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ABSTRACT

Microwave remote sensing from Earth and space-borne instruments have been crucial to under-
standing the atmospheric dynamics of Jupiter and monitoring its space environment. Probing
Jupiter’s atmosphere below the water cloud region offers valuable insights into Jupiter’s deep
convective-diffusive transport and overall energy balance. The inventory of heavy elements in
the Jovian envelope, including condensable volatile species, provides us with inference about the
origin and evolution of Jupiter. Jupiter’s magnetic field interacts with its upper atmosphere through
precipitation of energetic electrons and ions. The contribution of high-energy electrons to auroral
heating, ionization, and chemical kinetic processes serves to couple the Jovian magnetosphere to

its upper atmosphere.

The Juno Microwave Radiometer instrument measures the thermal radiation emitted by
Jupiter’s atmosphere at six different frequency bands. It is sensitive to changes in the microwave
opacity of the Jovian atmosphere. The 600 MHz channel is sensitive to microwave opacity sources
originating between 100-1000 bar deep into the atmosphere. Rock cloud-forming alkali metals
such as sodium and potassium, are expected to undergo thermal ionization at pressures exceeding
100 bar, providing free electrons opaque to microwave radiation. Measurement of Jovian thermal
emission and its angular dependence constrains the free-electron density of the deep atmosphere.
Free electrons produced by the thermal ionization of alkali vapors can be leveraged to constrain
the abundance of sodium and potassium, revealed to be 1072 to 10~ times their solar photospheric
abundances. This result contrasts with the enrichment of heavy elements at pressures above 20 bar
measured by the Galileo Probe Mass Spectrometer, hinting at a potential compositional gradient.

It has implications for heat and mass transport within the Jovian envelope.

Deep below the water clouds, the alkali metals react with other constituents in the Jovian
atmosphere. The thermochemistry of alkali metals with other condensable volatile affects the
concentration of charge carriers and alkali salt-cloud thickness. Numerical modeling of Jovian
thermochemical equilibrium reveals the formation of stable anions such as HS™ and C1~ driven by
partial decomposition of atmospheric HyS and HCI, and consequent electron attachment process.

These high-temperature chemical reactions remove a proportion of free electrons, elevating the

XXil



alkali metal abundances ~ 0.1 times their solar abundance. Alternatively, enrichment of either
Na or K partially matches with MWR observations, contingent on the existence of alkali metals
sequestered at levels deeper than pressure regimes sensitive to the MWR instrument. This analysis
negates the possibility of a deep radiative layer on the basis of contemporary estimations of
Jupiter’s atmospheric opacity. Knowledge of atmospheric chemistry improves the understanding

of heavy-element reservoirs in Jupiter’s envelope.

The MWR measurements within the main auroral oval show low brightness temperatures com-
pared to the deep thermal emission. Electron precipitation-driven ionization is expected to cause an
increase in ionospheric electron density that leads to the absorption of microwaves near 1 GHz in
a highly collisional medium. Electron energies with 1 MeV or higher penetrate below the methane
homopause to increase microwave opacity, exhibiting a strong variation over tens of seconds. The
microwave data provides a complementary perspective to understand magnetosphere-ionosphere-
atmosphere coupling in addition to the in-situ electron flux and ultraviolet auroral emissions ob-
served by Juno. Atmospheric models of microwave radiative transfer, chemical kinetics, and elec-
tron precipitation are applied to present a comprehensive theory of Jupiter’s deep atmosphere and

polar aurorae, informed by synergistic observations from Juno.
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CHAPTER 1

Introduction

1.1 Jupiter — A giant among other worlds

Jupiter is the largest planet in the solar system, comprising about two-thirds of the total mass
of the solar system. Its presence in the night sky has inspired many generations to search for
other worlds in the cosmic ocean. It possesses characteristics that are similar to and distinct from
our Earth. Physical processes on Earth can be found on Jupiter, with their strengths amplified
by orders of magnitude. For example, similar to Jupiter, the water vapor and cloud formation

processes control the distribution of energy in Earth’s atmosphere [262].

Jupiter’s troposphere manifests clouds of water of ice and liquid droplets and gives rise to
mesoscale weather phenomena and long-lasting storms on the gas giant [149] [113]. The Great
Red Spot (GRS), one of the most prominent features found in Jupiter, is a storm that has existed
for centuries [96]. Thus, one might say that both Earth and Jupiter are natural laboratories for

meteorology.

1.1.1 In mythology and modern times

Jupiter is the third brightest object in the night sky after the Moon and Venus. It has been

the subject of folklore and mythologies. In Roman mythology, Jupiter is the king of the gods,



Figure 1.1: Jupiter and its space environment as captured by James Webb Space Telescope NIR-
Cam instrument. Image credit: NASA/ESA/Jupiter ERS Team; image processing by Ricardo
Hueso (UPV/EHU) and Judy Schmidt

possessing powers to govern the sky and thunder (Fig. 1.2 (a)). Likewise, in Greek mythology,
Zeus has powers identical to Jupiter’s. Interestingly, Jupiter’s clouds are also characterized by
lightning phenomena first discovered by Voyager 1 [129]. In Hindu mythology, the planet Jupiter
is known as Guru or Brihaspati (Fig. 1.2 (b)). Brihaspati is a deity and counselor to gods and
goddesses. Brihaspati happens to be one of the nine celestial objects (Navagraha) that affect
human life on Earth. The planet has also been a harbinger of scientific renaissance in medieval
Europe. In 1610, Galileo discovered the four moons of Jupiter by pointing a telescope at the
night sky. These moons namely Io, Ganymede, Europa, and Callisto orbit around the planet and
represent a harmonic motion when seen from Earth. Some of these moons are currently known to
possess a subsurface reservoir of liquid water. The habitability of these “ocean worlds” is one of

the most important modern science questions. In the next decade, two spacecraft missions JUICE
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[120] and Europa Clipper [217] will unveil the mysteries of two of these ocean worlds: Ganymede

and Europa.

1.1.2 Jupiter: Origin and Evolution

The origin and evolution of solar system bodies is one of the most fundamental questions of
planetary science. The formation of gas giants in our solar system can be explained by two major
theories, i.e., the gas instability [48, 49] and the core accretion model [173, 223]. In the gas
instability model, the protoplanetary disk undergoes a magnetohydrodynamic instability to form
clumps of highly dense protoplanets,, which eventually cool down to form gas giants. However,
the core-accretion model poses the existence of massive bodies made up of accreted rock and ice
that constitute the planetary core. As the core orbits around the Sun, it collects the inventory of
gas and condensate surrounding itself to make up gas giant planets composed of gaseous hydro-
gen and helium. Additionally, the distance from the Sun causes temperatures to drop, leading

to the formation of astrochemical ices like H,O, NH3 and CH, ice that feed into the gas giant cores.

Jupiter is not expected to have a solid core, unlike Earth. The gravitational acceleration of
spacecraft orbiters has been closely investigated to determine its internal structure [127, 263].
Recent observations of Jupiter’s gravity hint at a possibility of a dilute core in Jupiter’s interior
which slowly diffuses out radially [196, 142]. Reservoirs of heavy elements influence Jupiter’s
gravitational field. However, it is difficult to distinguish the contribution of each element to the

overall mass.

Over the years of gravitational accretion, and mixing processes throughout the planet’s history
caused heavy elements to be uniformly mixed throughout Jupiter’s envelope [264]. In Jupiter’s
troposphere, the elements C, N, O, and S form condensable volatiles with spatial variability

attributed to regional-scale atmospheric dynamics [18, 19]. The abundance of heavy elements
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Figure 1.2: (a) Jupiter and Juno: Study for the "Furti di Giove” Tapestries. Artist: Perino del
Vaga (Pietro Buonaccorsi) (Italian, Florence 1501-1547 Rome). (b) Brihaspati, British Museum
sculpture: 13th century, Konark, India.



is represented in terms of metallicity, i.e., the ratio of elemental abundance to their protosolar
values. The solar photospheric abundances are correlated with the abundance of heavy elements
in the protoplanetary disk. Aspund et al., (2009) [16] provides a review of solar photospheric
abundances of all chemical elements up to Tungsten (W). In astronomy, stellar metallicity refers
to the abundance of Fe in stars. Fe is important to understand the evolution of nuclear fusion
processes inside the stellar interior. However, detection of Fe is difficult in planetary atmospheres,

due to their reactivity and sequestration in gas giants.

Planetary bodies have been discovered around other stars, and advances in optical technology
and data processing techniques have improved detection techniques over the last few decades. To
date more than 5000 exoplanet candidates have been detected [191, 72]. A large proportion of
these exoplanets are gas giants belonging to the class of hot Jupiters or sub-Neptunes [22]. Neither
of these classes has a representation in our solar system. However, understanding Jupiter and other

gas giants provides us with a baseline to understand the planetary evolution in other stellar systems.

1.1.3 Jupiter: Atmosphere

Jupiter’s atmosphere consists of a series of gaseous layers present in the envelope of the gas giant
above more than 95 percent of planetary radius [127]. The thin envelope is composed of hydrogen,
helium, and several cloud and haze forming volatiles like CH,, NH3, H5S, and H,O. Like Earth’s
atmosphere, Jupiter has a stratosphere consisting of hydrocarbon ice and hazes with an inversion
in temperature structure between 0.1-0.01 bar [205]. Its chemical composition is actively shaped
by photochemical processes due to solar EUV radiation causing dissociation and ionization of

major constituents like hydrogen, helium, and methane [204] [257] [101].

Just below the stratosphere, a weather layer is formed between 0.7-10 bar pressure levels.

This region forms the Jovian troposphere, constituted by clouds of NH3, NH,SH, and H,O (Fig.



1.3). Jupiter emits more heat than the solar insolation it receives, which controls the atmospheric
convection [170]. Phase change processes, and latent heat exchange due to water vapor combined
with a fast planetary rotation cause various dynamical processes in this region. Mean meridional

and vertical transport cause long-term changes exhibited by changes in vapor concentration, and

thermal radiation [110].
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Figure 1.3: Illustration depicting pressure and temperature conditions for Jupiter’s cloud decks.
Image credit: GAPT/IAA



The Galileo Probe mass spectrometer (GPMS) provided the first and only direct measurement
of Jupiter’s atmospheric composition between 1 and 22 bar pressure level [211, 19, 290]. The
abundances of volatile condensates suggest them to be ~ 3 x solar except for He, Ne, and O. The
noble gases He and Ne were found to be depleted in Jupiter’s troposphere. One explanation is
given by the sequestration of noble gases in Jupiter’s interior due to lower miscibility in hydrogen.
Helium is expected to form liquid droplets, trapping some amount of Ne in them [178, 286]. The
story of Oxygen is described in the next section. It is connected to the dynamics of the Jovian

atmosphere.

Under high-pressure conditions of the Jovian deep atmosphere, chemical constituents are
expected to be in thermochemical equilibrium [105] except for species like PH;, CO, GeHy
and SiH4. The tropospheric abundances of CO and PHj3 appear to be much higher than their
equilibrium concentrations [36, 97]. The timescale associated with their chemical quenching
is expected to be much larger than the dynamic mixing timescale. Thus, atmospheric updrafts
cause mass transport of disequilibrium species to the tropopause level. As convection and mixing
processes are largely controlled by water clouds, their diffusion is connected with the atmospheric
oxygen inventory. Wang et al., (2015, 2016) applied one-dimensional chemical kinetic models to
study the effects of eddy mixing on CO and PHj3 [279, 280]. Hyder et al. (2024) extended the
analysis by simulating moist convection-dominated tracer transport [146]. The latter highlighted
the role of convective inhibition due to H,O condensation and constrained the oxygen abundance

to be super-solar.

At pressures exceeding 100 bar, clouds of alkali metals, alkaline earth metals, iron, and silicates
are expected to form, sequestering heavy element inventories at deeper levels [27, 105]. The
inventory of these metallic elements governs the cooling rate of Jupiter’s released internal heat.
There is no direct measurement of metallic elements. Guillot et al., (1994 a,b) [125, 124] predicted

alkali metals to undergo thermal ionization in high-temperature conditions deep below the water



clouds [125, 124]. Thermal ionization provides a significant contribution to the Rosseland
mean opacity, defined as the weighted mean of all opacity sources over the entire range of the

electromagnetic spectrum. Mathematically, it is expressed as:

1y mard an
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Here, k) is monochromatic absorption, B is the Planck function and T refers to atmospheric
temperature. The limits of integral signify coverage of the entire electromagnetic spectrum.
Due to the characteristic shape of the Planck function, opacity sources ranging from visible to
near-infrared wavelengths are generally considered. Based on the Rosseland mean opacity, and
atmospheric temperature structure, one can determine the radiative and adiabatic gradients. If
the adiabatic gradient is smaller than the radiative gradient, there is an onset of convection, also

known as the Schwarzchild criterion [243].

The absence of alkali metals hints at the presence of a radiative layer between 1 and 9 kbar
[127]. Cavalie et al., (2023) pointed out that the presence of a radiative layer is also expected to
directly influence the interpretation of disequilibrium species in the context of the deep oxygen
inventory [66]. The presence of a radiative layer inhibits large-scale convection and causes Jupiter
to lose its internal heat much faster. The inclusion of a radiative layer in planetary evolution
models predicts Jupiter to be younger by a timescale of a few Myrs based on present values of
temperature and luminosity [126]. Thus, the abundance of alkali metals is closely tied to the

origin and evolution of Jupiter.

For our study, we defined Jupiter’s deep atmosphere as between 100 bar and 10 kbar. Juno
MWR is not sensitive to pressure levels deeper than 10 kbar. At higher pressure levels, the EoS
diverges from the ideal gas law and eventually transitions towards a region of Hy-He immiscibility.

