in the EZ.

Temporal changes in haze structure between 2014 and 2017 are very difficult to discern from
the data, partly due to the often imperfect fits to the spectra in regions where visual changes were
greatest (most notably around the poles), by the unreliable retrieval of particle size (particularly
in the NTB), and by clear systematic offsets in chromophore density and altitude from observation
to observation due to imperfect calibration. We observe some signs of an increase in tropospheric
haze in the southern EZ close to the ring-shadow region, but this may be more due to a lack of
spatial resolution in the 2014 data than a real effect. On the other hand, the apparent increase in
haze around the NPH is more likely to be a real phenomenon, as we would expect a build-up of
haze around the poles during the summer solstice as it heats up [Edgington et al., 2012]. Seasonal
changes in chromophore abundance are equally difficult to determine, especially away from the NEB

where the spectral fit at blue wavelengths deteriorates, although we note that latitudes of high

150



chromophore usually correlate with latitudes of high haze cover (which is generally the opposite
of what we observe on Jupiter). The dramatic decrease in chromophore opacity and altitude over
the northern EZ after 2014 is also curious and difficult to explain given the observations. We find
some evidence in our retrievals of a change in colour between 2014 and 2017, as could be seen
in contemporaneous amateur observations (figure 6.1.1), but this appears to manifest itself in our
retrievals as an increase in the altitude of the chromophore rather than its density. It is therefore
clear that a thorough analysis of temporal changes in Saturn’s colour and haze structure will require
better modelling of latitudinal changes in the chromophore absorption spectrum that perhaps takes

into account more than one chromophore.
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Figure 6.5.3: Results of the retrievals of a single north-south swath from (left) 2014-02-
20T07:50:56.306 and (right) 2017-06-18T06:04:09.111, analysing general changes between 2014 and
2017. (A): Combined haze and chromophore abundance profile, with fractional error shown in (B).
(C): Retrieved effective radius r,, of non-chromophore particles. (D): x?/n, with rough boundaries of
zone and belt regions marked (although fine zone-belt structure between NNTZ and NPR is included
as part of the NNTZ). Latitude values are planetographic.
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Figure 6.5.4: Results of the retrievals of a single north-south swath from (left) 2017-04-
06T05:38:16.941 and (right) 2017-06-18T06:04:09.111, looking at differences between the cubes ob-
tained with and without the use of adaptive optics. Key to individual plots is as in figure 6.5.3.

6.6 Sensitivity analysis

As in section 4.8, we now analyse to what extent the variations in haze and chromophore that we
retrieve from Saturn are due to genuine variation, and to what extent they are due to deficiencies
in our forward model. We also wish to see whether it would be possible to retrieve any kind of
tropospheric cloud layer from the MUSE spectra. To this end, we generate 50 synthetic spectra
according to the methodology presented in section 4.8, but this time according to the constraints of

our Saturn retrievals in section 6.5. Unlike for Jupiter, we also have to take into account uncertainties
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in prior methane abundances due to the lack of in situ constraints on Saturn. This is displayed in
figure 6.6.1, where we performed three retrievals of haze and chromophore on the same spectrum,
each using a different scaling of the prior methane profile of Fletcher et al. [2009] across all altitudes.
From our results, it appears that variations in haze specific density are approximately linear with
respect to methane abundances over all altitudes, while a doubling of the methane abundance results
in an upward shift in altitude of each haze layer by approximately half a pressure scale height. The
most reliable and accurate deep volume mixing ratio values retrieved from Cassini/CIRS spectra
are those of Flasar et al. [2005] and Fletcher et al. [2009], the former to within an uncertainty of
+20% and the latter to within +5%. If we believe the measurements of Fletcher et al. [2009], we
can therefore assume similar systematic uncertainties on our retrieved aerosol densities of just 5%.
Even if we were to fall back on the uncertainties of Flasar et al. [2005], however, we would find that
the resulting uncertainties in the altitudes of the haze layers would be insignificant given the vertical
resolution of the MUSE spectra. In addition, we should note that these retrievals were made without
properly taking CIA into account; errors in the methane abundance profile should be reflected in

the fit to wavelengths between 0.81uym and 0.83um, as we show in appendix B.
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Figure 6.6.1: Results of a retrieval of a single spectrum of the NEB when the prior methane profile
(assumed to correspond to Fletcher et al. [2009]) is either doubled (in red) or halved (in blue). The
plot corresponds to a vertical profile of haze and chromophore combined.
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In Figure 6.6.2, we present a comparison between the input and output aerosol profiles. As
with Jupiter, it is clear to see that the profiles that most closely correspond to their true values are
those where cloud abundance decreases monotonically with height from a thick cloud base, while
the worst-retrieved profiles are those where the density fluctuates rapidly with height, or where the

particle effective radius is retrieved poorly.
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Figure 6.6.2: A comparison of a sample of modelled vertical aerosol profiles (in black) used to create
synthetic Saturn spectra, with chromophore and non-chromophore abundances combined, compared
to the profiles (in red, with uncertainties shaded) retrieved from the same spectra. The closer the
correspondence between the two profiles, the better the quality of the retrieval model and the more
information can be extracted on vertical haze distribution from MUSE spectra of Saturn.

The model can usually both resolve stratospheric and tropospheric haze layers from each other,
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and retrieve their densities independently. However, if there is thick stratospheric haze above an
altitude of approximately 0.02 bars, as is often predicted (eg. Pérez-Hoyos et al. [2005]), the model
will underestimate the altitude of both the main stratospheric haze layer and the gas layer separating
it from the tropospheric haze, due to the lack of vertical sensitivity to haze at the highest altitudes,
which can only be detected tentatively at 0.89um. As expected, we find that the tropospheric cloud
layer is almost universally impossible to retrieve from MUSE spectra, even if there is little overlying
haze, and so it makes little sense to include a discrete cloud layer there as many have done (referring
back to the citations in section 6.4), with the possible exception of around the NPH (provided it is
observed close to nadir).

Figure 6.6.3 then shows the modelled versus the retrieved values of the remaining parameters of
this analysis. We find that chromophore abundances and altitudes are generally retrieved reliably
to within half a pressure scale height of the true altitude, provided that chromophore abundances
are above approximately 10~% particles cm? /gram and that the chromophore layer is not located in
the stratosphere at pressures less than 0.07 bars. These are values that are comfortably satisfied in
all our Saturn retrievals, apart from in 2014 where we retrieve unusually high chromophore altitudes
around the equator. Concerningly, there appears to be almost no correlation between modelled and
retrieved r, values, even though we generally retrieve the variations in r, that we expect from our
actual Saturn data. Our retrieved particle size variations in section 6.5 are therefore most likely due

to variations in tropospheric haze density, with which they are degenerate.
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Figure 6.6.3: Sensitivity to peak abundance and altitude of chromophore, and to the effective radius
of the non-chromophore particle population, comparing modelled input values with retrieved output
values. Dark blue datapoints in the first two plots indicate input values in which both 7, > 107*
particles cm?/gram and p. > 0.07 bars are simultaneously satisfied, which are seen to be the most
reliable retrievals as outlined in the text. These values are also marked as vertical black dashed lines
on the plots for clarity. Points on the solid blue diagonal line have identical input and output values
while the dashed blue diagonal lines indicate output values within a 50% error of the input values;
an ideal retrieval would have all datapoints aligned with the solid blue diagonal for each variable
case.
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6.7 Observing variations in gaseous ammonia abundances through
Principal Component Analysis

6.7.1 Motivation and theory

In preliminary retrievals, we attempted to retrieve gaseous ammonia abundances simultaneously with
haze structure and chromophore from Saturn spectra as with Jupiter spectra. However, the ammonia
absorption features were usually small enough to lie within observed spectral uncertainty constraints,
and so we found that we were unable to reliably retrieve haze-top ammonia abundances from Saturn
spectra. Nonetheless, the ammonia absorption features in Saturn MUSE spectra, particularly at
0.648um, are still large enough in Saturn MUSE spectra that we should be able to extract some
scientific information from them through other more qualitative means. Observing I/F variations of
Saturn at 0.648um alone will give some indication of this, but we caution that these may be as much
a result of haze variations as ammonia variations. We therefore wish to use a different technique to
decouple gaseous ammonia variations from variations in vertical haze structure as much as possible.
One that is commonly used to extract scientific information from data that is either noisy or lacks
spectral accuracy is known as Principal Component Analysis (PCA) (eg. Ready and Wintz [1973],
Murtagh and Heck [2012]). In this subsection, we explain the theory behind PCA, which mostly
paraphrases Murtagh and Heck [2012], while in the following subsections we apply this technique to
MUSE data of Jupiter and Saturn to map spatial variations in ammonia.