Figure 1.4 shows a four-layer model of Jupiter’s internal structure [195].
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Figure 1.4: Four-layer model of Jupiter’s atmosphere. The helium rain boundary lies at 87 percent
of the Jovian radius, while the deep atmosphere sensitive to MWR lies beyond 90 percent of the
Jovian radius [195].

1.1.4 Jupiter: Space environment

Jupiter has the strongest intrinsic magnetic field among all planets in the solar system. The
interaction of Jupiter’s internal magnetic field with the solar-wind-driven interplanetary magnetic
field (IMF) shapes the magnetosphere. It is different from that of Earth’s magnetosphere and
its space environment. The difference is that the angular momentum and energy of the Jovian
magnetosphere are largely driven by its internal rotation. Jupiter has a faster rotation rate,
currently evaluated to be 9 hours 50 minutes, and 28 seconds. The fast rotation of the planet
causes the magnetospheric plasma to co-rotate with the field itself. A large supply of charged
particles is provided by the volcanic activity on the Jovian satellite lo, known to be one of the
most volcanically active bodies in the solar system. The massive amount of volcanic injections
and consequent ionization processes, provide a high concentration of energetic electrons and ions
within the magnetosphere. A typical volcanic eruption causes injection of 100-1000 m?/s into

Jupiter’s magnetosphere [82]. It largely provides a large supply of S, O, and Na atoms.



Unlike Earth’s magnetosphere, Jupiter’s magnetospheric dynamics are driven by planetary
rotation described by Vasyliunas cycle [271]. The formation of polar aurorae is caused by the
failure of plasma co-rotation. Electrons and ions precipitate along field-aligned currents in
closed magnetic field lines. Recent studies from Juno have highlighted the role of Alfven waves
in charged particle scattering and acceleration, evident by the presence of broadband electron
distribution. The polar aurorae of Jupiter are the most powerful auroral emissions in our solar
system, exhibiting its signature over a broad spectral range, i.e., radio to X-rays [275, 266]. It
has a main oval co-rotating with the planet, with diffuse structures within the main oval [122].
Precipitation of electrons, protons, O, and S ions primarily contribute to these signatures at
various atmospheric levels [81] [141]. It is important to understand the processes driving these
polar aurorae as they provide a strong contribution to thermal structure, dynamics, and chemical
transport in the upper atmosphere. Temperatures of Jupiter’s upper atmosphere are observed to
be larger than the contribution due to solar heating. One of the proposed solutions of the ”giant
planet energy crisis” comes from atmospheric heating due to energetic particle precipitation at the
poles. Equatorward traveling thermal waves have been observed to distribute heat and increase

atmospheric temperature at lower latitudes [215].

The three moons of Jupiter: Io, Europa, and Ganymede interact with the Jovian magnetic field.
Io and Europa react to the magnetic field due to the presence of subsurface magma, and subsurface
ocean, while Ganymede is the only moon in our solar system to possess an intrinsic magnetic
field. The rotation of the Jovian satellites relative to magnetospheric plasma causes impingement
of charged particles on the trailing end. Surface particle interactions influence the degree of space
weathering and ion implantation in the subsurface. The Jovian satellites act as a sink of radially

drifting charged particles from the outer magnetosphere.

Surrounding the main oval, one can find distinct emissions from footprints of Jovian moons: Io,
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Ganymede, and Europa [122]. All of these moons interact with the magnetosphere as they travel
through it and act as sources of energetic electrons and ions for precipitation at the poles. Io is the
most volcanically active body in the solar system. It ejects sulphur compounds like SOy which
undergo ionization due to solar EUV and electron impact processes [207, 258]. Ejected gas es-
caping its tenuous atmosphere forms a toroidal cloud around Jupiter along Io’s orbit. Both Europa

and Ganymede interact with the Jovian magnetosphere and there is poleward transport of ions [24].

At infrared wavelengths, Hi and CH, contribute to polar emissions [277]. Hi is formed from
reaction of Hj and Hj above ~ 400 km above 1 bar level. Methane homopause has been observed
to show a strong variation from mid-latitude (380 km above 1 bar) to main auroral oval (461 km)
[63, 254]. This region of photochemically active hydrocarbon compounds shows a local increase
in temperature of the lower stratosphere [206, 255]. Thereby, remote sensing of polar aurorae
provides a comprehensive picture of radiative and chemical processes occurring in different regions

of the upper atmosphere.

1.2 Exploring Jupiter

In the past 50 years, nations across the world have collaborated to formulate, launch, and operate
scientific missions to all the outer planets: Jupiter, Saturn, Uranus, and Neptune. Jupiter’s massive
structure and gravitational field act in favor of outer solar system exploration efforts. It is a
primary candidate for spacecraft flyby to provide a natural delta-V to reach outer orbits. A list of

all flyby and missions to Jupiter is provided in Table 1.1.

Both the Pioneer and Voyager series of spacecraft have provided crucial information on
Jupiter’s atmosphere, gravity field, and mechanical properties of its moons. Leveraging the
wealth of knowledge from satellite flyby, Galileo mission was designed to conduct detailed

investigations of Jupiter and its satellites. It consisted of an orbiter and atmospheric probe
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Table 1.1: List of missions and flyby to Jupiter including the upcoming planned missions

Mission Launch date Date of orbit insertion/flyby
Pioneer 10 March 2, 1972 December 4, 1973
Pioneer 11 April 5, 1973 December 3, 1974
Voyager 1 September 5, 1977 March 5, 1979
Voyager 2 August 20, 1977 July 9, 1979

Ulysses October 6, 1990 February 8, 1992

Galileo October 18, 1989 December 7, 1995

Cassini Huygens | October 15, 1997 Dec. 30, 2000
New Horizons January 19, 2006 February 28, 2007
Juno August 5, 2011 July 5, 2016
JUICE April 14, 2023 July 2031
Europa Clipper | October 14, 2024 April 11, 2030

designed to provide in-situ measurements of isotopic abundances of elements constituting

volatiles. Galileo

It reached Jupiter in 1995 almost 350 years after the demise of Galileo.
probe entered into Jupiter’s atmosphere and provided measurements of atmospheric compo-
sition to a depth of 22 bars, much below ammonia (0.7 bar) and water (6 bar) cloud base
levels. The Galileo probe mass spectrometer measurements indicated almost all elemental
abundances to be near 2-3 x solar magnitude, indicating an enrichment in Jupiter’s envelope
[210] [211]. However, the oxygen abundance was found to be depleted due to the descent of
the Galileo probe into a relatively cloudless region [290] [249]. These regions being relatively

cloudless appear to be locally bright at infrared wavelengths, also referred to as “five-micron hot

spots”. The existence of these hot spots is a testament to Jupiter’s dynamic atmospheric conditions.

Determining the oxygen abundance is crucial to understanding the exact location of Jupiter’s
origin. Given the trend in the enrichment of heavy elements like C, N, S, and P; one can
expect oxygen in the envelope to be enriched. In the case of Saturn, elements are expected
to be 10 times enriched compared to solar values. For ice giants like Uranus and Neptune,
the enrichment values are expected to be around 80-100 times solar values [20, 22]. As the

atmospheres of giant planets exhibit a strong dynamic variation, a regional or global perspective
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is required to estimate the variation in heavy element abundances. They could be inferred from
concentrations of cloud-forming volatiles like H,O, and NH;3. Changes in vapor concentration of
H,0, and NHj; exhibit changes in thermal radiation emitted by the planet from deeper levels. In

particular, microwave frequencies can probe Jupiter’s troposphere and water cloud regions [84, 87].

For this purpose, the Juno mission was proposed to study Jupiter’s oxygen inventory through
passive microwave remote sensing. Juno is a spin-stabilized spacecraft in polar orbit around
Jupiter. This provides an extensive survey of Jupiter’s atmosphere and space environment. It
carries the Juno MicroWave Radiometer (MWR) instrument, which senses thermal radiation
emitted by Jupiter’s atmosphere at centimeter wavelengths corresponding to six different pressure
levels ranging from 0.7 to 100 bar [151]. Spectral inversion of microwave thermal radiation,
and limb darkening, has provided some unique insights about the meridional distribution of NH3
vapor. Both H,O and NHj vapors are enriched relative to solar abundance. NH3 abundance is 2.7
x solar abundance [168] while recent studies have estimated HoO abundance of deep atmosphere

in range of 4-8 x solar value [164].

The orbit of Juno spacecraft provides several advantages to probe the composition of energetic
particles, and survey radio and microwave emission sources from Jupiter’s inner magnetosphere.
Juno’s energetic particle and plasma wave instrument suite provide complementary capabilities
to explore the wave-particle interactions in the inner magnetosphere. Global scale magneto-
hydrodynamic simulations conducted on the Jovian system reveal complex magnetic field line
topology due to solar wind interactions [241, 296, 89]. These structures are also evident from
the morphology of auroral emissions at the poles [122]. The combination of in-situ plasma and

auroral emission data provides a means to map sources of charged particle precipitation.
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1.3 Motivation

Here I introduce the processes that motivate the studies contained within this body of work.

The atmospheric composition of Jupiter has been explored by combined analysis of remote
sensing and in-situ measurements. The technique of passive microwave remote sensing provides
an additional capability to study the deep atmosphere of Jupiter below water clouds. This region
consists of metal and silicate clouds that control the inventory of heavy elements in the Jovian
envelope, and yet it has remained unexplored. Given that Jupiter’s envelope is found to be enriched
in volatiles and the interior is expected to be depleted in heavy elements: “What inferences do
Jupiter’s deep atmosphere provide about its compositional gradient and its effects on the

evolution of the planet ?”

Jupiter’s rotationally driven magnetic field is coupled to its upper atmosphere through the
precipitation of energetic ions and electrons. Its interaction in the hydrogen-dominated atmosphere
causes polar auroral emissions that govern atmospheric dynamics and temperature changes in the
thermosphere and upper stratosphere. Given that Juno has detected highly energetic electron fluxes
in Jupiter’s space environment: “How do high-energy electron fluxes and their variability

influence the state of Jupiter’s high-latitude ionosphere ?”

Answers to the proposed questions will provide a clear understanding of Jupiter’s atmosphere
and its connection with the deep interior and space environment. In recent years, there has
been a growing focus on understanding the effects of the deep atmosphere reservoir and space
environment of exo-worlds belonging to the class of gas giants. Therefore, an understanding of

Jupiter serves as a fundamental basis for comparative planetology.

Here is a breakdown of the following chapters: Chapter 2 provides a detailed description of

the Juno MicroWave Radiometer (MWR) instrument, and its observations of Jupiter’s thermal ra-
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diation from the deep atmosphere. Sources of microwave opacity in the deep atmosphere are used
to constrain the abundance of prominent alkali metals sodium and potassium. Chapter 3 discusses
the thermochemistry and cloud condensation processes in the deep atmosphere. We investigate the
sources and sinks of free electrons and their effects on microwave opacity and chemical composi-
tion at shallow pressure levels. Chapter 4 summarizes the Juno MWR observations of Jupiter’s
polar aurorae. High-energy electron precipitation processes are investigated to understand electron
impact processes and energy deposition in Jupiter’s upper atmosphere. A comprehensive theory
of electron precipitation-driven changes, and passive microwave radiometry are applied to con-
strain the electron density of Jupiter’s polar aurorae. In Chapter S, we provide a synthesis of the
works covered in previous chapters and a discussion about future possibilities of multi-instrument

investigations of Jupiter’s northern aurora.
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CHAPTER 2

Juno Microwave Observations of Jupiter’s Deep
Atmosphere

2.1 Introduction

In remote sensing, microwave frequencies are of fundamental importance to understanding atmo-
spheric and subsurface processes on Earth. A near-continuous monitoring of Earth’s environment
has provided a huge corpus of well-maintained data products to advance data-driven prediction
systems for weather and climate applications. These techniques have been adopted for planetary
applications over the previous decades. In particular, the techniques of ground and space-borne

passive radiometry [94] and radio occultation have been applied to the Jovian planets.

The microwave radiometer is a passive microwave remote sensing instrument that measures
the amount emitted or reflected by the target body. The instrument has a history dating back to
the 1930-50 period [94]. It was primarily designed to retrieve the concentration of water vapor
in Earth’s atmosphere. Water vapor is a strong source of microwave absorption at centimeter
wavelengths which allowed for continuous development in Earth observation and climate moni-
toring with extended applications to soil moisture, ice sheets, and clouds [242, 208, 152, 77]. The
current state-of-the-art microwave radiometers have flight heritage in many space missions such as
Aqua [156], Nimbus 5 [283], ADEOS-II [200], Aquarius [221], and SMAP [220]. Satellite-borne

radiometers have a flight heritage for planetary missions like Mariner II [26], Magellan [219], and
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Cassini [102]. Surface radiometric measurements of Venus have been crucial in understanding the
characteristics of near-surface water vapor, emissivity, and potential sites of active volcanism. In
the case of Titan, the Cassini RADAR instrument was operated in a passive radiometer mode to

obtain information about surface composition and bathymetry.

Juno MWR observations of atmospheric thermal radiation are sensitive to ioniza-
tion/conductivity at high atmospheric pressures. Thus, Juno provides a unique window for probing
Jupiter’s deep atmosphere. The analysis of MWR data at 0.6 GHz and 1.2 GHz frequencies in-
dicates that high-temperature thermal ionization of alkali metals explains the trends in brightness
temperature and its angular dependence. In this chapter, we apply microwave radiative transfer
modeling to constrain the abundance of sodium and potassium in Jupiter’s atmosphere at pressures
exceeding 100 bars. The synergy between atmospheric chemistry and laboratory measurements of
microwave opacity provides us with unique insights into the nature of rock cloud-forming alkali

metals in Jupiter’s atmosphere.

2.2 Microwave remote sensing of Jupiter

The microwave emission spectrum of Jupiter consists of sources from thermal and nonthermal
emission features. The primary nonthermal radiation source refers to synchrotron radiation due
to the acceleration of high-speed electrons in the energy belts [240] [239]. The intensity of these
nonthermal sources dominates over thermal radiation at low frequencies. The field of view of
Jupiter as seen from Earth will therefore explicitly capture the synchrotron radiation at such
frequencies. Several Earth-based radio astronomy facilities like the Very Large Array (VLA) [86],
Giant Metrewave Radio Telescope (GMRT) [37, 160], and the Goldstone Apple Valley Radio
Telescope (GAVRT) [272, 183] monitor the spatio-temporal variations in the belt of radiation
around Jupiter. It is a proxy for understanding the interactions within Jupiter’s magnetosphere

[44] [132].

17



Major volatiles in Jupiter’s atmosphere i.e., HO, NH3, and PHj3 are all active contributors to
line absorption at microwave frequencies in addition to the collision-induced absorption produced
by Hs and He. The sensitivity of microwave thermal radiation to atmospheric temperature and
composition is determined by the shape of its weighting function. The weighting function peak
shifts radially inward with a decrease in microwave frequency. Thus, low-frequency thermal
radiation provides a tool to probe atmospheric composition and structure at levels deeper than the
Galileo probe, which made measurements to 22 bars. However, it is found that Earth-based ob-
servations at frequencies below 5 GHz are generally dominated (or contaminated) by nonthermal
radiation sources [85]. This imposes a limit on Earth-based remote sensing of Jupiter’s weather
layer and deep atmosphere [85, 88]. Another caveat of Earth-based remote sensing is that the

measurements have limited spatial resolution and do not resolve limb darkening [151].

Despite these caveats, VLA and ALMA have provided important measurements to capture
changes in meridional and vertical structure in the Jovian weather layer corresponding to NH3 and
H50 clouds. Spectral inversion of thermal radiation revealed changes in NH3 vapor concentration
around the north equatorial belt and mid-latitude, consistent with findings of Galileo Probe
[88, 201]. In the case of Saturn, VLA provided measurements of the troposphere during a giant
storm [166]. Earth-based remote sensing has been used to probe Saturn’s tropospheric cloud
structure and properties of ring particles in A, B, and C rings [298, 297]. Fig. 2.1 shows the HST

visible images and VLA radio frequency maps for Jupiter and Saturn.

Radio occultation of Jupiter and Saturn has measured the atmospheric pressure and temperature
based on the refraction of microwave signals during transmission from a spacecraft to a receiver
antenna on Earth. During transmission through the neutral atmosphere, the bending of waves
provides information about variations in atmospheric density and temperature [171, 128]. Current

state-of-the-art atmospheric models assume a 1 bar pressure level as a datum for referencing. The
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temperature at 1 bar is a crucial input to these models, and uncertainties in 1 bar temperature
contribute to errors in the interior structure and gravitational field. Galileo probe measured Ty,
to be at 166.1 K. Gupta et al., (2022) [128] provided a reanalysis of Voyager radio occultations
to show an increasing Ty, with latitude. Voyager radio occultations constrain Ty, in the range
of 167.3 to 170.3 K with 3.8 K uncertainty. In passive microwave remote sensing, atmospheric
temperature and absorber concentration are degenerate terms. A reference temperature bound
provides a good resolution for separating the effect of temperature and concentration. Radio
occultations conducted at Saturn measured Ty, to be 134.8 K, revealing Saturn’s atmosphere to
be colder compared to Jupiter [270]. Saturn is also expected to be enriched in volatile and heavy
elements compared to Jupiter [20] [22]. Therefore, for a given microwave frequency, Saturn’s
atmosphere is relatively opaque to Jupiter due to the enrichment of volatile acting as microwave
opacity sources. The weighting function peak shifts to shallow pressure levels in the case of
Saturn. Thus, for a given range of microwave frequencies/frequency bands, measurement of

thermal radiation allows us to probe Jupiter at much deeper levels compared to Saturn [166].

The ionosphere of gas giants also exhibits its effects on microwave signals during radio occul-
tation. An Abelian transform is used to infer the total electron content and local electron density.
Radio occultation experiments conducted by Pioneer 10 and 11, Voyager 1 and 2, and the Galileo
orbiter have provided a detailed structure of Jupiter’s equatorial and high-latitude ionosphere
[193]. These electron density layers are shaped by photoionization, multipath propagation, and

metallic ion layers due to meteorite ablation [206, 209].

The atmospheric cloud structure predicted by Equilibrium Cloud Condensation Models

(ECCM) consists of HyS, NH,SH and H5O clouds between 1 bar—1 kbar pressure [284, 105, 227].

Table 2.1 provides a summary of giant planet solar insolation and effective heat fluxes.
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Figure 2.1: Hubble Space Telescope images and radio frequency maps constructed from VLA
observations of Jupiter and Saturn [289]

Table 2.1: List of total solar insolation and heat flux emission by gas giant atmospheres

Planet | Distance from Sun | Absorbed power | Emitted power Tipar
Jupiter 5.2 AU 6.613 Wm? 14.098 Wm—? 169 K
Saturn 9.5 AU 1.8-2.37 Wm—2 | 4.83-5.01 Wm™2 | 134.8K
Uranus 19 AU 0.64 Wm™2 0.042 Wm 2 76.4 K
Neptune 30 AU 0.27 Wm~? 0.43 Wm~2 71.5K
2.3 Juno

2.3.1 Orbit and instrument suite

The Juno spacecraft orbits around Jupiter in a highly elliptical orbit with a perijove centered around
Jupiter’s North Pole. It carries a suite of 11 instruments for scientific research and public outreach
(Table 2.2). The brief description of instruments along with their names is indicated in the follow-
ing table. Throughout this work, MWR measurements provide a significant contribution to extend
our understanding of Jupiter’s atmosphere.

The JADE, JEDI, Waves, UVS and SRU instruments provide significant contributions to our
understanding of Jupiter’s magnetospheric electron distribution. Data from these instruments

complement the MWR observations of northern aurora, which will be discussed later in Chapter

4,
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Table 2.2: List of instruments onboard Juno spacecraft

Acronym Instrument
MWR MicroWave Radiometer
JIRAM Juno InfraRed Auroral Mapper
JADE Jovian Auroral Distributions Experiment
JEDI Jupiter Energetic Particle Detector Instrument
Waves -
UVS UltraViolet Imaging Spectrograph
Radio and Gravity science -
Magnetometer -
JunoCam -
SRU Stellar Reference Unit
ASC Advanced Stellar Compass

The Juno spacecraft was launched in 2011 and inserted into Jupiter’s orbit on Sth July 2016. Fol-
lowing JOI, the spacecraft started collecting data from its instrument suite during perijove passes.
The perijove provides a closer look at Jupiter’s atmosphere to resolve regional scale dynamic
features and their vertical structure. Measurements of microwave thermal radiation emitted by
Jupiter are important to understand the atmospheric dynamics in water and ammonia clouds. For
Jupiter, Earth-based measurements are limited by synchrotron radiation that dominates over ther-
mal emissions at frequencies below 5 GHz. Juno overcomes this limitation by passing between the
planet and its surrounding radiation belts. Its unique orbital geometry provides a window to probe

Jupiter’s atmosphere at greater depths compared to VLA observations.

2.3.2 Juno Microwave Radiometer Instrument

The MWR instrument senses thermal and nonthermal radiations emitted by its atmosphere and
plasma environment [151]. The Juno spacecraft is spin-stabilized around Jupiter in a polar
orbit, with perijove near the North Pole. Its orbit provides a significant advantage for the MWR
instrument in observing both the atmosphere and synchrotron radiation. MWR provides the

capability to probe deeper than Jupiter’s water clouds, inaccessible from Earth-based microwave
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observations. Thermochemical models of Jupiter’s atmosphere predict the formation of exotic
alkali salt clouds in addition to the presence of gas-phase NH3 and H,O. Thus, MWR can probe
the thermal structure and composition deeper than Jupiter’s weather layer to understand the heat
transport in the Jovian envelope up to 1 kbar level [125, 127]. It provides support to the findings
of Jovian gravity science data to infer the presence of non-adiabatic temperature profile and

compositional gradients in Jupiter [142].

MWR senses the thermal radiation emitted by Jupiter’s atmosphere at six different frequency
channels: 0.600 GHz (50 cm), 1.248 GHz (24 cm), 2.597 GHz (11.55 cm), 5.215 GHz (5.75
cm), 10.004 GHz (3 cm), and 21.9 GHz (1.37 cm). They were chosen to target the compo-
sition and dynamics of the Jovian atmosphere, from ammonia clouds to the deep atmosphere
(beyond 100 bar). These six channels together probe the temperature and concentration of
major microwave absorbers like ammonia and water. Each frequency channel is sensitive in
a given pressure/temperature range, determined by the peak of the weighting function (W) of
the atmosphere. The weighting function (W) of the Jovian atmosphere at a given frequency
can be expressed as the gradient of microwave opacity w.r.t. pressure or altitude scale. In the
Rayleigh-Jeans limit, the intensity of radiation (/,) emitted by a blackbody is proportional to
its physical temperature. MWR senses the intensity of microwave radiation with an equivalent
temperature known as brightness temperature (T). It can be expressed as the integral of physical

temperature (T) weighted over the weighting function along the depth.

dt
W(z) = d(zZ) 2.1)
I, = %;T” (2.2)
T, = OOW(P)T(P)dlnP (2.3)
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Where T is atmospheric temperature, W is the weighting function k£ is the Boltzmann constant,
and )\ refers to the wavelength of radiation. The effective contribution of an atmospheric region
to the observed brightness temperature or outgoing radiation can also be expressed in terms of a
weighting function along the pressure scale. If the integral is expressed in terms of net radiance
at the TOA, the integrand is referred to as the contribution function. The last two channels, i.e.,
channels 5 and 6 are sensitive to the NHj cloud region, and channels 3-4 are sensitive to the H,O
cloud regions. Channels 1-2 are sensitive to the deep atmosphere, and they are expected to be

sensitive to both NH; and H,O vapor absorption (Fig. 2.2).
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Figure 2.2: Contribution functions corresponding to the six channels Juno MWR instrument in
Jupiter’s atmosphere. The contribution function is the integrand of the net outgoing spectral radi-
ance while the brightness temperature is connected to the product of atmospheric temperature and
the weighting function integrated over the atmospheric column.

A spaceborne microwave radiometer provides a good spatial distribution of atmospheric ther-
mal radiation, spanning over a range of latitudes and longitudes. The polar orbit of Juno aids in

measurements of Jupiter’s thermal radiation from the North to the South Pole with an adequate
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resolution to investigate the dynamics. It provides a unique advantage to probe the major dynamic
features such as polar vortices or the great red spot at different depths to get a comprehensive
three-dimensional picture of atmospheric circulation. The emission angle dependence of thermal
radiation has been proposed as a physical quantity to discriminate the effects of various microwave
absorbers. It complements the spectral brightness temperature measurements, and MWR can pro-
vide highly accurate measurements of the emission angle dependence. It is a derivative of the
measured brightness temperature and can be expressed in terms of limb darkening (L4(6)) such

that:

T4(0) — Ty (0)

Ld(e) = Tb<0>

2.4)

Where T,(0) refers to the brightness temperature at the nadir and T,(6) is the brightness
temperature of the atmosphere viewed from the spacecraft viewed at an angle 6 concerning the

nadir.

The MWR instrument consists of three subsystems: Antenna, Receiver, and Electronics
subsystem. The antennas are located on two different external panels of the spacecraft. As the
antenna size is inversely proportional to its frequency, the low-frequency channels (Al and A2)
have a larger size than the other four channels. In particular, Al is placed on a separate panel
opposite other antennas, as shown in Fig. 2.3. Therefore, channels 2-6 observe the target at the
same time, and there is a time difference of about half of the spacecraft rotation time between Al
and other antennas. The design of these antennas was driven by the least surface mass density. A
patch antenna array system provides the optimal surface mass density for channels 1 and 2. These
channels also have two output channels for low and high gain to accommodate atmospheric and
synchrotron emissions (Fig. 2.4). Their beam width is restricted to 20.6° and 21° following instru-
ment design requirements. Antennas A3-AS5 have a slotted array antenna design with beam width
~ 12°. The largest frequency antenna A6 is designed as a corrugated horn antenna. Table 2.3 pro-

vides a summary of MWR channels, antenna design, and corresponding contribution function peak
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Table 2.3: Antenna characteristics and the corresponding contribution functions

Antenna | Center frequency | Bandwidth Design Contribution function peak
Al 0.6 GHz 5.0 patch array > 100 bar
A2 1.25 GHz 5.0 patch array 20 bar
A3 2.6 GHz 4.6 slot array 7 bar
A4 5.2 GHz 6.0 slot array 3 bar
AS 10.0 GHz 4.6 slot array 1.5 bar
A6 22.0 GHz >5.0 Corrugated horn 0.6 bar

Electronics Unit

Radiometers

Figure 2.3: Juno MWR instrument subsystem and placement of antennae (A1-A6) on spacecraft
body panels

The receiver subsystem consists of six direct-detection Dicke-switched radiometer receivers.
They are placed with integral noise diodes for short-term gain calibration. The upper end of the
dynamic range for each channel was set to be at least twice the expected maximum antenna tem-
perature. The antennas are connected to the receivers using two sets of transmission lines. Both the
receiver and electronics subsystem have been placed in the vault to protect them from Jupiter’s ion-
izing radiation. A full description of the MWR subsystems is provided in the detailed engineering

block diagram in Fig. 2.3.
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Figure 2.4: Engineering block diagram of Juno MWR instrument [151]