In PCA, multidimensional data is linearly transformed by deducing the perpendicular axes over
which the variation in the data is strongest. The data is then reprojected onto those axes by
solving an eigenvalue problem, which is illustrated graphically in figure 6.7.1. The orthogonal axes
of strongest variation (ie. the eigenvectors) are known as the principal components of the data,
while the associated eigenvalues quantify the extent of the variation along each given axis, in terms
of how many of the original variables are required to explain the same amount of variance. Each
principal component should, in theory, account for variation due to a single atmospheric variable. If
we therefore optimise our PCA correctly, the data projected onto one principal component should
account for most of the spatial variation in cloud structure on Saturn, while data projected onto a
different principal component should account for equivalent variations in ammonia. This technique
has already been applied to map equivalent variations of HoS on Neptune by Irwin et al. [2019b], for
which spectral signals were weak in the observed wavelength range. In practice, it is not always very
straightforward to decouple two variables using this technique: principal components can often be

difficult to interpret physically, and wavelength ranges often have to be manipulated very carefully to
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yield principal components that each correspond to single atmospheric variables, as opposed to linear

combinations of several variables. It therefore makes very little sense to extract scientific information
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Figure 6.7.1: A visual demonstration of PCA on example MUSE data, analysing the correlation
in I/F between two separate wavelengths. On the left is a scatter plot of I/F, standardised as in
equation 6.7.1, obtained over a range of spatial pixels. Here, we wish to find the two perpendicular
principal components that encompass the axes of the most variation in the data. Using PCA, we
find that the greatest variation in the data is along the first principal component (PC1), shown by
the black line, however there is also another axis with secondary variation in the data, which is given
by the second principal component (PC2), shown in red. The scatter plot on the right shows the
same data projected against the two principal components, with the range of the data along each
axis encoded by the eigenvalue of the principal component. In this case, PC2 could probably be
dismissed as simply encoding noise. Hence, principal component analysis can also prove a useful tool
to reduce the number of dimensions of multidimensional data. Although in this case one could also
have derived the same axes through linear regression, if more wavelengths are included in the analysis
(as we do in this section), the number of wavelengths one would have to plot against (and hence
the number of dimensions in the plot) would increase to the point that linear regression becomes
impractical. In addition, the greater the number of dimensions, the greater number of principal
components that are likely to encode useful information about the data.

from spectral data using PCA if the signal to noise ratio is low enough, and the spectral resolution
high enough, that the same information can be extracted more accurately and quantitatively using
spectral retrievals directly. We therefore present the application of PCA on MUSE observations of
Jupiter in this chapter not in order to derive scientific information on variations in gaseous ammonia
abundances on Jupiter per se, for which we already have spectrally retrieved abundance values as
presented in section 5.2, but simply in order to determine the quality of PCA when applied to

observations of Saturn, for which we do not have the required signal-to-noise ratio at wavelengths
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of significant ammonia absorption to retrieve ammonia abundance variations using NEMESIS.
Consider elements M;; of a matrix M of size n; x n;, representing the I/F values in a single
spectral image cube of Saturn within a given spectral range, where i represents the spatial dimension
(the ordering of each spatial pixel in the matrix does not matter) and j the spectral dimension. In
PCA, we do not care about the magnitudes of each of the I/F values per se. Instead, we only wish
to know how far each of the values are from each other, so that the axes of variation encompasses
the maximum distances between points. This requires the data matrix to be standardised, which

involves centring it around the spectral mean and normalising it to unit standard deviation:
o Mu
M;
\/Z 1] Zn, J)

which is then converted into a correlation matrix C, a symmetric matrix with dimensions n; x n;,
as follows:

(6.7.1)

Cay =Y M M;y, (6.7.2)

It can be shown, eg. in Murtagh and Heck [2012], that the correlation between two points is
directly proportional to the Euclidean distance between them, and hence the correlation matrix
can be used as a proxy for distances between points. Occasionally, a covariance matrix can be
used instead of a correlation matrix for PCA for similar reasons, but it is more common to use a
correlation matrix, as we do here. We now wish to find a set of axes uy for which the sum of the
distances between the chosen set of axes and all the points is minimised. This is done by solving a

Lagrangian, which can be simplified down to a regular eigenvalue problem for C:

(jl.l[€ = U (673)

Each of these principal components will then be sorted in order of descending eigenvalue ay, so
that the first principal component is responsible for the greatest variation in the spectrum while

higher-order principal components can be neglected as pure noise. Finally, we project the original

data onto each eigenvector uy, to give a vector m}" *:

mby©l = § Mijugy

If the PCA is successful, and if the wavelengths to analyse are chosen carefully, one m?™J vector
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should correspond to a map of cloud structure variations on Saturn, while another should correspond
to a map of ammonia variations. The principal component that is responsible for ammonia variations
should look as similar as possible to an ammonia absorption spectrum, and would have as large
an eigenvalue as possible (preferably greater than 1, as a lower eigenvalue would imply that the
variation in gaseous ammonia abundance could be explained better by observing I/F variations at

single wavelengths instead of through PCA).

6.7.2 Refining PCA on Jovian ammonia retrievals

To optimise the PCA to obtain the most accurate possible ammonia maps of Saturn, we need to know
how to manipulate the wavelength ranges of the PCA so that differences in ammonia abundance
account for as much of the variation in the MUSE spectra as possible. In addition, we need to
understand to what extent the output of the PCA corresponds to genuine variations in ammonia
abundance on Saturn. To do this, we first apply PCA onto the meridional north-south swath of
Jupiter presented in section 4.7, for which we could constrain gaseous ammonia abundances much
better than from equivalent Saturn data, and observe the extent to which the data projected onto
the ammonia principal component correlates with the retrieved meridional ammonia profile. We
show the results for this meridional swath in figure 6.7.2, as well as the whole of Jupiter for context
in figure 6.7.3.

In both cases, we found that we were able to produce the best results by performing PCA on
the wavelength ranges with the three strongest ammonia absorption bands simultaneously: 0.640-
0.655um, 0.780-0.800pm and 0.921-0.933um, encompassing 50 individual wavelengths in total. Of
these three bands, the one around 0.79um was seen to be the most important, despite being sensitive
to ammonia absorption at slightly higher altitudes on Jupiter than the other two, and so should
exhibit smaller variation in depth over Jupiter. Nonetheless, by far the most variation in the data
(more than 99%) was due to almost entirely linear correlations in I/F. This variation, encompassed
by PC1, is most likely due to general aerosol structure variations (mostly from the uppermost visible
cloud layer), and the data projected onto this component resemble regular zone-belt variations in
cloud structure. PC2 appears to account for the majority of spatial variations in gaseous ammonia
abundance, and the data projected onto this principal component match closely with ammonia
abundance variations that were retrieved in section 4.7. PC3 accounts mostly for second-order
contamination, as very clearly illustrated in the third row in figure 6.7.3. This component should

not arise in our Saturn data where the effect of second-order contamination is much smaller, as we

160



previously described in section 2.4.3. Although principal components from PC4 onwards account
for much less variation than any of the previous three components, PC4 does appear to account for
some additional small variation in ammonia abundance that is not encompassed in PC2, perhaps a
result of very small sensitivities to altitudinal differences in ammonia abundance.

Our results show that PCA is able to separate out variations in ammonia abundance and cloud
structure well for Jupiter MUSE data. However, the fact that even PC2 has an eigenvalue much
less than 1 is concerning, and implies that the observation of I/F values at a single wavelength (or
perhaps the difference in I/F between two single wavelengths) would provide a better measurement
of ammonia abundance variations than PCA. Nonetheless, this may not necessarily be the case for
Saturn, where zone-belt variations in visible aerosol structure are much more subdued and where
I/F difference measurements would have a lower signal to noise ratio, although this could be further
mitigated by the fact that the ammonia absorption features will be smaller on Saturn and so would

encompass less variation in I/F.
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Projected data PC1: Eigenvalue = 48.6014 (99.1%)
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Figure 6.7.2: Results of PCA on the meridional north-south swath of Jupiter, shown in figure 4.7.1,
for which atmospheric retrievals were performed in section 4.7. Each row corresponds to a single
principal component, with the associated eigenvalue shown in the title, together with the percentage
of the total variation in the data that the principal component encompasses. The right column
shows the normalised directions of the principal components over all the wavelengths analysed, with
an example of a modelled gaseous ammonia spectrum shown in red superimposed on the second
and fourth principal components for comparison. In the left column, we show the original I/F
data projected onto each principal component following standardisation, with the retrieved gaseous
ammonia abundances from figure 4.7.2 shown in blue in the second and fourth rows for comparison.

6.7.3 Application of PCA to Saturn

We now apply the same methodology to I/F observations of Saturn from 2017-06-18T06:04:09.111,
cropping out latitudes below -5° S (planetographic) where the effects of Saturn’s rings are visible, to
see if PCA can successfully sift out spatial variations in ammonia absorption band depths on Saturn.

Our results are shown in figure 6.7.4. As for Jupiter, the bulk of the variation in the data is due to

162



Projected data PC1: Eigenvalue = 48.6796 (99.3%)
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Figure 6.7.3: Results of PCA for the whole of Jupiter, as obtained from the 2018-04-09T06:04:06.918
dataset. The first 5 rows correspond to each of the first 5 principal components, with the associated
eigenvalue shown in the title, together with the percentage of the total variation in the data that
the principal component encompasses. The right column shows the normalised directions of the
principal components over all the wavelengths analysed, with an example of a modelled gaseous
ammonia spectrum shown in red superimposed on the second principal component for comparison.
In the left column we show the original I/F data projected onto each principal component following
standardisation. The images in the bottom row show images of Jupiter (in terms of unstandardised
I/F) at four different wavelengths: one at 0.619um (sensitive to the main cloud layer), one at 0.648um
subtracted from one at 0.640pm (a rough proxy for gaseous ammonia abundances at the cloud-tops),
and two images at 0.727um and 0.889um (higher haze structure). Black horizontal dotted lines show
lines of latitude in increments of 20° (planetocentric), with the equator shown as a thick dashed line
for reference.
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linear correlations in I/F, mostly a result of differences in haze cover between the poles, equator and
mid-latitudes. The ammonia absorption feature around 0.79um once again appears to be the most
important of the three features. However, it is clear that the subtlety of the ammonia absorption
features in the Saturn spectra make finding variations in their depth more difficult than for Jupiter,
even with PCA. It is not entirely clear from the shapes of the eigenvectors whether PC2 or PC3
takes into account most of the ammonia absorption variations. The shape of the PC2 eigenvector
around 0.78-0.80um does appear to bear some resemblance to the ammonia absorption spectrum
in this wavelength range, but it also bears resemblance to the observed variation in the methane
absorption band in the same wavelength region, which is asymmetric around 0.79um. By contrast,
the shape of the PC3 eigenvector in the same wavelength range is more symmetrical around 0.79um,
but the effect is more subtle. The single unprojected I/F image of Saturn that provides the closest
approximation of ammonia abundance - that of 0.640um minus 0.648um - appears to bear the most
resemblance to the data projected onto PC2, particularly of the apparently PC2-depleted region
around 20N. It is therefore likely that PC2 takes into account both ammonia and cloud structure
variations. PC3 mostly appears to be the inverse of PC2, with the greatest difference between the
two around 20N (although there is also a very subtle instrumental artefact around this region which
may have interfered with the principal component) and in the NPR. We also note that variations
in absorption at 0.92-0.93um have a greater contribution to PC3 than to PC2, which indicates that
variations in tropospheric haze cover contribute to PC3, as well as some very subtle second-order
contamination effects. Disconcertingly, all our eigenvalues (apart from that of PC1) are substantially
lower than 1, which means that there is likely a spectral image of Saturn that would encapsulate
spatial ammonia variations better than any of our obtained principal components could, though it is
unclear which wavelength that would be. It is also strange how little the effect of spectral variation
at 0.640-0.648um has on either PC2 and PC3, given that we can see very obvious spatial variation
in that ammonia absorption feature in figure 6.5.2.

Physically, PC2 would make the most sense in representing variations in observed ammonia
abundances. The region around the equator appears to be analogous to the ammonia profile retrieved
from Jupiter in the upper troposphere [Achterberg et al., 2006]: a large upwelling system of ammonia
just north of the equator, for which we find similar evidence in our haze structure retrievals, followed
by a large downwelling system of ammonia in the NEB. Apparent raised abundances in the poles
could be due to the relative lack of haze cover in the region associated with northern summer
that would otherwise mask ammonia gas signatures in MUSE spectra. All these phenomena could,

however, be explained equally well by accounting for a combination of stratospheric and upper
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tropospheric haze variations. Likewise, the apparent lack of ammonia around the EZ compared with
the mid-latitudes in PC3 could be explained by increased stratospheric haze cover, while depletions
in the poles may be explained by downwelling. Retrievals of 0.6 bar ammonia abundances from far-
infrared Cassini/CIRS data obtained during southern summer [Hurley et al., 2012] show a meridional
profile in the southern hemisphere somewhat similar to what we observe in PC3 in the northern
hemisphere: depletion around the equator and the poles, but elevation in the mid-latitudes. Such
a profile could be further modulated by the overlying haze layers to accentuate differences between

the equator and the mid-latitudes as we see in our analysis.
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Figure 6.7.4: Results of PCA for the whole of Saturn’s northern hemisphere, as obtained from the
2017-06-18T06:04:09.111 dataset. The key to each plot is as in figure 6.7.3, although the modelled
absorption spectrum is also shown here for PC3 reflected in the x-axis.
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Chapter 7

Conclusions and Future Work

7.1 Overview and summary

This thesis has described the calibration and analysis of multiple spectral datasets of Jupiter and
Saturn obtained from the VLT/MUSE instrument between 2014 and 2018, the former as part of
the wider ground-based support for NASA’s Juno mission currently in orbit around Jupiter. These
data, spanning a wavelength range of between 0.48um and 0.93um at 0.001um resolution, contained
unprecedented information on spatial and temporal variations of chromophore, tropospheric cloud
and haze structure and gaseous ammonia abundance over the visible hemispheres of Jupiter and
Saturn. The information on chromophore was particularly valuable, as no other instrument since
Cassini/VIMS (bar NAIC, which we mentioned briefly in section 2.2), either on board Juno itself
or as part of its ground-based support, has been able to measure this effectively due to their lack of
spectral resolution at visible and near-infrared wavelengths.