2.3.3 Brief review of Juno MWR results

The primary objective of Juno MWR was focused on determining the abundance of oxygen in
Jupiter’s atmosphere. Most of Jupiter’s oxygen is contained in water vapor. Water vapor in
Jupiter’s atmosphere drives moist convection, cloud lightning, and the transport of disequilibrium
trace species to shallower levels. In the microwave spectrum between 0.6-22 GHz, ammonia
and water vapor are known to be the dominant microwave absorbers in Jupiter. Ammonia vapor
exhibits a strong absorption relative to water vapor and exhibits a strong effect on the thermal
emission of Jupiter at those frequencies. Juno MWR provides a highly accurate measurement

of brightness temperature and limb darkening from the equator to the poles. These physical
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quantities have been used in synergy to perform spectral inversions of MWR observations during
each perijove. A Monte Carlo-based spectral inversion was used to derive the vertical distribution
of ammonia vapor assuming a hydrostatic adiabat at the T 1;,,, measurement. The inversion of
MWR observations revealed a coherent variation in ammonia distribution from the equator to the
pole. Near the equatorial belt at 6 deg. N ammonia vapor was found to be depleted, consistent
with measurements of nitrogen abundance from GPMS [290, 168]. Furthermore, a peak was
observed near the equator with an omnipresent trend of increase in ammonia concentration along
the vertical direction as shown in Fig. 2.5. Overall, the nitrogen abundance from Juno MWR was

found to be 2.7 times solar abundance [168, 147].
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Figure 2.5: Distribution of ammonia vapor mixing ratio as inferred from inversion of MWR obser-
vations [168]
The lowest frequency channels i.e., channels 1 and 2 have detected bursts of nonthermal
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emissions due to lightning [56]. Lightning is expected to originate from shallow ammonia clouds
and deep water clouds [30, 6]. A theoretical estimation of water cloud lightning provides a lower
bound of oxygen abundance. Phase transformations and latent heat release have been found to
control the mixing of trace species. A super-adiabatic temperature gradient was found by MWR
measurements at the Jovian equator, which indicated oxygen abundance to lie between 1.5-8.3

times solar value [164].

Jupiter’s synchrotron environment has been observed from ground-based telescopes to model
its radiation environment [85, 240]. Juno MWR provides a comprehensive map of Jupiter’s syn-
chrotron radiation [239]. The new set of observations is found to have some discrepancies with
previous models of Jovian synchrotron radiation due to uncertainties in knowledge of the electron
energy spectra and magnetic field. Juno continues to provide measurements of energetic particles
in the plasma environment of Jupiter and its satellites. Energetic electrons and ions (> 1 keV) can
enter the loss cone at the poles, causing precipitation of electrons in the Jovian ionosphere [276].
MWR channels 1-3 have observed cold antenna temperatures that can be attributed to high-energy
electron precipitation process [140, 40]. Chapter 4 will discuss the physical mechanisms governing

the presence of cold spots at microwave frequencies.

2.4 Jupiter’s Deep Atmosphere

Phase change processes due to ongoing condensation and evaporation cause moist convection and
mixing of chemical reactive trace species. At shallow pressure levels ~ 0.7 bar, NH; undergoes
condensation to form ice particles. As we go deeper, NHj3 reacts with atmospheric HyS to form
clouds of NH4SH [267]. H,O clouds dominate the moist convection activity driving atmospheric
circulation and heat transport [148]. Understanding the cloud condensation processes is valuable
for understanding the reservoirs of heavy elements at deeper levels. However, Jupiter’s thick

clouds provide challenges to explore the chemical abundances of heavy elements in its deep
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atmosphere. A knowledge of the chemical concentrations of trace species provides information
about the opacity governing radiative cooling and convective inhibition. Sunlight is scattered
by the aerosols consisting of NH3, NH,;SH, H5O clouds and stratospheric hazes made up of
hydrocarbons. Thus, visible and infrared wavelengths are not sensitive to clouds below the
water condensation level. Low-frequency microwave radiation provides a way of probing the

atmosphere much deeper than 20 bar.

For our context, we refer to the deep atmosphere as the region of Jupiter’s envelope between
20-10,000 bar. In this regime, chemical kinetic processes consist of thermochemical reactions
accompanied by phase change processes. Under high-pressure conditions, these processes are
expected to be under thermochemical equilibrium. Therefore, the abundances of chemical species
can be estimated using thermochemical equilibrium models. Equilibrium cloud condensation
models predict the condensation levels and cloud densities of Jovian clouds. Metallic elements
like Li, Na, K, Mg, and Ca are expected to condense at pressure levels exceeding 100 bar [105]
[227]. They react with non-metals and semimetallic elements like O, S, Cl, and Si to form clouds
of their respective oxides, sulphides, chlorides, and silicates [274] [202]. The formation of these
exotic clouds is expected to be responsible for the sequestration of heavy elements in the deep

atmosphere [105].

Out of all metallic elements, the alkali metals Na and K have been prominently studied and
detected in many exoplanetary atmospheres. They are expected to form stable clouds of NasS
and KCI. In the case of Jupiter, we estimate the cloud condensation level of NasS and KCI by
comparing the partial pressure of alkali metals to their saturation vapor pressures [202]. Fig.
2.6 shows the condensation curves of alkali metal clouds and their relative positions to the NHs,

NH,SH, H>O condensation levels.
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Figure 2.6: Condensation curves of NH3, H,O, H,S and alkali metals Na,S and KCl at solar abun-
dance.Calculations are based on the equilibrium cloud condensation model [19], and saturation
vapor pressure corresponding to NayS and KCl [274, 202]. The cloud bases are at the levels where
the condensation curves cross the adiabat considering Ty, = 166.1 K. Calculations in the figure

were done by Pranika Gupta and Sushil Atreya

/ 13889
10g(Prg,s) = 8.55 — 5~ 0.5[Fe/H] (2.5)
/ 11382

Where p/Na2 gand p;mz are saturation vapor pressures corresponding to Na,S and KCI expressed

in bar. T is atmospheric temperature and [Fe/H] corresponds to metallicity. The species will

undergo condensation when partial pressure is greater than the saturation vapor pressure. It is

found that the alkali salt clouds will condense between 100-1000 bar.

Na and K have low ionization potentials.
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atmosphere, they will undergo thermal ionization and recombination processes [124] [125]. These
processes will act in a dynamic equilibrium to provide a source of free electrons. They undergo
a free-free absorption process and contribute to radiative opacity source across all wavelengths,

including the microwave spectrum [124] [60].

Therefore, the lowest frequency channels of Juno MWR could be sensitive to multiple mi-

crowave opacity sources: NH3 vapor, H,O vapor, and free electrons from alkali metal ionization.

2.5 Microwave radiation model of Jupiter’s atmosphere

Theoretical models provide a tool to test various hypotheses with the help of observations. To make
a comparison between the MWR observations and theoretical knowledge of Jupiter’s atmosphere,
we developed a benchmark model of Jupiter’s ideal atmosphere. The list of assumptions in Jupiter’s

ideal atmosphere is as follows:

* The atmosphere is in a hydrostatic balance

* The temperature of the Jovian atmosphere corresponds to a moist adiabatic atmosphere.

T1pe- 1s used as a reference temperature to construct the adiabatic temperature profile.

* The specific heat of an atmosphere consists of a linear mixture of specific heats of its major
constituents (Hy and He) and vapors (NH3 and H>O). Note: CH,, an important trace gas
in gas giant planets is transparent in the microwave [32]. However, it influences the NH3

opacity due to the pressure-broadening effect.

* Ortho and Para hydrogen are assumed to be in a state of thermal equilibrium. The specific

heat of hydrogen is estimated from the mixing ratios of Ortho and Para states.

* The concentration of ammonia and water vapors is controlled by the cloud condensation

process by forcing the partial pressures to be equal to their saturation vapor pressures.

31



We develop a one-dimensional radiative transfer model using the High-Performance Atmo-
spheric Radiation Package (HARP) [169] [38]. HARP is written in C++ and uses the DISORT
solver [260]. We solve the equation for microwave radiative transfer in a one-dimensional plane-
parallel atmosphere. The Brightness temperature is calculated in terms of physical temperature,
and the atmospheric weighting function as discussed previously. HARP in its present form
is contained within the Comprehensive Atmosphere N’ Ocean Engine (CANOE) framework,

publicly available on GitHub.

Collision-induced absorption (CIA) by Hy-H, and Hs-He collisions are important sources of
atmospheric opacity in gas giants. Collision-induced dipoles of H, and He are major sources
of opacity at infrared wavelengths. They also contribute to opacity at microwave frequencies.
We adopt the model from the HITRAN database [235] that provides high-temperature values
of CIA relevant to Jupiter’s deep atmosphere. Their magnitude is well constrained due to the
invariance of hydrogen and helium abundances in Jupiter’s deep atmosphere. Jupiter’s atmosphere
is also characterized by depletion in He and Ne abundance due to the sequestration of noble gases
at much higher pressures. Thus, such gradients are not relevant to pressure levels sensitive to

microwave wavelengths.

The microwave absorption behavior of water and ammonia vapor has been investigated by
laboratory experiments that show the pressure and temperature dependence of mass absorption
coefficients (Fig. 2.7(b)) [154, 93, 32]. In addition, hydrogen, methane, and water vapor contribute
to line broadening in the ammonia vapor absorption. The models based on laboratory experiments
show significant divergent behavior when extrapolated to pressures greater than 50 bar and 550 K

[32].

For water vapor absorption at microwave frequencies, the previous laboratory models from

Karpowicz (2011) [154], Devaraj et al., (2014) [93], and Bellotti et al., (2016) [32] show divergence
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Figure 2.7: (a) Discrepancies between water vapor microwave opacity models, (b) laboratory en-
vironment physical conditions compared to MWR contribution function in the context of NH3 and

H>0O microwave opacity measurements.

in microwave opacity of H,O vapor (Fig. 2.7(a), 2.8). However, recent laboratory measurements

[261] at high pressure show that water vapor absorption can be explained by the Bellotti et al.,

(2016) [32] model. Therefore, the Bellotti et al., (2016) [32] model is chosen to compute the water

vapor opacity, which incorporates water opacity measurements at high temperatures above 500 K.

2.6 Data preprocessing

The atmospheric thermal emission at microwave frequencies is measured by Juno MWR at differ-

ent emission angles from pole to pole. From Chapter 1, we infer that Jupiter has a strong magnetic
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Figure 2.8: Comparison of water vapor microwave opacity model performance at high-temperature
and high-pressure conditions

field, and its magnetospheric electrons achieve relativistic speeds to emit synchrotron radiation
at microwave frequencies. At frequencies lower than 5 GHz, the contribution of synchrotron
radiation dominates over atmospheric thermal radiation [85]. At higher latitudes above 55 deg.,
Jupiter’s poles have an omnipresent aurora extending down to mid-latitudes at several longitudes

[140, 214, 40]. Polar auroras exhibit regions of cold T, at the lowest frequencies of Juno MWR.

Jupiter has an oblate shape caused by its planetary rotation. The planetary radii at the equator
and poles are 71,492 km and 66,854 km respectively. The bulging at the equator introduces a
change in the gravity field owing to the distribution of its mass. It is evident from the acceleration
due to gravity at its equator (23.12 ms~2) and poles (27.01 ms~2). A change of 4 ms~? can
introduce large changes in depth between two pressure levels, thereby causing variations in
observed T,. Lower values of acceleration due to gravity would cause equatorial temperatures to

be lower than the poles at the same pressure levels. Therefore, T, is expected to increase with

latitude. Additionally, the MWR instrument occasionally observes T, showing a large deviation
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from longitudinal mean variation. It could be attributed to sudden changes in the local atmosphere

or unknown anomalies associated with instrument data.

Thus, we summarize the sources of error for thermal emission in four categories: 1) synchrotron
[4], i1) polar aurorae [140, 40], iii) change in gravitational field, and iv) anomalies in T,. These
sources are due to various physical processes in the Jovian atmosphere and space environment. The

latitudinal variation of T}, for channel 1 and channel 2 for PJ 1-9 are illustrated in Fig. 2.9 and 2.10.

The channel 1 and 2 T, exhibits some variability over the PJ orbits, and planetocentric latitudes.
The north equatorial belt (NEB) shows a local maximum in T}, followed by a minimum southward.
This feature corresponds to variation in local NH3 concentration as inferred from the multispectral
inversion of MWR data. A generic trend is observed between the equator to mid-latitude, where
T, increases with latitude. This effect can be attributed to latitudinal changes in local acceleration

due to gravity.

High latitudes above 60 deg. show a large variation in T;. This effect is a combination of two
factors i.e. Jovian synchrotron, and polar aurorae. The synchrotron emission comes in the field
of view of MWR instruments at high emission angles, and high latitudes. It causes the observed
T, at 600 MHz to increase ~ 1000 K. In contrast, the polar aurorae are expected to show a strong
reflection of the cosmic microwave background, owing to absorption in the thermal emission from

higher electron densities in the Jovian ionosphere.