In chapter 2, we explained how we first calibrated and reduced the raw MUSE datasets using
the standard pipeline, and then corrected for systematic errors in photometric calibration and for
instrumental artefacts in post-processing. The Jupiter dataset that was seen to have the best cali-
bration - 2018-04-09T06:04:06.918 - was then selected for further analysis in chapter 4. We tested
various cloud models and laboratory chromophore spectra on the data using NEMESIS, and then
extracted our own ‘universal’ chromophore imaginary refractive index spectrum directly from the
data using our optimal cloud model. This was done by performing limb darkening retrievals on
a single latitudinal region of the NEB using a wide range of prior variables, and then ruling out
unphysical solutions from both theoretical and in situ observational data on cloud structure, as well
as ruling out non-universal chromophore imaginary refractive indices that would not provide a good
fit to a spectrum of the Great Red Spot. Using our new chromophore imaginary refractive index

solution, we then expanded our analysis to all our remaining Jupiter datasets in Chapter 5, in order
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to retrieve temporal changes in colour, cloud structure and gaseous ammonia abundances associated
in particular with three ‘upheavals’ (namely the NEB expansion, the NTBs upheaval and the EZ
colouration events), as well as with the Great Red Spot and Oval BA. We then applied a similar
method in Chapter 6 to extract a universal chromophore spectrum from MUSE data of Saturn,
and applied that chromophore spectrum to retrievals of rudimentary temporal changes in latitudinal
variations of colour and haze. Finally, we applied the method of Principal Component Analysis to
Jupiter and Saturn data in order to qualitatively determine variations in gaseous ammonia abun-
dances just above Saturn’s thick upper tropospheric haze layer, as the ammonia signatures present
in Saturn MUSE spectra were too small to be retrieved directly using NEMESIS.

In section 7.2, we summarise the main outcomes of our analysis that resulted from the method we
have just described, and relate them to our original scientific aims that we outlined at the beginning
of this thesis. In each case, we highlight important, conclusive outcomes of this thesis in bold.
Finally, in section 7.3 we outline some suggestions for future work (in no particular chronological
order) with our MUSE data that we did not have either the time or the space to describe in this

thesis itself.

7.2 Conclusions

At the beginning of Chapter 1 of this thesis, we asked the following questions that we will now

address as fully as possible based on the results presented here:

1) To what extent can aerosol density be decoupled from particle size and real refractive
index, and to what extent can these degeneracies be neglected to retrieve reliable cloud

and chromophore profiles?

Throughout chapters 4 to 6, we used a cloud model that consisted of two particle populations: one of
chromophore and one of conservatively-scattering aerosols (non-chromophore), with the latter parti-
cle population serving as a proxy for both tropospheric cloud and high-altitude haze simultaneously.
In both cases, we assumed a constant particle size distribution with height, an assumption we know
not to be true. Retrievals at a single viewing geometry constrain particle size distributions very
poorly, and yet continuous profiles of aerosol are very dependent on particle size especially at higher
altitudes: a low particle size generally results in a profile with a very thick high-altitude haze relative

to the 1 bar cloud in the case of Jupiter. However, limb-darkening retrievals over an entire latitudinal
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swath provide a reasonable constraint on the non-chromophore particle size distribution even using
a relatively small phase angle range, provided that the real refractive index of the non-chromophore
particles is known a priori. In the case of Jupiter, the effective radius of the non-chromophore
particles most likely corresponds to that of the tops of the deepest visible cloud layer, while on
Saturn it most likely corresponds to the opaque, ubiquitous upper tropospheric haze. Although one
cannot distinguish the effective radius of the non-chromophore particles from their real refractive
index even from limb-darkening alone, one can deduce the most likely real refractive index value
by examining its effect on retrieved cloud abundances. In the case of Jupiter, this means that we
were able to provide a good constraint on both particle size and real refractive index simultaneously
from limb-darkening in section 4.6, as we had both in situ data of aerosol density from the Galileo
probe and a wealth of literature pertaining to theoretical constraints on the particle densities of the
tropospheric cloud layers. We concluded that the effective radius of the cloud particles in
the NEB was around lyum, with a real refractive index of approximately 1.42. This is
difficult to reconcile with a cloud made out of pure NH,SH ice. By contrast, decoupling
these two quantities was much more difficult from Saturn data in section 6.4, due to the lack of in
situ data and microphysical constraints on the tropospheric haze. Constraining the particle size and
real refractive index for Saturn simultaneously therefore required a greater element of guesswork and
circular reasoning. From basic microphysical constraints, we had to assume that the particle size
was around luym at the EZ and more than 2um at higher latitudes, with a real refractive index of
1.42. For point retrievals in both Jupiter and Saturn, we had to allow the non-chromophore particle
size to be variable in order to be able to fit the GRS spectrum on Jupiter, for which a small particle
size provided a poor fit, and to fit realistic latitudinal variations in particle size on Saturn. However,
most spectra obtained at single geometries do not contain sufficient information for particle size to
be properly retrieved by NEMESIS. This had adverse impact on most of our retrievals, particularly
in chapter 5 and in section 6.5.

Constraining the same two quantities for the chromophore particle population, on the other hand,
was very difficult due to the complete lack of prior information. In the case of Jupiter, we did not
even make an attempt at retrieving the chromophore real refractive index, which we just assumed
to be 1.4 to correspond with that of the organic chromophore of Carlson et al. [2016] (which we
have usually referred to as CR16). We also found it difficult to constrain both the chromophore
particle size and its imaginary refractive index spectrum simultaneously, even with limb-darkening
and neglecting degeneracies in real refractive index. The only way in which we were able to provide

some constraint on the chromophore particle size was to apply the solution that was retrieved from
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the NEB to the GRS, for which we had to assume that spatial chromophore particle sizes were
completely invariant over the surface of Jupiter. We found that a chromophore particle size of
0.2um was sufficient to provide a good fit to all red regions of Jupiter. For Saturn, the only way
in which we were able to constrain particle size was to find a solution where the chromophore was
located above the upper tropospheric haze layer. The only possible solution was a very low particle
size of 0.02um, with a real refractive index of 2.1, akin to the phosphorus chromophore of Noy et al.

[1981].

2) Are hypothetical chromophore spectra obtained under laboratory conditions com-
patible with observed MUSE spectra of the giant planets? If not, can a reliable chro-

mophore spectrum be retrieved directly from the MUSE data?

There are two main reasons as to why the composition of giant planet chromophore is so difficult to
discern. One is the relative lack of distinct absorption signatures in giant planet spectra that would
allow the discernment of individual compounds, other than a broad absorption feature shortward
of 0.6um to which one could fit a whole number of different compounds. The second reason is the
relative lack of laboratory analyses of giant planet chromophore. Where those analyses do exist,
their absorption spectra are often tabulated over a restricted set of wavelengths. In addition, they
usually fail to replicate the exact mixtures of red compounds present in the atmospheres of the
giant planets, or the blue-absorption seen in giant planet spectra, due to sometimes very minute
assumptions and errors in the experimental methodology. Fitting laboratory chromophores to giant
planet spectra is made even more difficult by the lack of prior knowledge of aerosol particle sizes,
which can change the shape of the blue-absorption dramatically.

Having said that, in section 4.5 we showed that we were able to provide a fit to Jovian spectra
using the CR16 chromophore that was superior to any other laboratory chromophore that we could
find. Unlike Sromovsky et al. [2017], we did require some modification to the imaginary refractive
index spectrum tabulated by CR16, due to the large spectral slope present in MUSE spectra of
the GRS that was not present in equivalent spectra from the Cassini/VIMS-V instrument obtained
before the recent reddening of the GRS. Regardless of particle size, we consistently required
a Jovian chromophore with a steeper gradient in absorption below 0.6yum than CR16.
This was, however, still compatible with the general results of CR16, since they tabulated

their chromophore optical constants before their experiment was complete; chromophore absorp-
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tion spectra obtained later in the CR16 experiment more closely resembled our own
retrieved chromophore spectrum.

In section 6.3, by contrast, we found that the shape of Saturn spectra from the NEB
below 0.6um most closely resembled the absorption curve of the chromophore of Noy
et al. [1981]. Even then, we did have to make similar adjustments to the chromophore absorption
in section 6.4 as we did for our Jovian spectrum, namely we required a greater slope in the

spectral absorption below 0.6um and a secondary absorption peak in the near-infrared.

3) Can spatial variations in colour on Jupiter and Saturn be explained by one single
chromophore compound (a ‘universal chromophore’), or is more than one chromophore

compound necessary?

We showed in section 4.6 that, if one adjusts particle sizes accordingly, the same chromophore
optical constants can fit the shape of the spectral slope found in all ‘red’ Jupiter spectra, with
few major discrepancies in the fit. This includes the major belt regions of Jupiter, as well as the
NTBs red haze, the GRS and Oval BA. Thus, from a purely spectral standpoint and neglecting all
prior theoretical constraints, there is no need for a different chromophore to explain the
colour of the belts and of the GRS and so we can safely assume a universal Jovian
chromophore. Instead, the differences in colour morphology between the belts and the
GRS can be more easily explained by differences in underlying cloud cover. We suggest
the following hypothesis for the presence of the same chromophore in all red regions of Jupiter: in
most regions of Jupiter, the chromophore is located around the altitude at which one would expect
an ammonia cloud layer (which from most equilibrium cloud condensation models is located around
0.7-0.8 bars). As the zones are colder and more rich in ammonia than the belts, the chromophores
act as condensation nuclei for ammonia ice, which thereby mask the signature of the chromophore.
By contrast, in the warmer belts, ammonia ice sublimates, leaving behind the red chromophore
nuclei. In the NTBs and in discrete features such as the GRS, upwelling is sufficient for the cloud
particles to reach high altitudes, where the surrounding ammonia ice could be removed through
reactions with substances in the haze to leave behind chromophore. The only observed colouration
that defies this hypothesis is the reddening of the EZ that began in mid-2018, as described in section
5.4, which requires further investigation. In addition, this still begs the question as to the origin

and composition of the chromophore in the first place. The regions of Jupiter for which our
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universal chromophore provided the most imperfect fit were the zones, due to spectral
variability between 0.51pm and 0.54pm. This could be explained by a number of factors:
imperfect modelling of particle scattering properties, imperfect methane and ammonia band data,
or the presence of a compound in the zones that is either entirely absent in the rest of Jupiter or
that is masked by chromophore. We recommend further study of variability in this spectral region
in particular.

Surprisingly, it is more difficult to assume a universal chromophore on Saturn, despite
the apparent uniformity of Saturn’s appearance compared with Jupiter. We found in section 6.5 that
the chromophore optical constants we retrieved from the NEB appeared to be unique
to the NEB, while the spectral slope of the EZ and the poles at blue wavelengths
appeared to more closely resemble that found in Jupiter spectra. In those regions, we
also found similar spectral variability between 0.51pm and 0.54pm that we found in
the zones of Jupiter. We propose that the spectral variations with latitude on Saturn
could be a result of two different chromophores: one formed in the tropospheric haze layers
itself (and which is unique to Saturn), and one that is convected into the haze from deeper altitudes
(which could be similar to the one we retrieved in the atmosphere of Jupiter). We recommend

further investigation of these variations.

4) Can the most likely altitude of the chromophore be reliably constrained?

In the case of Jupiter, mostly not. In section 4.8 we showed that the altitude of chromophore
could only be reliably retrieved on Jupiter if the peak chromophore abundance was either above
approximately 4 particles cm? per kg of atmosphere, a value we were only able to retrieve in the
Great Red Spot, or if the chromophore was located deeper than 1 bar. In section 5.5 we found that
the chromophore altitude in the GRS was retrieved around the tropopause at 0.1 bars, a
value that corresponds with a chromophore that is either formed or exposed in the high-altitude haze
layers. For other regions of Jupiter with much lower retrieved chromophore abundances (particularly
the zones), the chromophore altitude tended to be retrieved deeper in the atmosphere, just above
the visible cloud layers, than its most likely location. Instead, we had to gauge the approximate
location of the chromophore by more indirect means, namely through correlations with cloud and
haze structure. On the other hand, we showed in section 6.6 that the chromophore altitude on Saturn

could be more reliably retrieved, provided that the chromophore was not located too high in the
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stratosphere (although in practice, the retrieved altitude of the chromophore on Saturn should also
be somewhat degenerate with particle size, especially given the lower constraints from prior data).
In section 6.5 we showed that generally, chromophore on Saturn tended to be retrieved
just above the tropospheric haze layer, with the exception of the EZ where the chromophore
was often retrieved close to the base of the stratospheric haze layer, although this may simply have
been a consequence of the different spectral shape of the EZ relative to the chromophore absorption

spectrum.

5) What is the source of the discrepancy in the most likely altitudes of the thick cloud
layers on Jupiter between those predicted by Equilibrium Cloud Condensation Models
(ECCMs) and observations made at different wavelengths? Hence, can the most likely

composition of the uppermost cloud layer be deduced?

In section 1.2 we explained how there was a discrepancy in the uppermost detectable cloud layer
between previous observations in the visible and near-infrared, where the cloud was observed to
be located around 0.7 bars, corresponding to a pure ammonia ice cloud, and observations in the
thermal infrared, where a thick cloud was required somewhere between 1.0 and 1.5 bars. As shown
in section 4.7 onwards, we consistently agree with previous observations in the thermal infrared (and
with the Galileo probe), in that we almost always retrieve a thick cloud layer somewhere
between 1.2 and 1.5 bars. We were unable to fit any Jupiter spectra without a cloud layer deeper
than 1 bar, although we do not discount the possibility of the presence of an additional cloud layer
where we predict pure ammonia to condense which we cannot resolve from the cloud layer below
using the MUSE data alone. We note that the principal works in which the main cloud layer was
retrieved at 0.7 bars, namely Banfield et al. [1998b] and Simon-Miller et al. [2001a], made use of only
a small number of discrete wavelength filters, as opposed to hyperspectral data as we have. They
would therefore have lacked data at 0.619um which would have allowed for a better constraint of
the altitude of the cloud layer (although we should note that in our own trial retrievals using similar
multispectral data we also required a cloud deeper than 1 bar). Curiously, we observe almost
no resolvable spatial variation in the altitude of this cloud layer, just in its opacity. As
for its likely composition, it cannot be ammonia ice, as it would sublimate at these altitudes. The
reaction between NH3 and H,S is very poorly-constrained, but it is most likely that this cloud layer

is made primarily of a product of such a reaction, such as (NH4)2S. More detailed constraints on
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the composition of the observed cloud layers would require both better knowledge of the reaction
between NH3 and H>S, and a detailed microphysical model for which we could use the ammonia

abundances retrieved in section 5.2 as an input.

6) How does the concentration of ammonia gas vary with latitude and time on Jupiter,

and to what extent does it match with deep observations of ammonia gas by Juno/MWR?

In section 5.2, we presented retrievals of cloud-top ammonia abundance over a single representative
latitudinal swath obtained from 10 of our Jupiter MUSE datasets from 2014 to 2018. We found
that the northern EZ exhibited substantial and often predictable temporal variability
in gaseous ammonia abundances, decreasing in 2017 following the NTBs upheaval and then
increasing again in 2018 to coincide with the EZ colouration event. This temporal variability, how-
ever, is not as well-reflected by MWR observations, where changes in ammonia abundances in the
northern EZ appear less predictable. We therefore recommend further study of global and temporal
variations in ammonia abundance in this region. Nonetheless, we generally find a good correspon-
dence between our ammonia abundance retrievals and the profile at the surface level obtained by
Li et al. [2017, 2018] from the MWR up to PJ9. Where differences arise between the MUSE and
MWR data, they can usually be easily explained by temporal and longitudinal variability. The
substantial hemispherical asymmetry between the depths of the upwelling-downwelling systems of
ammonia appear to be undetectable at the visible cloud layers, either in our MUSE data or in the

MWR data.