The contribution of synchrotron emission can be filtered by restricting the emission angles to
50 deg. At lower emission angles, MWR measurements are solely caused by the thermal emission
from the deep atmosphere. The Jovian aurora consists of the main auroral oval and surrounding
magnetospheric footprints of its satellites: Io, Europa, and Ganymede. These features can extend

up to 55 deg. latitude. PJ 5 is an example where T, drops down to 550 K between 50-60 deg.
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Figure 2.9: MWR antenna temperatures (0.6 GHz) for the Northern and Southern Hemisphere at
planetocentric latitudes up to 40 deg.

latitude [140]. Channel 1 antenna temperatures can decrease anywhere between 100 - 300 K
relative to brightness temperatures at the equator and mid-latitude values (~ 850 K). A correlation
analysis with auroral emission from Juno Ultraviolet Spectrograph (UVS) found these features
to be related to the main aurora. Contributions from the polar aurorae can be minimized by

restricting the MWR observations from -40 to 40 deg. latitude.
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Figure 2.10: MWR antenna temperatures (1.2 GHz) for Northern and Southern Hemisphere at
planetocentric latitude up to 40 deg.

The latitudinal variation in T, can be removed by normalizing it to its equatorial value. We
apply HARP to generate synthetic T}, values for each latitude at 1 deg. resolution. A correction
factor is generated by dividing the equatorial T, by its value, a given latitude. We perform a

linear interpolation for the correction factor as a function of planetocentric latitude. This factor
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is multiplied by the MWR data to normalize the gravity to the equator. This filter removes the

general variation of T, over latitudes.

The anomalies in MWR data are eliminated using a ranking algorithm. The gravity-corrected
data are analyzed for mean values and deviations. A threshold of 5 K is chosen as a filter to
remove anomalies from MWR data. Thus, anomalous data points showing T, deviations greater
than the threshold are removed. The choice of threshold is determined from the local variations in
Ty. The series of filters and corrections mentioned above provide us with accurate observations of

Jovian thermal emission.

2.7 Juno MWR observations

2.7.1 Comparison with Juno Observations

We compare the Juno MWR observations with an ideal model of Jupiter’s atmosphere as described
in section 2.5. The temperature profile of Jupiter’s atmosphere is constructed for two cases of
reference temperatures: (i) 7 = 166.1 K at the 1-bar pressure level from the Galileo probe [244]
and (ii) 7 = 168.8 K at the 1-bar pressure level based on the reanalysis of the Voyager radio
occultation experiment at Jupiter [128]. The abundances of ammonia and water vapor have been
assumed to be 2.7 and 5 times the solar abundance [168, 167]. Because there is no a priori
information on the alkali metal abundance in Jupiter, we do not include alkali metals in the

baseline case (ideal atmosphere model).

Ammonia and water vapor are considered vapors for the moist adiabat and their partial pressure
is controlled by the cloud condensation process by forcing the partial pressures to be equal to
their saturation vapor pressures. In the deep atmosphere of Jupiter, water and ammonia are not

expected to form clouds; however, alkali metals are expected to undergo condensation. Therefore,
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a similar approach is applied to alkali metals to estimate the concentration of alkali metals.
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Figure 2.11: Limb darkening and brightness temperature MWR observations compared with sim-
ulation results at 0.6 GHz and 1.2 GHz corresponding to Jovian adiabats at (i) 775, = 166.1 K and
(1) T1per = 168.8 K, (a) T}, vs. latitude at 0.6 GHz, (b) L, vs. latitude at 0.6 GHz, (c) T} vs. latitude
at 1.2 GHz, (d) Ly vs. latitude at 1.2 GHz.

A latitudinal variation in brightness temperatures is observed at both 0.6 and 1.2 GHz (Fig.
2.11, panels (a) and (c)). The small-scale variations in T}, and L, in all the panels can be attributed
to variations in the atmospheric temperature structure and composition. It is important to note
that the baseline case (without alkali metals) corresponds to two different temperature profiles
of Jupiter’s atmosphere for two different 75,,,.. There is an agreement between the baseline case
and observations at 1.2 GHz in the equatorial region (panel (c)). On the other hand, brightness

temperatures at 0.6 GHz are lower than the baseline case by 40-60 K at all latitudes (panel (a))
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indicating the possibility of an additional source of opacity. Such a source is also supported by
a depressed L; observed by MWR; it is 4 percent less than the L; magnitude of the ideal Jupiter

atmosphere across all latitudes (panel (b)).

The latitudinal distribution of brightness temperatures and limb darkening from the forward
model indicates the decrease in limb darkening from the equator to the pole at 0.6 GHz. It is

opposite to the variation of limb darkening at 1.2 GHz across the same latitudes.

The mismatch between the baseline and observations at 0.6 GHz is much greater than the
uncertainty in measurements and variations in 7, and L;. Since the brightness temperatures
correspond to different pressure regions in the atmosphere, the anomalous observations at 0.6 GHz
must be attributed to the presence of an additional opacity source in the deep atmosphere or to a
different opacity source that absorbs more effectively at 0.6 GHz than at 1.2 GHz. We test four
confounding factors: (1) the distribution of ammonia, (2) the ammonia opacity at temperatures
exceeding the range of laboratory measurements, (3) the opacity of water at high temperatures,

and (4) the contribution of alkali metals.

2.7.2 Effect of water vapor and ammonia

Brightness temperature variations with latitude and the spectral inversion of brightness temper-
atures show a non-uniform distribution of ammonia vapor in Jupiter’s atmosphere in the deep
atmosphere region [168, 147]. Therefore, the non-uniform distribution of NH3 could contribute to

variations in microwave opacity of the deep atmosphere.

To estimate the effect of NH3 concentration variations, we perturb the NH3 profile from a
homogeneous mixing condition as prescribed in the baseline model. These perturbations are based

on the MWR inversion-based vertical profiles of NH3 concentration. A scaling factor is used to
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vary the magnitude of ammonia vapor concentration in the model, as described in the equation

below.

dNH; (P) = QNH3,0<P) - (QNH3,0<P) - QNHg,MWR(P))S 2.7)

Here, gy, is the ammonia mass mixing ratio at a given pressure P, gy, o(P) is the homoge-
neous ammonia mixing ratio which is set to 2.7 times solar abundance for NH3 ~ 360 ppm [168]
from the deep atmosphere up to the NH3 vapor saturation point. Above the saturation point, the
mixing ratio follows the NHj saturation vapor pressure curve. gy, vwr(P)is the mixing ratio
retrieved from MWR inversion. We use a scaling factor to vary the ammonia mixing ratio between
the homogeneous case to MWR derived profiles. The scaling factor, s ranges from O to 1.5 where
0 is the case for homogeneous mixing ratio. Increasing s to 1 will change the ammonia profile
to the MWR inversion case for the equator and mid-latitude regions. We also extend the scaling
factor to 1.5, to take into account the low ammonia mixing ratio observed at the NEB of Jupiter

[168].

NHj; opacity measurements are currently not available for high temperatures (~ 550 K-3000 K)
corresponding to Jupiter’s deep atmosphere and there is a decrease in the magnitude of absorption
of NHj3 at high pressures. Thereby, we invoke a scaling factor to the NH3 absorption coefficient
to provide an estimation of the opacity at high temperatures. The mass absorption coefficient of
ammonia is estimated by multiplying the temperature-scaling law by the absorption coefficient

based on [134].

T.\"
(N Hy) ~ (?> (2.8)

In this equation, « is the absorption coefficient of NHj, h is the opacity factor, T is temperature
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and T is reference temperature equal to 750 K. The NH3 opacity models show that the absorption
coefficient peaks at 750 K and decreases at temperatures beyond 750 K. In the simulations, the
scaling factor is multiplied by the NHj3 opacity at temperatures higher than 7,.. The power law
index (h) is varied from 1 to 5 keeping the ammonia concentration constant, i.e., 2.7 times solar

abundance.

We keep the water vapor constant at 5 times solar abundance, as the laboratory measurements
demonstrate that water vapor absorption does not show a significant increase with pressure and
can be said to be relatively transparent when compared to the previous models of microwave

absorption [261].
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Figure 2.12: Comparison is drawn between the Juno MWR observations and the results of the
radiative transfer model for 7}, and L; at 0.6 GHz and 1.2 GHz, keeping the water abundance
constant ~ 5 times solar abundance. Jupiter’s atmosphere in the absence of alkali metals, with
only variations in the NHj3 vapor profile and the NH3 opacity

Changing the ammonia profile and introducing the additional temperature-dependent scaling
factor produce brightness temperature and limb darkening divergent from MWR data at 0.6 GHz

as shown in Fig. 2.12. The difference between T, from the model and observations is in the
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range of 50-200 K at 0.6 GHz. Reducing the ammonia concentration causes a monotonic increase
in T}, and a decrease in L,. Further, reducing the ammonia opacity shows a similar trend in 7,
while a saturation in L, is expected at a power law factor of 5. Changing the ammonia profile and

ammonia opacity has a similar effect on 73 and L; at 1.2 GHz.

The 1.2 GHz observations correspond to ~ 20 bar (Fig. 2.12), much above the cloud base
of alkali metals and at relatively lower pressure levels. By changing the ammonia concentration
profile, and opacity values, we determine the projected range of T, and L, values at 0.6 GHz.
However, the MWR T, and L, data is found to be lower than the forward model simulation of
ammonia scaling. Despite scaling the vertical profile and microwave opacity, it can be established
that variation in ammonia vapor opacity cannot solely explain the anomalous observations at the

0.6 GHz channel (Fig. 2.12).

2.7.3 High-temperature thermal ionization

At high pressures of 100 bar and beyond, alkali metals would undergo ionization to form a cold
plasma, and the electrons generated in the process would act as an additional source of opacity at
microwave frequencies. The number density of free electrons due to the ionization of alkali metal
atoms in the gas phase is calculated using the Saha ionization [236] (Eq. 2) equation assuming
Jupiter’s atmosphere to be in a state of thermal equilibrium. The ionization equation itself assumes
a single-component gas phase system. Thereby, we add the electron densities from the ionization
of sodium and potassium to determine the total number density of free electrons. Here, N, is the
electron density, N is number density, € is ionization energy, A is De Broglie wavelength, g, and
g are statistical weights, kp is Boltzmann constant, m, is mass of the electron and 4 is Planck’s

constant.

43



= —Z¢ (2.9

\ = _ (2.10)

The brightness temperatures correspond to electromagnetic radiation traveling from the
interior of Jupiter radially outwards through the atmospheric layers. Thus, the transmission
through the deep atmosphere is similar to the transmission through a cold plasma medium.
The refractive index of microwaves propagating through a cold plasma media can be described
by the Appleton-Hartree equation [139]. The formulation applies to low-temperature plasma
medium, both in the presence or absence of magnetic fields. At 100-1000 bar pressure levels,
the contribution of the magnetic field is insignificant in the Appleton-Hartree formulation [139].
Therefore, a simplified version of the Appleton-Hartree equation (Eq. 4) is used to calculate the
complex refractive index of the deep atmosphere using the electron number density calculated
from the Saha ionization equation. For an unmagnetized cold plasma medium, i.e. Jupiter’s deep

atmosphere, the Appleton-Hartree equation is simplified to:

X

2 = 1- 2.11

" 1—iZ 1D
2

a = (2.12)
/\chQ

2
Here, X = %, Z = Z, wy is electron plasma frequency, w is the angular frequency of mi-
crowave radiation, wy, is electron gyro frequency, v is electron-neutral collision frequency, A, is
the frequency of a given MWR channel, » is the refractive index, « is the extinction coefficient

and Q is the quality factor i.e. the ratio of squares of real and imaginary parts of the refractive index.
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We run a matrix of simulations by keeping Na and K metallicities fixed. The metallicity is
varied from solar value to 10~7 times solar value. For each value of alkali metallicity, the NH3
profile and absorption coefficients are scaled according to the previous set of simulations. It

provides complete coverage of variations in NHj and free electron contributions.
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Figure 2.13: Jupiter’s atmosphere in the presence of alkali metals with variations in the NH3 vapor
profile and the NHj3 opacity. The NHj profile of Jupiter’s atmosphere is varied using a scale from 0
to 1.5 to take into account the contribution of non-uniform distribution of NH3 vapor observed by
MWR [168]. NH; opacity at temperatures above 750 K undergoes power law scaling as a function
of atmospheric temperature (Eq. 7). In the absence of alkali metals, the changes in NH3 vapor
profile and the scaling in NH3 vapor opacity deviate significantly from Juno MWR observations at
0.6 GHz. However, in the presence of alkali metals of low metallicity, i.e., in the range of -2 to -5,
there is an agreement between model results and MWR observations. Observations at 1.2 GHz can
be explained by variations in the NHj3 vapor profile and the NH3 opacity independent of opacity
contributions from alkali metals.

When we compare the new model result with MWR observations (Fig. 2.13), we observe that
the model matches with observations at 0.6 GHz for free electrons corresponding to alkali metal
metallicities in the range of -2 to -5 (chocolate-colored patches), i.e. 1072 to 107> times the solar
abundance. There is an agreement between the model and observations at 1.2 GHz for the same

range of metallicities.
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Figure 2.14: Latitudinal variation of brightness temperature and limb darkening of Jupiter’s atmo-
sphere at 0.6 GHz and 1.2 GHz at [M/H] = -3

The latitudinal distribution of brightness temperatures and limb darkening from the forward
model indicates the decrease in limb darkening from the equator to the pole at 0.6 GHz. It is
opposite to the variation of limb darkening at 1.2 GHz across the latitudes. This effect could be
attributed to the free electrons in the deep atmosphere, which could be inferred from the shift in
the contribution functions toward higher pressures in the presence of alkali metals (Fig. 2.14).

Alkali metals greatly affect the absorption behavior at 0.6 GHz, which dominates the effect of




gravitation on limb darkening. We expect the limb darkening to decrease from the equator to
the poles assuming a uniform mixing ratio of water and ammonia vapor. It serves as a baseline
to understand the sole effect of free electrons on the latitudinal variation of microwave radiation

from Jupiter’s deep atmosphere.

One might also expect microwave opacity contributions to ionospheric electron density layers.
However, the formation of the day-side ionosphere due to photoionization does not provide sig-
nificant opacity to MWR channel 1. Likewise, low energy electrons (< 1 keV) may not provide
opacity sensitive to MWR. Microwave opacity is dependent on neutral electron collision interac-
tions. Therefore, only the high-energy electrons capable of penetrating down to lower stratospheric
levels (0.01 to 1 mbar) generate sufficient microwave opacity to cause changes in MWR antenna
temperatures. Radiation belt losses at high latitudes are sporadic, and therefore their contribution
is not expected to be uniform across the Jovian latitudes. The topic will be extensively discussed

in Chapter 4.

2.8 Sources of error and uncertainty

A continuous monitoring of antenna temperature, and its calibration, is essential to establish the un-
certainties in measurements of brightness temperature. Calibration measurements are strategically
conducted at both pre-launch and post-launch phases. The antenna temperature (T,) represents the
power from the antenna that is effectively transmitted to the receivers. It is a function of brightness

temperature (T;) and antenna gain (G) in different viewing directions.

27 T , , , , , , ,
T.(0,6) = / / Ty, 6)GO — 0,6 — d)sind d'ds (2.13)
1

2 s
/ / G(0, $)sinfdfdp = (2.14)
0 0
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Where T,(#', ¢') is brightness temperature from the direction of solid angle sinf df'd¢ and
G0 — 0,9 — ¢) is the antenna gain pointed in the direction (#, ¢). The calibration has two
important objectives: conversion of raw count in receivers to brightness temperature values and
accounting for temporal variations in the output. An instrument model is developed to relate
antenna temperature to the raw counts. The first objective of calibration is also referred to as
absolute calibration. Absolute calibration of the radiometer is achieved with the help of hot and
cold targets of different blackbody temperatures. These targets are observed through the antenna
to determine the absolute gain. Tests are performed at both component and system integration

levels.

Instrument thermal-vacuum test (TVAC) and end-to-end calibration tests were conducted
on the instrument. Instrument temperature was controlled at the receiver and antenna ends to
introduce thermal gradients in the system. A microwave calibration system (MCS) developed at
the University of Michigan was used as a stable cold load for the radiometer. With the help of a
reference load and additional noise from a noise diode, four stable calibration points are obtained.
A calibration end-to-end test was performed to check the calibration of the integrated system. The
absolute calibration was verified using a 2 x 2 m temperature-controlled target and the uncertainty

was found to be about 2 percent.

The uncertainty associated with limb darkening is primarily due to three factors: i) antenna
beam side lobe levels, ii) uncertainties with the side lobe levels, and iii) observation geometry
and global brightness temperature of the background sky. An antenna pattern correction was
devised based on the overall antenna gain, and gain associated with the mean beam. Central lobes
of MWR antennas are approximated using Gaussian distribution with half-power bandwidths.
The uncertainty in limb darkening is estimated using a Monte Carlo method for temperature
perturbation. A standard radiative transfer program JAMRT is used as a thermal emission model

to compare it with antenna perturbation. It provides a quantification of limb darkening uncertainty
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as a function of emission angles and latitudes. Uncertainties are minimal at low emission angles

and eventually reach a peak at ~ 45 deg.

Brightness temperatures of Jupiter’s atmosphere are measured relative to the background sky.
The contribution of all-sky brightness temperature is taken into account by adding it to foreground
measurements. The baseline for brightness is the Cosmic Microwave Background Radiation, ap-
proximately equal to 2.7 K. However, there are contributions from discrete emission sources from
energetic electrons, especially near the galactic center. To measure these discrete sources of emis-
sion, Juno MWR was turned on during most of the cruise phase. It produced a map of all-sky
brightness temperature and Cosmic Microwave Background at the MWR microwave frequencies.
The sky observations collected for varying instrument temperatures were used to adjust the instru-
ment model temperature coefficients to maintain absolute calibration. Additionally, the continuous
operation of MWR during the cruise phase provided a detailed analysis of the performance char-
acteristics of the radiometers and strategies for optimum calibration. Tests were also conducted to
check the presence of electromagnetic interference and thermally induced effects. However, the
instrument performance was found to be normal. The uncertainties in antenna temperature and
limb darkening for all channels are summarized in Table 2.4.

Table 2.4: A breakdown of prelaunch calibration error for limb darkening measurements MWR
channels

Ch1l | Ch2 | Ch3 | Ch4 | Ch5 | Che6
Measurement noise (5 s avg.) 0.031 | 0.027 | 0.026 | 0.032 | 0.023 | 0.029
Antenna temperature calibration (ATC) | 0.054 | 0.054 | 0.042 | 0.063 | 0.069 | 0.075
Antenna pattern correction (APC) 0.070 | 0.050 | 0.010 | 0.010 | 0.008 | 0.003
Net error in R (percent) 0.094 | 0.078 | 0.05 | 0.071 | 0.073 | 0.081
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2.9 Sensitivity tests

2.9.1 Electron density and conductivity

The electron density of Jupiter’s atmosphere is governed by two fundamental processes: (i)
condensation of alkali metal condensates i.e. NayS and KCI, and (ii) ionization of alkali metals
in thermal equilibrium. Fig. 2.6 shows the pressure levels corresponding to the cloud base of
Na,S and KCl based on their saturation vapor pressures. Cloud condensation reduces the amount
of alkali metals available in the gas phase that act as a source of free electrons, and restricts
the abundance of Na and K corresponding to their respective saturation vapor pressure. In the
cloud region, the electron density is controlled by the saturation vapor pressure of alkali metals
whereas, below the cloud base, electron densities are governed by the metallicity of alkali metals.
Thereby, it is evident that condensation controls the electron density and, thereby, conductivity
at low-pressure levels. Condensation-limited ionization is observed at low pressure (below 1
kbar) irrespective of the alkali metal abundance as the electron density lines converge (Fig. 2.15
(a)). Fig. 2.15 (a) and (b) show the presence of a kink in electron density and their respective
conductivity at the cloud base, corresponding to different alkali metal abundances. However,
condensation does not play a significant role in governing the electron densities at ~ 1 kbar

pressure level, corresponding to the global maxima in the weighting function at 0.6 GHz (Figure 1).

The electron density of the deep atmosphere is much lower than in the case of alkali metals at
solar abundance. It is the true representation of the electron density of the deep atmosphere. At
greater pressures, hydrogen behaves as a semiconductor and becomes the major contributor to the
electron density [174]. The electrical conductivity of the atmosphere is calculated using Drude’s
equation. It provides an estimate of the conductivity due to the free electrons provided by alkali

metal ionization.
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Figure 2.15: (a) Electron density of Jupiter’s deep atmosphere at the solar abundance and [M/H]

= -3 and -4, (b) electrical conductivity of Jupiter’s deep atmosphere at the solar abundance and
[M/H] = -3 and 4.
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2.9.2 Complete sequestration of K

Even though Na,S has a deeper condensation level compared to KCl, cloud condensation is
governed by atmospheric temperature and does not reflect the chemical reactivity of alkali metals.
K is more electropositive than Na and, thereby, is expected to be more reactive as compared to
Na. Therefore, there may be a chemical mechanism that could selectively deplete K into other
compounds, leaving Na as the only source of free electrons in Jupiter. Under such conditions, we
find that Na metallicity should be in the range of O to -3 to match the MWR observations. The
increase in alkali metal metallicities can be attributed to two factors: (i) low ionization energy
of K, and (ii) NayS condenses much below KCI (Figure 2.6). Thereby, a larger amount of Na is
required to produce enough free electrons to match the MWR brightness temperatures and limb

darkening.
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Figure 2.16: Limb darkening and brightness temperature comparison of MWR observations and
forward model results at 600 MHz and 1.2 GHz for metallicities ranging from O to -7 at different
ammonia vapor concentration profiles and opacities. It showcases the sole effect of free electrons
due to the ionization of Na, without considering any contribution from K.

The elimination of K from the atmosphere highlights the role of the elemental abundance of Na
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required to match the MWR observations. The results of the forward model in Fig. 2.16 indicate
the possible solutions of Na metallicity under different conditions of ammonia vapor concentration
profiles and microwave opacities. It is observed that the range of Na metallicity is expected to be
from O to -3 i.e. solar abundance to highly sub-solar abundance. Thus, the metallicity of Na re-

quired is expected to be higher than those considering both Na and K to be sources of free electrons.

2.9.3 Sensitivity to changes in deep atmosphere temperature

The relative weighting function for the adiabats is that of the ideal Jupiter’s atmosphere without
the inclusion of opacity due to free electrons from alkali metals. It shows a peak at ~ 100 bar.
From the difference in physical temperature of the atmosphere of the two adiabats, it is seen that
the difference reaches ~ 10-15 K at 100 bar level (Fig. 2.17). The weighting function at 600 MHz
also extends below 100 bar which could explain the difference in brightness temperatures. An
interesting observation is that the difference in adiabat temperatures increases with an increase in
atmospheric pressure. This increase can be attributed to the temperature-dependent specific heat

of the atmospheric constituents.

The interior models of Jupiter generally use a high temperature in the range of 170-180 K at
the outer boundary (1 bar pressure level) [128, 194]. These temperatures are about 10-15 K higher
than the measurements from the Galileo probe (166.1 K) [244] and Voyager radio occultation
reanalysis (168.8 K) [128]. A simulation of brightness temperatures and limb darkening at 0.6
GHz and 1.2 GHz is carried out for all cases of alkali metal metallicities, ammonia concentration,
and opacity variation assuming 77y,,,- = 175 K. It can be seen in Fig. 2.18 that the high temperature
at 1 bar doesn’t match with the entire range of MWR observations for both the frequencies. Some
alternate possibilities could be the presence of a non-adiabatic gradient or a radiative layer in
Jupiter’s deep atmosphere that can account for a higher temperature at 1 bar level. However,

the mismatch with MWR at 1.2 GHz poses a serious question on the assumption. The current
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Figure 2.17: Pressure v. temperature difference in temperatures of Jovian adiabats constructed
using Ty, = 168.8 K and Ty, = 166.1 K

measurements of temperature at 1 bar level are from limited radio occultation experiments.

There is a need for radio science experiments from the equator to the poles, to estimate the true

variability in temperatures at 1 bar.

2.10 Discussion

We infer the metallicity of the alkali metals in Jupiter to be much lower than the solar value. It is
instructive to compare the abundance of alkali metals in Jupiter from this work with the abundance

of the other heavy elements. While the opacity contribution from alkali metals suggests that Na
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Figure 2.18: Limb darkening and brightness temperature comparison of MWR observations and
forward model results at 600 MHz and 1.2 GHz for metallicities ranging from 0 to -7 at different
ammonia vapor concentration profiles and opacities considering Ty, = 175 K

and K are strongly depleted relative to solar at the level probed by MWR at 0.6 GHz, all other
heavy elements are enriched by a factor of approximately three to five; while nitrogen is highly
variable but enriched, and the water abundance remains uncertain [20], [167], [168], [181]. The
comparison to other heavy metal measurements from the Galileo probe corresponds to much lower
pressures, i.e. < 22 bars. The estimation of alkali metal metallicity from MWR implies lower
metallicity at much higher pressures. The results (Fig. 2.13) provide an important constraint on
alkali metal abundance at pressures sensitive to 0.6 GHz channel. A [M/H] = -1 for alkali metals
provides too much opacity, while too little abundance or absence of alkali metals does not provide

sufficient opacity to match the MWR observations at 0.6 GHz.

The low abundance of alkali metals indicated by MWR observations could be attributed to any
of the following scenarios. (i) Initially enriched alkali metals, consistent with the other heavy

elements in the atmosphere, are depleted by chemical reactions with other constituents deep in the

55



atmosphere, resulting in a low abundance of Na and K at ~ 1 kilobar level sufficient to provide
the free electrons to explain the MWR data at 0.6 GHz. Fegley and Lodders [105] predict, for
example, the formation of gas-phase species of Na and K in the atmosphere i.e. NaCl, NaOH, and
KOH. Should there be chemical mechanisms that could selectively deplete K in the atmosphere,
leaving Na to be the most significant contributor to free electrons in the deep atmosphere, the
metallicity of Na would be expected to be in the range of 0 to -2 i.e. solar to highly sub-solar
abundance (Appendix B). (ii) Unconventional planet formation processes, whereby Jupiter did not
accrete a solar complement of alkali metals, or that the alkali metals are not well mixed at greater
depths. This view is consistent with gravity science, GPMS, and MWR. However, if the depletion
of alkali metals at ~ 1 kbar inferred in this paper is representative of their bulk abundance, it
could be indicative of the depletion of all rock-forming elements, with significant implications for
the formation and evolution of Jupiter. Our conclusion of depletion is based on the data of the
0.6 GHz channel, whose weighting function peaks at 1 kilobar level with the inclusion of alkali
metals. Thus, we are confident about the result only at this level. Alkali metals could well be more
abundant deeper in the atmosphere, and they could have been depleted by some as yet unknown
mechanism before reaching the 1-kilobar level, though the degree of depletion would have to
be huge. The enrichment of envelope in volatile elements would require a significant amount of
late infall from comets, asteroids, and meteorites. [27] considered one such possibility, where
silicates were found to be a way of sequestration of gas phase alkali metals. However, a later study
by [105] found it to be an ineffective mechanism. Further modeling and laboratory studies are
needed to cover the full parameter space of combined thermochemistry of alkali metal and rock
cloud-forming species corresponding to the very high temperature and high-pressure conditions
of the deep atmosphere of Jupiter, together with any dynamical effects, before drawing any firm
conclusions about the depletion of alkali metals in bulk Jupiter below the level to which the MWR

data of this paper are sensitive.