7) Can reliable latitudinal variations in ammonia abundance be obtained from MUSE

observations of Saturn?

In section 6.7, we attempted to extract qualitative information about variations in gaseous ammonia
abundances at the level of Saturn’s tropospheric haze layers through Principal Component Analysis
(PCA), since the ammonia absorption signatures present in Saturn spectra were too small, and
the signal-to-noise ratio too low, for ammonia abundances to be directly retrieved from the spectra

using NEMESIS. We found that we were able to account for at least some of the spatial variation
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in the ammonia absorption feature at 0.79um to correspond with genuine variations in ammonia
abundance. These variations provided tentative indications of either relative elevations
in ammonia abundance in the EZ and around the poles, and relative depletions in
ammonia abundance in the mid-latitudes, or the reverse. However, we were unable to discern
from the PCA which of the two possibilities was the case, nor were we able to deduce to what extent
those variations could also have been influenced by variations in haze. Previous work on Saturn
combined with analogous work with Jupiter could have justified either possibility. Nonetheless, our
results appeared promising, and we would be able to detect variations more conclusively if even

minor improvements were made to the signal-to-noise ratio around 0.79um.

8) Can the NTBs and EZ revival events, the shrinking and reddening of the Great
Red Spot (GRS), and the change in colour of Oval BA be related to changes in cloud

structure and ammonia gas?

In section 5.3, we showed that the NTBs revival itself was associated with elevated aerosol abun-
dances over all altitudes detected by MUSE, as well as an apparent local suppression of ammonia
gas, presumably due to the formation of cloud. These were all indications of substantial upwelling
that preceded the reformation of the bright red band around the NTBs. What was most curious
however, was that the bright red haze band was still detectable in the NTBs more than
a year after the upheaval, but was not discernable in any way in the associated cloud
structure or ammonia abundance profile, which had long since reverted back almost to
its pre-upheaval state. This may have been an indication of the presence of a chromophore layer
in a stable region of the atmosphere (presumably close to the tropopause) which takes of the order
of years to either chemically decompose or sediment down towards the cloud layers below. Likewise,
we also observed that the shrinking of the GRS coincided with both its reddening and increased
aerosol density over all measurable altitudes, particularly in the ‘eye wall’ of the GRS, as was also
observed by Simon et al. [2018]. However, we observed no discernable change in either cloud
structure or ammonia abundance associated with Oval BA’s colour change from red
to white, similar to what was observed in Oval BA’s previous colour change in 2006. We can
therefore only assume that Oval BA’s colour change must be a result of local temperature variations
that could sublimate ammonia ice around chromophore nuclei. Retrievals of the EZ upheaval event

appear to suggest little initial correlation between cloud structure and colour, but this could change
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as the event progresses and more reliable MUSE data is obtained.

7.3 Future work

Analysis of upheavals in Jupiter’s southern hemisphere

In this thesis, we focussed mostly on retrieving cloud structure and colour relating to upheavals and
outbreaks in Jupiter’s northern tropics. However, there is also a wealth of information contained in
the MUSE data on similar upheavals in the southern tropics that we did not have the time or space
to cover here. We would like to highlight several events in particular for which MUSE retrievals

could prove enlightening:

e Multiple outbreaks in the mid-SEB occurred at the end of December 2016 going on to January
2017 [Rogers, 2016, Mizumoto, 2017]. Several of these are clearly seen to interact in our first
2017 dataset (2017-01-10T07:43:03.128). The outbreaks resulted in substantial turbulence and
disruption to the structure of the northern SEB that was visible throughout 2017. We note
that this region often provides some of the poorest fits to our MUSE spectra using the cloud
model we perfected in chapter 4 (as can be seen particularly in the 2017-05-15T02:01:59.328

dataset), and therefore deserves further investigation.

e An interaction between Oval BA and the GRS in mid-2017 led to a change in the latitudinal
structure of the STropZ, and in February 2018 a feature formed in the STropZ (the ‘STropZ
disturbance’) which interacted with the GRS around the time we acquired MUSE dataset
2018-04-09T06:04:06.918. In most of our 2018 MUSE datasets, we find the northern STropZ
to be unusually bright at wavelengths sensitive to both tropospheric cloud and high-altitude

haze.

o In early 2019 we observed the first signs of a fading in colour of the northern SEB. This usually
marks the start of a major upheaval cycle known as an ‘SEB revival’ event, which has received
by far the most study out of all of Jupiter’s major upheavals, particularly the events in 1972-75
[Orton et al., 1981], 1989-1990 [Satoh and Kawabata, 1992, Kuehn and Beebe, 1993, Satoh
and Kawabata, 1994], 1992-93 [Sanchez-Lavega and Gomez, 1996, Moreno et al., 1997] and
2009-2011 [Fletcher et al., 2011b, Pérez-Hoyos et al., 2012, Fletcher et al., 2017b]. We have

been granted four hours of MUSE observation time of Jupiter between April and September
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2019, including observations to coincide with each of the four Juno perijoves (PJ19-22) as well
as a set of global observations at solar opposition in June 2019. This will present a perfect

time series in order to study the temporal evolution of the SEB revival.

Analysis of mid-latitudes and of White Spot Z

White Spot Z (WSZ) was, until the NTBs upheaval, one of the most distinct discrete features on
Jupiter after the GRS and Oval BA. Although originally white following its inception in 1997, it
turned red in 2013, then back to white a few years later, and then went through multiple colour
changes after the NTBs upheaval. These were also accompanied by changes in brightness at 0.89um.
We already have an observation of WSZ during its first red phase (2014-02-17T00:16:32.439), as well
as another observation when it first turned white again (2016-04-01T05:39:03.340), and preliminary
retrievals of WSZ from these observations show great promise, even despite the lack of spatial resolu-
tion. WSZ is more difficult to make out in more recent observations (such as 2017-01-10T07:43:03.128
and 2018-04-14T09:00:50.919), but it could become more distinct again in the future. In addition, a
number of other red spots formed in the NEB and NTropZ following the NTBs upheaval that could
merit study. We have proposed a trial observation of Jupiter in 2019 using adaptive optics, which
will hopefully allow us to resolve the fine structure of smaller, less distinct discrete features than we
were able to using previous MUSE observations. This could include the series of anticyclonic white
ovals present in the STB, whose individual properties and structure were found by Sindoni et al.
[2017] to vary considerably from oval to oval.

Although the polar regions of Jupiter are very difficult to resolve with MUSE, and retrievals
of spectra from these latitudes are slow for reasons previously explained in section 3.3, it is still
possible to glean information about the mid-latitudes of Jupiter which have been almost completely
neglected in this thesis. One aspect in particular that was neglected was the disturbances in the
NNTB that were associated with the NTBs upheaval, with activity in the two regions often observed
to have been coupled in previous revival events, as well as cyclical darkenings of regions of the NTZ
(the ‘North Temperate Disturbance’) which usually occur a year or two after an NTBs upheaval, as

it did in 2018.
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Spatial differences in the spectral shape at short wavelengths

In our retrievals of the chromophore imaginary refractive index spectrum of both Jupiter and Saturn,
we found that there was some spatial variability in the shape of spectra between around 0.51ym and
0.54um. This could have been due to a number of factors as previously discussed, in terms of either
genuine absorption features that are present in some regions and not in others, or in terms of our
scattering and gas absorption models themselves. Although preliminary retrievals on Jupiter using
a rudimentary model with changes in particle size with height were not seen to improve the fit to
spectra substantially compared to a model with a constant particle size with height, there could be
other factors at play which we have neglected, such as a poor size distribution around the effective
radius, or assumptions about the shapes of the particles that resulted in erroneous scattering phase
functions. These factors need to be fully ruled out before we can definitively say that variability at
these wavelengths is due to a unique absorption feature. In the case of Saturn, spatial differences in
the spectral shape at these wavelengths are more extreme, and span a wider range of wavelengths.

This may require the use of a model with more than one chromophore.