The new constraints on the abundance of alkalis are linked to their low ionization potential,
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and the fact that the electrons that they provide directly affect opacities at 0.6 and 1.2 GHz
(see Eq. 4). But when present, they are strong absorbers at visible wavelengths (e.g., [60]) and
therefore directly affect the planetary radiative flux. The low abundances that we derive imply
that a radiative zone may be present in Jupiter [124] [127]. Interestingly, this could explain at
the same time the relatively low abundance of CO observed in Jupiter’s atmosphere compared to

expectations for a fully convective deep atmosphere [66].

2.11 Conclusion

In this work, we analyze the 0.6 GHz observations of low-latitude brightness temperature and
limb darkening as measured by the Juno MWR instrument. The atmospheric thermal emission
was found to be colder than previous models of Jupiter’s atmosphere developed from GPMS
tropospheric measurements. At temperatures relevant to Jupiter’s deep atmosphere, water vapor
appears relatively transparent at 0.6 GHz. Thus, MWR the lowest frequency channel is not
sensitive to the water vapor at pressures exceeding 20-50 bar. It poses a limitation on the capability

of the MWR instrument to directly determine the deep oxygen abundance.

We included an updated adiabat based on Voyager radio occultation Ty, reanalysis.
Microwave radiative transfer modeling of brightness temperature and limb darkening test the sen-
sitivity to ammonia variation in Jupiter’s atmosphere. The 0.6 GHz measurements are not found to
be strongly sensitive to ammonia vapor variations. Ammonia is generally well mixed below 20 bar
and cannot solely explain the additional opacity at deeper levels. Thermochemical models predict
the formation of alkali metal clouds at regions sensitive to the 0.6 GHz channels. The inclusion
of high-temperature ionization based on Saha ionization equations projects the abundance of Na
and K to be sub-solar abundance. Sensitivity tests in microwave radiative transfer provide insights

into the contribution of deep atmosphere temperature and alkali metal chemistry. The contribution
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Figure 2.19: The ratio of Jupiter’s heavy element abundance to their protosolar values. Juno MWR
measurements hint at sub-solar abundance of alkali metals i.e. Na and K. This result is found to
be inconsistent with heavy element measurements from Galileo Probe. However, the inclusion of
gravity science, MWR, and GPMS hints at the possibility of a stable compositional gradient.

of additional sinks of free electrons or alkali metals can significantly contribute to elevating
their abundance in Jupiter. The metallicity of alkali metals between 100 bar—1 kbar is found
to contrast the enrichment of condensable volatile measured by GPMS (Fig. 2.19). Too low an

abundance of alkali metals could lead to the formation of a radiative zone between 1 — 9 kbar levels.
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CHAPTER 3

Thermochemistry of Deep Atmosphere and Effect of
Anions on Thermal Emission at Microwave

Frequencies

3.1 Introduction

In the previous chapter, we inferred that free electrons act as a major microwave absorber at the
lowest frequency channel of the MWR instrument. Brightness temperature and limb darkening
measurements were used to constrain electron concentration that would correspond to alkali metal
metallicity ([M/H]) between -2 and -5. There is a significant contrast in the abundance of Na and
K relative to other heavy elements like C, N, O, and S which are all enriched relative to their
solar values (He and Ne are subsolar due to their removal in the interior, as discussed in previous
chapters). In the case of alkali metals, MWR identifies the contribution of free electron density
to microwave opacity to constrain Na and K from prior knowledge of atmospheric chemistry.
Therefore, it is important to understand the budget of sources and sinks of alkali metals and free

electrons in the deep atmosphere for a clear interpretation of Juno MWR data.

In this chapter, we analyze the role of various chemical processes in cloud formation and pro-
duction of free electrons at pressures between 100 bar - 10 kbar. The principles of thermochemistry
are applied to estimate the equilibrium concentrations of charge carriers and alkali salt clouds un-

der different scenarios of deep oxygen and alkali metal abundance. Leveraging the MWR 0.6
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GHz brightness temperature and limb darkening data, we provide an updated interpretation of the

ongoing processes in Jupiter’s deep atmosphere and the inventory of alkali metals.

3.2 Equilibrium thermochemistry of Jupiter’s deep atmo-
sphere

Equilibrium Cloud Condensation Model (ECCM) predictions show deep condensation of exotic
clouds made up of alkali salts, which may store a significant reservoir of Na and K, effectively
reducing the amount of alkali atoms available for thermal ionization. Both Na and K being
electropositive are reactive to other atmospheric constituents containing O, S, and CI. Gas phase
thermochemical reactions can deplete the amount of alkali metals available for providing free
electrons. Therefore, a significant proportion of alkali metals may be present in the form of cloud

particles or stable reaction products of gas-phase reactions.

Free electrons can potentially combine with electronegative species to form anions. Major
electronegative species like O, S, and ClI are generally in the form of H,O, HsS, and HCI. These
species are stable at the Jovian troposphere but under conditions of high temperature, they may
undergo thermal decomposition and reactions with metallic elements. A holistic picture of these
sinks and their stability requires a full-scale modeling of atmospheric thermochemistry.

The deep atmosphere of Jupiter is an interesting region of the planetary envelope in the context
of cloud formation. For pressure levels much deeper than the visible clouds, environmental
conditions are suitable for the formation of exotic clouds formed from semimetallic and metallic
elements i.e. Mg, Al, Si, Ca, Ti, Cr, Mn, Fe, Co, Ni, Na, K, etc. At pressures that exceed the
respective cloud bases, temperatures are high enough to cause complete evaporation and thermal
dissociation of complex cloud-forming compounds. However, the upper part of the planetary
envelope exhibits temperatures just cold enough for condensation of elements important in rocky

planets i.e. Fe, Si, and Mg. These species condense out in the deeper cloud decks, effectively
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getting sequestered in the local atmosphere. Table 3.1 provides the condensation pressure and

temperature points for important clouds in Jupiter’s atmosphere corresponding to solar elemental

abundances.

Table 3.1: Important clouds and corresponding condensation at solar abundance

Cloud type | Condensation pressure (bar) | Condensation temperature (K)
NH; 0.654 143.260
NH,SH 2.053 208.030
H,0O 5.016 272.270
ZnS 276.038 900.240
Na,S 796.345 1234.320
KCl 351.618 967.330
MnS 1965.960 1623.610
MgSiO3 3773.872 1991.190
Mg, SiO, 5202.326 2207.700
Fe 11339.055 2862.210

The Jovian atmosphere is expected to have multiple cloud decks of metallic and silicate clouds.
Thermochemical models of Jupiter and Saturn’s deep atmosphere predict the formation of alkali
metal clouds consisting of their sulphides (NayS, K,S) and chlorides (LiCl, NaCl, KCI) (Fig.
3.2). These cloud particles constitute the upper deck of metallic clouds at several hundred bars
consisting of many overlapping alkali salt clouds like NaCl, KCI, Na,S and NaF. The primary

alkali metals also react with atmospheric water and hydrogen to form gas-phase hydrides, oxides,

and hydroxides.

Chemical reactions for alkali salt clouds:

H>S + 2 Na = Na,S (s) + H,
2HCl+2 K = 2 KCl + Hy
2 HC1 + 2 Na = 2 NaCl + Hy
2HCI+2Li=2LiCl + Hy
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Just below the primary alkali salt clouds, we expect cloud layers of ZnS, MnS, and Cu
At pressure levels below, we expect high-temperature reactions to drive reactions toward the
formation of two thick layers: 1) Fe-Ni alloy and ii) silicate lava cloud. The silicate clouds
might react with alkalis and cause additional removal of Na and K from deeper levels. However,
Juno MWR is not sensitive to pressure levels much below 1000 bar even in the presence of low
metallicity Na and K. Therefore, we exclude the possibility of alkali silicate reactions in the

context of microwave thermal emission observations.

Chemical reactions for other metal sulphide and metal silicate clouds:

HsS + Mn = MnS (s) + Hy
HsS + Zn = ZnS (s) + Hy
Cu=~Cu(s,1]
Fe = Fe (s, 1)
Mg + 2 H,0 + SiO = MgSiOs (s,]) + 2 Hy
2 Mg + 3 Hy0 + SiO = Mg,SiOy4 (s,]) + 3 H,

3.2.1 Theory

Thermochemical equilibrium corresponds to a state of dynamic equilibrium where the rates of
forward and backward reaction balance out each other for a given concentration of chemical species
at a specific temperature and pressure. The exact state of the equilibrium concentrations can be

numerically determined using two methods:
* Chemical kinetic evolution to steady state
* Free energy minimization

Numerical models of atmospheric chemistry use the former technique to evolve the chemical

concentration using reaction rate expressions derived from ab initio or laboratory experiments.
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These models are evolved over long time scales to achieve a steady state with prescribed diffusion
conditions. In the case of the Jovian atmosphere, chemical kinetic models have helped provide

insight into the transport of disequilibrium species like CO, PH3, and GeH, [280, 146].

On the other hand, the minimization of the Gibbs free energy of a reaction corresponds to its
equilibrium state without giving information on how that state may be reached. The Gibbs free
energy of a reaction can be expressed in terms of enthalpy and entropy changes associated with
it. One can also determine the Gibbs free energy change from the free energies associated with
reactants and products. Given an initial condition for elemental abundances, the equilibrium state
of other chemicals in the reaction network can be determined by the minimization of total free
energy associated with all the reactions and physical transitions. The free energy minimization

problem is solved numerically, analogous to mathematical optimization.

One of the caveats in the application of chemical kinetic models to the formation of alkali
metals is the lack of laboratory experiments to determine the kinetic rate constants of the reactions.
On the other hand, there are public databases of the thermochemical properties of metallic
elements and their salts. These databases have accurate measurements of enthalpy and entropy
values associated with the stable state, and their variation with temperature. Hence, the Gibbs free

energy minimization method is preferred over chemical kinetic models.

For calculating the ion assemblage, we use the GGChem model. Its name stands for Gleicht-
Gewichts-Chemie, meaning equilibrium chemistry in German. It is a code that calculates an
equilibrium assemblage of chemical species, including ions, for a set of elemental abundances
and temperature-pressure conditions, using free energy minimization. The code is based on the

work of Gail and Sedlmayr (1986) [109] and exists in its current form in Woitke et al. (2018) [287].

Free energy minimization has been previously applied to the Jupiter and Saturn atmospheres.
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However, the numerical codes are generally proprietary and do not provide a pathway for
reproducing the scientific results. GGChem in its current form was rewritten in the modern Fortran
90 architecture as described in Woitke et al. (2018) [287]. It is open-source software, available
on GitHub. It derives its thermochemical data from several accredited sources like NIST-JANAF
[69, 68] and BURCAT [58]. The database supports all elements from hydrogen to zirconium (Z
= 40) along with a special case of tungsten (Z = 74), including major ionic species. We assume
Jupiter’s atmosphere to be an ideal gas throughout the domain. This assumption is valid till 10
kbar pressures and diverges from other non-ideal equations of state (EOS) at higher pressures
[142]. Please refer to Appendix B for standard mathematical formulations of the thermochemical

data.

Let’s consider a system of gaseous molecules made up of elements A, B, and C with stoichio-
metric coefficients a, b, and ¢ respectively. According to Guldberg’s law of mass action [34] the

partial pressure of the molecule and its atomic elements can be expressed in terms of free energy:

PamC _ (PAyaPEy PO, DO G.1)
p° po” p P RT '
Pasc. = kp(AaBoCo, T)DAPEDE (3.2)
0\1—a—b—c AG(f)
ky(AuBpCe,T) = (p°) exp(— RT) (3.3)
€Ny = 2iSikN (3.4)
p = 2imin; = XpMyeEp (3.5)
pkT
p=XnkT =n(p, T)KT = 3.6)
(. T) u(p,T)

Where pa, pp, pc are the partial pressure of the atomic species. pa,p,c. 1s the partial pressure
of AuByC,. p° is the standard pressure. AGY is the free energy of formation, k is the Boltzmann

constant and T is atmospheric temperature. ¢, are elemental abundances normalized to the
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hydrogen atom, npy is total hydrogen atom density, n, are the density of gas species, s;j 1S
the stoichiometric coefficient of element k in gas species i. In the case of charged particles, a
stoichiometric coefficient for charge s;; is included. For neutral species s; ,; = 0 it equals 1 for

anions and -1 for cations.

In the case of condensable species, the partial pressure is expressed in terms of a saturation
ratio. If the saturation ratio is greater than unity, the species undergoes condensation, and the

excess amount is removed from the gas phase by invoking saturation vapor pressure.

p;
S; = e (3.7)
’ P p(T)
va G(jleond], T) — G°(5,T
AGY
PA\a, DBy, DC .
same, = ()" C5) () eap(— ) (3.9)

AGY = G°(AuByCelcond]),T) —aG*(A,T) — bG°(B,T) — cG°(C,T)  (3.10)

Where S; is the saturation ratio and pj" is the saturation vapor pressure.

The solution of the system of equations is challenging due to degenerate numerical solutions
at low temperatures. Using traditional numerical methods like Newton-Raphson leads to a large
condition number for the Jacobian matrix at low temperatures. Moreover, the inclusion of phase

change processes adds a new layer of complexity to the system of equations.