Extension of chromophore absorption spectrum to a wider wavelength range

We have been granted a single trial observation each of Jupiter and Saturn in 2019 using MUSE’s
extended wavelength range (0.46-0.93um), as opposed to all previous observations which were ob-
tained using MUSE’s nominal wavelength range (listed as 0.48-0.93um, though in practice it is closer
t0 0.476-0.933um and we assume a similar discrepancy in our favour to be the case with the extended
wavelength range). This will allow us to see to what extent the shape of our chromophore absorption
spectra can be extrapolated into the blue, as well as provide a better constraint on the altitude of
the chromophore layer (particularly on its upper bound). A major disadvantage with using MUSE’s
extended wavelength range is the presence of greater second-order contamination over a wider wave-
length range than in our previous data obtained using MUSE’s nominal wavelength range, as stated
in the MUSE user manual which we provided a link to in section 2.1. Although we are not fully
aware of the detriment of second-order contamination to observations of Saturn using the extended
wavelength range, we demonstrated in section 2.4.3 that the effect on observations of Jupiter at
wavelengths above approximately 0.905um was substantial, even using MUSE’s nominal wavelength
range. We predict that the effect would dominate observations of Jupiter at 0.89um, making reliable
retrievals of high-altitude haze impossible. Analysis of the extended wavelength range would there-

fore require either some sort of correction in post-processing (eg. Stanishev [2007]), the exclusive use
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of limb darkening so that small-scale variations in I/F can be averaged over viewing zenith angle,
or the exclusion of the most affected wavelengths entirely.

We have also attempted to extend our analysis ourselves to a wavelength range of 0.4um to
1.0um by using Cassini/VIMS-V data, but sadly we are unable to calibrate the VIMS-V spectra
using available versions of the calibration software. However, VIMS-V spectra of Jupiter and Saturn
are being successfully analysed by other research groups currently [Sromovsky et al., 2017, Fry and
Sromovsky, 2018], due to their use of an older, functioning edition of the calibration software that
we are unable to access. The chromophore imaginary refractive index spectra we have retrieved in
this thesis can therefore be extended to a wider wavelength range in the VIMS-V spectra either
through close collaboration or through a future update in the calibration software. There is also
the potential to make use of HST/WFC3 data from the OPAL program (as previously described in
Chapter 2), for which additional observations at blue and near-UV wavelengths exist (particularly
in wavelength filters F343N, F395N and F467M), in order to extend our analysis shortward to the
required wavelength range, albeit at much lower spectral resolution than would be possible using

VIMS-V.

Joint visible, near-infrared and thermal infrared analysis of the GRS

Within an hour of our MUSE dataset from 2018-05-25T04:22:34.417, a series of observations of the
GRS were also made using the VLT /VISIR instrument (Fletcher and Donnelly, personal commu-
nication). We stress that the proximity in time of the MUSE and VISIR observations was entirely
unplanned and coincidental on both our parts, our MUSE observations being conducted entirely in
service mode and therefore planned by on-site observers according to their own timetabling con-
cerns. These VISIR observations consisted of a number of individual images of Jupiter obtained at
single wavelength filters ranging from 5um to 19.5um, sensitive to both 2-3 bar cloud and upper
tropospheric haze, as well as upper tropospheric ammonia abundances and temperature profiles,
and stratospheric methane abundances. In addition, they also have substantially greater spatial
resolution than MUSE. However, these VISIR observations do not have the same constraint on the
actual altitudes at which these aerosol densities occur that our MUSE observations do, and they
also contain no information about ammonia abundances near the cloud layers themselves (and it
goes without saying that they contain no information about chromophore either). Our MUSE data
and their VISIR images can therefore complement each other to provide a more precise vertical

constraint on spatial variations in tropospheric cloud structure and gaseous ammonia abundances
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across the surface of the GRS, together with both temperature and chromophore, without having to
take significant temporal variability into account. This could therefore provide a better constraint
on the origin of chromophore in the GRS and the altitude at which it is either formed or exposed,
by looking at the extent to which ammonia is depleted with height. In addition, it could also get
rid of particle size degeneracies that affect the haze aerosol densities that we retrieve from MUSE

alone.

Theoretical constraints using a microphysical model

One of the major issues in the constraint of vertical aerosol distribution is the lack of observational
constraints on particle size distribution, particularly that of chromophore. This prevents us from
providing a physically consistent hypothesis as to why a universal chromophore would exist in red
regions of Jupiter, but not in the zones. We suggest feeding the results that we have obtained in
this thesis into a microphysical model that has already been developed for ice giant atmospheres by
Toledo and Irwin [2017]. This will provide theoretical constraints on a) the particle size distribution
of the upper tropospheric haze, in order to better constrain our retrieved vertical aerosol profiles; b)
the altitude in the atmosphere at which a chromophore layer of the particle size that we have retrieved
in this thesis would remain stable (particularly in the NTBs), and hence validate our hypothesis as
to the presence of a universal chromophore in all the regions we observe it; ¢) whether chromophore
particles can act as cloud condensation nuclei in the zones, and what degree of ammonia depletion
would be required to mask their presence relative to the belts; and d) the composition of the deepest

visible cloud layer given the ammonia gas abundances we have retrieved in this analysis.
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Appendix A

List of MUSE observations

Jupiter 2014 (commissioning data, prevalent striping artefacts. Solar opposition occurred on the 5th of
January 2014)
Observation 1D Seeing Airmass Airmass Sub-observer Notes
(arcsec) (science) (standard) longitude (I1T)
2014-02-17T00:16:32.439 0.49 1.625 1.16 311.6 WSZ at nadir.
2014-02-17T01:12:31.402 0.83 1.503 1.33 345.4
2014-02-17T02:07:56.907 0.64 1.500 1.37 18.92 GRS at nadir.
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Jupiter 2016 (global observations, pre-Juno approach. Solar opposition occurred on the 8th of March 2016)

Observation ID

Seeing

(arcsec)

Airmass

(science)

Airmass
(standard)

Sub-observer
longitude (IIT)

Notes

2016-03-08T03:04:34.213

0.62

1.322

208.0

Non-expanded region
of NEB. GRS close to
limb. Poor observatory
standard, reduced
science using spectral
response function that
came with ESOREX

pipeline.

2016-03-08106:08:30.448

0.65

1.226

319.3

WSZ, GRS and Oval
BA in view, although
GRS close to limb.
Expanded region of
NEB. Poor observatory
standard, reduced
science using spectral
response function that
came with ESOREX
pipeline.

2016-03-09T05:33:45.913

0.93

1.183

1.11

88.99

2016-03-31T02:56:48.559

1.15

1.179

1.06

68.20

Poor observing
conditions, not

photometric.

2016-04-01T02:22:07.339

1.00

1.204

1.37

197.8

GRS close to limb.

2016-04-01T05:39:03.340

0.83

1.497

1.37

316.9

WSZ in view, but GRS
and Oval BA close to
limb. Expanded region
of NEB. Original
observatory standard
rejected due to large

airmass.

2016-04-02T04:39:47.831

0.88

1.288

71.68

Non-expanded region
of NEB.
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Jupiter 2017 (observations to coincide with originally-scheduled Juno perijoves and to image GRS. Solar

opposition occurred on the 7th of April 2017)

Observation ID Seeing Airmass Airmass Sub-observer Notes
(arcsec) (science) (standard) longitude (IIT)
2017-01-10T07:43:03.128 0.48 1.458 1.59 263.1 3 weeks before PJ4,
just after NTBs
outbreak, NTropZ and
NTBs difficult to
distinguish. WSZ in
view but very difficult
to discern.
2017-03-25705:46:26.490 0.49 1.053 1.29 178.9 2 days before PJ5.
Very poor geometric
calibration.
2017-05-15T02:01:59.328 1.10 1.067 1.46 165.5 4 days before PJ6.
Default observation
used for bright NTBs
haze.
2017-05-28'1T01:31:25.168 0.65 1.073 1.31 304.0 Oval BA close to nadir.
2017-07-20T00:39:35.489 1.03 1.423 1.12 325.1 9 days after PJ7. Poor
observing conditions.
2017-07-26T00:31:05.579 1.04 1.492 1.04 142.0 GRS at terminator.
2017-08-16T00:05:02.682 0.84 1.861 1.05 43.03 GRS close to nadir.
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Jupiter 2018 (observations to coincide with Juno perijoves and to image GRS, Oval BA

to nadir. Solar opposition occurred on the 9th of May 2018)

and WSZ close

Observation ID

Seeing

(arcsec)

Airmass
(standard)

Airmass

(science)

Sub-observer
longitude (IIT)

Notes

2018-04-09T06:04:06.918

0.36

1.028 1.03

121.14

8 days after PJ12,
GRS close to nadir, a
number of red ovals
visible in NEBn. Best
of all the MUSE
observations in terms

of seeing and airmass.

2018-04-14T07:37:31.919

0.59

1.050 1.04

210.98

2018-04-14T09:00:50.919

0.49

1.240 1.04

261.37

Oval BA close to
nadir, WSZ in view
but difficult to discern.

2018-05-18T00:57:16.678

0.82

1.377 1.48

51.78

6 days before PJ13.

2018-05-25T04:22:34.417

0.59

1.039 1.14

150.3

GRS close to nadir,
but bisected by an
instrumental artefact.
Observation made
within half an hour of
another observation of
Jupiter obtained by
the VLT/VISIR

instrument.

2018-07-12T02:20:43.256

0.70

1.190 1.85

103.06

4 days before PJ14.
EZ colouration event
starts to become very

clear.

2018-09-11T23:11:42.877

0.66

1.301 -

312.0

4 days after PJ15. EZ
still red. Very poor
observatory standard,
reduced science using
spectral response
function that came
with ESOREX

pipeline.

Saturn

Observation ID

Seeing

(arcsec)

Airmass
(standard)

Airmass

(science)

Sub-observer
longitude (IIT)

Notes

2014-02-20T07:50:56.306

0.81

1.189 1.47

72.49

Presence of striping
artefacts.

2017-04-06T05:38:16.941

0.55

1.683 1.28

235.88

2017-06-18T06:04:09.111

AO

1.076 1.08

45.31

Obtained at
opposition, rings
unusually bright due to
Seeliger effect.
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Appendix B

Systematic errors due to poor

modelling of collision-induced
absorption (CIA)

Shortly before submission of this thesis, it was discovered that the CIA look-up table used to produce
all the results presented in chapters 4-6 was faulty and had absorption data missing in the required
wavelength range. The effect of CIA on giant planet spectra in this wavelength range is substantial
enough that it cannot be ignored entirely, but the fault in our CIA table was found at too short notice
to redo all the models and retrievals in this thesis with the correct absorption data. Fortunately, the
wavelength region that is affected most by CIA generally has relatively little information content,
containing telluric water vapour absorption lines and only minor methane absorption from the giant
planet atmospheres themselves (although there is some small overlap with the ammonia absorption
feature at 0.79um). It was for this reason that the fault took so long to spot: the effect of CIA on gas
giant spectra in this wavelength range was initially assumed to be as negligible as pure quadrupole
H, absorption (as previously described in section 3.4), while the resulting deficiencies in fit were
assumed to be a result of poor methane absorption data and the presence of telluric absorption. We
have therefore used this appendix to present all the effects that the inclusion of CTA would have on
our results, and thereby reassure the reader that the effects are minor and do not invalidate any of
our conclusions presented in chapter 7.

Using the correct CIA table, we re-retrieved a chromophore imaginary refractive index spectrum
for Jupiter and Saturn from the same limb darkening spectra as in sections 4.6 and 6.4 respectively.
In both cases, we fixed the values of r,, r., n, and n. according to the most physical values that
we found in the same analyses (that is r,, = 1.0, 7. = 0.2, n,, = 1.42 and n. = 1.4 for Jupiter, and

rn, = 2.5, 1. = 0.02, n,, = 1.42 and n. = 2.1 for Saturn). The resulting atmospheric profiles for
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Jupiter are shown in figure B.0.1. The greatest effect of the inclusion of CIA on our model is of a
reduction in the imaginary refractive index around 0.8um. This is because, as is clearly illustrated
in figure B.0.4, CIA contributes to substantial absorption around continuum wavelengths at 0.81um,
and so our original model had to compensate for the lack of CIA parametrisation by increasing
the chromophore imaginary refractive index in the same region. A consequence of this lack of a
chromophore absorption feature at 0.8um is a small reduction in retrieved chromophore opacity
when CIA is included in the model. Surprisingly, we see little change in the retrieved ammonia gas
profile, even though the region of CIA overlaps with a major ammonia absorption feature around
0.79um. For Saturn, the effect of CIA is even less dramatic as can be seen in figures B.0.3 and
B.0.4, presumably due to the colder temperatures and the presence of haze which obscures CIA at
deeper altitudes on Saturn. However, we observe a greater net contribution of Hy-He CIA on Saturn
relative to Jupiter where it is almost completely negligible compared with Ho-Hy CIA, despite the
fact that the ratio of hydrogen to helium is greater on Saturn than it is on Jupiter. In addition,
we still observe a small net increase in absorption around 0.85um, as we do on Jupiter around
0.9um, although this could well be to do with poor methane band modelling in that region or an
overconstrained vertical aerosol parametrisation. The effect of CIA on Saturn spectra is, however,
strong enough to provide some simultaneous constraint of aerosol structure and methane abundance

that is not possible without CIA, as we show in figure B.0.2.
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Figure B.0.1: Retrieved atmospheric parameters through limb darkening analysis of Jupiter’s NEB
according to the parametrisation in table 4.4.1, with our original analysis shown in red and with the
proper inclusion of collision-induced absorption (Hs-Ho and Hy-He combined) shown in blue. The
optical constants of the chromophore of Carlson et al. [2016] are shown in black in the bottom-right
diagram, with the dashed region showing extrapolated values.
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Figure B.0.2: Effect on the fit to Saturn spectra between 0.81um and 0.83um (left) with the old CIA
model and (right) using the new, correct CIA model, when varying the prior methane abundance
profile from that of Fletcher et al. [2009] as we did in section 6.6. Note in the plot on the right that,
while the fit to the spectrum here is best using the methane abundances of Fletcher et al. [2009],
the actual shape of the spectral fit suggests that the abundances from Fletcher et al. [2009] could
be a slight overestimate. We can therefore use these wavelengths to constrain Saturnian methane

abundances to first order, which we cannot without CIA, as can be seen clearly in the plot on the
left.
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Figure B.0.3: Retrieved atmospheric parameters through limb darkening analysis of Saturn’s NEB
according to the parametrisation in table 6.4.1, with our original analysis shown in red and with the
proper inclusion of collision-induced absorption (Hs-Hy and Hy-He combined) shown in blue. The
optical constants of the chromophore of Noy et al. [1981] are shown in black in the bottom diagram,
with the dashed region showing extrapolated values.
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Figure B.0.4: Application of the imaginary refractive index spectrum retrieved through limb dark-
ening analysis to a single NEB point spectrum of (a) Jupiter and (b) Saturn. In red we show the fit
to the spectrum with the complete absence of CTA, as in our models presented in the body of this
thesis (we note that we get better fits in chapters 4 and 6 than we do here despite the lack of CIA
due to the retrieved increase of imaginary refractive index at 0.8um to compensate). In green we
show the fit to the spectrum when just Ho-Hs CIA is included, while in blue we show the fit with
the inclusion of Hyo-Hy and Ha-He CIA combined, with the region of greatest discrepancy between
the two highlighted by the green arrow. In both cases, the former effect dominates overwhelmingly
over the latter.
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