GGChem uses an adaptive method to update the network of chemical reactions by their
elemental abundances. A sorting process arranges elements in order of their abundance based on
user input. For each iteration, GGChem solves a small network of major chemical elements to

update the concentrations of their compounds using a Newton-Raphson method. Output from this
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step is used as the initial condition for the next iteration (Fig. 3.1). This process goes on until the

equations are solved for all chemical elements within the system.
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Figure 3.1: Illustration of GGChem algorithm applied to equilibrium chemistry for the total num-
ber of elements, K = 9 and number of elements taken into account during the iteration, N =4 [287]

In the case of condensates, a compound can affect the concentration of more than one ele-
ment. Changes in elemental abundances due to condensed species are expressed in a transition
matrix. The concentration of dependent variables is updated over multiple iterations of applica-
tions of equilibrium chemistry and the conversion matrix. At each Newton-Raphson iteration,
the algorithm makes sure that the abundances do not reach negative values. The formulation of

conservation equations in the presence of condensates is expressed as follows:
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Where N;,,4 refers to the number of independent variables, k is the element number and c; refers
to the concentration of condensed species j per hydrogen nucleus. N is the number of condensates

and s; ;, is the stoichiometric coefficient of element k in condensate j.

3.3 Cloud formation at high pressures: Metal and silicate
cloud formation

From the list of chemical reactions corresponding to both cloud groups mentioned in previous
sections, it can be concluded that cloud densities change under different assumptions of the
heavy element inventory. Atreya et al. (2019) [20] used a representative value of 3 x solar for
all heavy elements. However, the sub-solar abundance of Na and K as inferred from Juno MWR
poses a question on the fundamental assumption of abundance relative to solar. In the case of
alkali metals, their relative abundance and availability of S and Cl affect the thickness of clouds.
Additionally, the inventory of oxygen and condensation of silicate contributes to sinks at deeper
levels. Therefore, we study three different scenarios of heavy element inventories driving cloud

formation processes:

* Low, medium, and high values of deep water abundance

* Relative depletion of Na and K reservoirs
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o Effect of alkali and silicate cloud condensation

In their atomic states, electronegative species capture free electrons to form stable anions.
In Jupiter’s atmosphere, the primary electronegative elements are O, S, and Cl. These anions
effectively act as sinks of free electrons in the atmospheric medium. Thereby, reducing the
microwave opacity in the presence of a larger proportion of anions. At shallow pressure levels,
O, S, and Cl are primarily stored in the form of neutral compounds like H,O, HsS, NH,SH, and
HCI. H,O is stable in vapor form even at high temperatures. On the other hand, H,S and HCI
are known to be reactive with metallic species. Their inventory is distributed among gaseous and
cloud-forming condensates throughout the deep atmosphere (Fig. 3.2). Therefore, we study three

different scenarios of thermochemical equilibrium driving free electron and ion concentrations.

Free electrons act as a source of absorption at all microwave frequencies. Free-free absorption
applies to mobile electrons due to their low masses relative to other nucleons. Anions on the
other hand carry at least 1000 times more mass than electrons. Therefore, their contribution to
microwave opacity can be neglected compared to that of free electrons. Molecular hydrogen has a
high first ionization potential, and the fraction of ionization continuously increases with pressure
[175]. However, in the pressure range between 100 bar and 10 kbar, alkali metals are the major

source of free electrons.

We determine the equilibrium concentrations of free electrons and ions from the thermochemi-
cal equilibrium model of Jupiter’s atmosphere under different conditions of heavy element inven-
tory. We adopt the temperature profile from Rensen et al., (2023) [227] corresponding to pressure
levels ranging from millibar to kbar. The total electron concentration from equilibrium chemistry
models is used to calculate the microwave opacity using the HARP radiative transfer model. HARP
simulates the brightness temperature and limb darkening for different conditions of NH3 opacity

and NHj concentration, as described in Chapter 2.
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3.3.1 Role of anions on microwave opacity

In the gas phase, a variety of species are predicted, but the primary interest for this work lies in
the ions. The formation of anions acts as a sink for free electrons in Jovian atmosphere, reducing
the effective microwave opacity. We evaluate the concentration of neutrals, ions, and condensable
using GGChem for a range of alkali metal abundances between 3 and 10~7 x solar value. All other
elements are kept at 3 x solar abundance, with solar abundance values adopted from Asplund et al.
(2009) [16]. Concentrations of free ions and electrons as shown in Fig. 3.3 exhibit a monotonically
increasing trend with temperature which directly correlates with pressures, consistent with our

intuition of thermal ionization processes.
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Figure 3.2: Modeled cloud decks for Jupiter’s deep atmosphere with C, N, O, P, S set to 3 x solar
abundance with [M/H] = -4 for alkalis: Na and K [5]
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Figure 3.3: Charge carrier concentrations for Jupiter’s deep atmosphere with C, N, O, P, S set to 3
x solar abundance with [M/H] = -4 for alkalis: Na and K [5]

Under equilibrium conditions, the primary carriers of positive charge in the 100-2000 bar
region are expected to be K™ and Na™ respectively. The primary negative carriers would be
expected to be free electrons from thermal ionization. However, it is inferred that most negative
charge is carried by anions, primarily HS™ and CI~. The formation of these anions is thermody-
namically more favored compared to a state of solely free electrons released by thermal ionization
at such temperatures. Their formation is likely due to an electron attachment process, and it is
highly dependent on the relative abundance of HS and Cl radicals. These radicals are a product of
high-temperature decomposition of H,S and HCI, which also act as important reagents of alkali

salt formation.
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Thermochemical decomposition, thermal ionization, and recombination processes attain a state
of dynamic equilibrium. The production of HS™ and CI~ can be summarized by the following

reactions:

Na = Na® +e~
K=K +e"
HCI+H=H, +Cl
Cl+e =CI-
HSS+M=H,+S+M
H>S + H= HS + Hy
H, + S=HS+H

HS + e~ = HS™

Free electron concentration, on the other hand, is found to be depleted by at least an order of
magnitude relative to total anion abundance. Therefore, even though the anions do not exhibit any
microwave opacity, they act as a major sink of free electrons in the atmosphere. A comparison
of the GGChem-based free electron concentrations finds them to be depleted relative to the
Saha ionization-derived concentrations (Fig. 3.4). The discrepancy arises from the exclusion
of electronegative ions and important reactions of alkalis with atmospheric volatiles at high
temperatures [39]. The gap between the simulations is found to be consistent for [M/H] = -3 and
[M/H] = -4. As MWR is directly sensitive to free electron concentration, a larger amount of alkali

metals is required to fit the same electron concentration.

Without accounting for electron attachment, analysis of MWR observations as described in
Chapter 2 indicated that alkali abundances [M/H] may range between -2 to -5. The decrease
in electron concentration affects the brightness temperature and limb darkening values. We
run a matrix of radiative transfer simulations to compare the T, and L; with the 600 MHz

channel. If we assume Na and K to have the same metallicity, then [M/H] = -1 or 0.1 x solar
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Figure 3.4: Comparison of electron concentration profiles from GGChem thermochemical equi-
librium (new) compared to Saha equation based alkali metal thermal ionization (old) from Bhat-
tacharya et al., (2023) [39].

abundance, at the 1 kilobar level best fits the MWR observations (Fig. 3.5). Alkali metals are
found to be almost an order of magnitude less abundant than other heavy elements. Therefore, the
inclusion of thermochemical reactions and ionization processes hints at the abundance of Na and
K to be depleted relative to their solar values. A large dynamic range for alkali abundance still

exists due to the variability of NHj3 vertical concentration, and corresponding molecular absorption.

It is largely established that alkali salt clouds, and the formation of anions, act as major sinks
of free electrons from alkali metals. As the formation of lower deck clouds is dependent on the

deep abundance of heavy elements, we investigate the response of cloud thickness to variability in
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Figure 3.5: Limb darkening and brightness temperature comparison of MWR observations and
forward model results at 600 MHz and 1.2 GHz for alkali metal [M/H] O to -7 at different ammonia
vapor concentration profiles and opacities. Assuming Na and K to have the same metallicity, [M/H]
= -1 matches with Juno MWR measurements at 0.6 GHz [5].

oxygen, alkali, and other metallic elements.

3.3.2 Effects of deep water abundance

The value of equatorial deep oxygen abundance from Juno MWR exhibits a large range from
1.5 to 8.3 [164], while the GPMS found 0.5 x solar oxygen abundance in a 5 um hot spot.
The global abundance of deep oxygen abundance is still an unresolved question due to the
observed variability in atmospheric mixing. Therefore, we test two extreme cases of oxygen

abundance i.e., 0.5 x solar and 5 x solar following the expected range indicated by Juno and GPMS.

For each case of oxygen abundance, we keep the abundance of C, N, P, S, and Cl at 3 times their
solar abundances i.e., [M/H] = 0.48. The variation in oxygen abundance affects the condensation
level of H»O liquid and ice clouds. No significant change is observed in the cloud thickness of

alkali salt clouds (Fig. 3.6, 3.7).
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Figure 3.6: Modeled cloud decks for Jupiter’s deep atmosphere with observed C, N, P, S abun-
dances (GPMS) and 0.5x solar oxygen [5]

Any change in oxygen abundance between 0.5 to 5 times solar value doesn’t affect the
concentration of dominant charge carriers (Fig. 3.8, 3.9). We have exhausted a large database of
thermochemical reactions in GGChem to show that the thermochemistry of oxygen is not strongly
coupled to alkali cloud formation. However, oxygen abundance can play an important role in
the formation of silicate clouds at deeper levels. Radiative transfer simulations do not show any
major changes compared to the standard case (Fig. 3.10, 3.11). Oxygen abundance affects the
temperature structure only around water cloud lifting condensation level, which exhibits changes

in higher frequency channels of Juno MWR [164].
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Figure 3.7: Modeled cloud decks for Jupiter’s deep atmosphere with observed C, N, P, S abun-
dances (GPMS) and 5 x solar oxygen [5]

3.3.3 Effects of alkali metal depletion

In Chapter 2, we show that the complete removal of K from Jupiter’s atmosphere would require
elevated amounts of Na abundance to fit the MWR 600 MHz observations. Both Na and K have
similar effects on the observed microwave radiation and its angular dependence. Depletion of
either Na or K would affect the cloud densities of alkali salt clouds. In an alternate possibil-

ity, one out of the two elements could have an enriched abundance, and the other could be depleted.

We use GGChem to simulate the thermochemical equilibrium concentrations of charge carriers

and densities of alkali salt clouds. The abundances of C, N, S, P, and CI are kept at 3 times
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Figure 3.8: Charge carrier concentrations for Jupiter’s deep atmosphere with observed C, N, P, S
abundances (GPMS) and 0.5x solar oxygen

solar abundance as described in the previous section. The depletion of alkali metals at deeper
levels causes atmospheric Cl to increase in concentration and react with NHj at shallow levels to
form NH,CI clouds. These clouds are extremely thin and highly sensitive to alkali abundance.
Therefore, we test two different scenarios of alkali element inventory where one of the elements
(Na or K) is assumed to be enriched (3 x solar). We simulate the charge carrier by varying the
abundance of the other element from [M/H] = -7 to [M/H] = 0.48.

First, we assume the Na abundance to be fixed while varying the atmospheric [K/H] (Fig. 3.12).
GGChem simulations of charge carrier concentrations reveal Na* to be the dominant positive ion
beyond 300 bar due to the higher concentration of Na atoms available for thermal ionization. K

dominates over Na at pressures less than 200 bar due to the lower ionization energy of the former.
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Figure 3.9: Charge carrier concentrations for Jupiter’s deep atmosphere with observed C, N, P, S
abundances (GPMS) and 5 x solar oxygen

It shows a sharp transition between 200-300 bar where NaCl clouds are expected to be thicker
than KCl. Despite cloud formation at such depths, Na ions increase monotonically throughout the
temperature transition through various alkali cloud layers. The dominant charge carriers between
300 - 1000 bar are found to be Nat and HS™ (Fig. 3.14). The concentration of Nat overcomes

HS™ beyond 1000 bar, and it is balanced by the upheaval of the free electron concentration.

In the second case, we fix the K abundance and study the variation in charge carrier concentra-
tions owing to the change in [Na/H] (Fig. 3.13). The dominant charge carriers are found to be K™
and CI~ between 200 - 1000 bar. Sharp transitions are observed in Na®™ and Kt between 100 -

400 bar owing to the formation of alkali salt clouds. Beyond 1000 bar, HS™ overshadows Cl~ to
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Figure 3.10: Limb darkening and brightness temperature comparison of MWR observations and
forward model results at 600 MHz and 1.2 GHz for alkali metal [M/H] O to -7 at different ammonia
vapor concentration profiles and opacities. Electron concentrations are adopted from GGChem
simulations of oxygen abundance equal to 0.5 x solar.

be the dominant anions as free electron concentrations increase rapidly to catch up with C1~ (Fig.
3.15). At [Na/H] = -4, charge carrier concentrations are larger than in the former case, i.e. [K/H]

= -4 ([Na/H] = 0.48). This effect can be largely attributed to the lower ionization energy.

Microwave radiative transfer simulations of T, and L, for both cases do not affect MWR obser-
vations at 1.2 GHz. At 0.6 GHz frequency channel, simulation results are found to closely overlap
one another, exhibiting lower sensitivity to changes in only one of the alkali species (Fig. 3.16 -
3.19). Further, the projections from thermochemical equilibrium charge carrier concentrations do
not provide a strong match with MWR observations, especially in the case of depletion of only Na.
In the case where [Na/H] = 0.48 and K is depleted, a marginal match can be found for [K/H] -2, but
the fit is worse than for both elements being 0.1 x solar. We repeat the simulations by keeping one
of the elements (Na or K) at a fixed solar abundance. However, the case of alkali metal enrichment

does not provide a satisfactory match with MWR data.
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Figure 3.11: Limb darkening and brightness temperature comparison of MWR observations and
forward model results at 600 MHz and 1.2 GHz for alkali metal [M/H] O to -7 at different ammonia
vapor concentration profiles and opacities. Electron concentrations are adopted from GGChem
simulations of oxygen abundance equal to 5 x solar.

The depletion of either Na or K predicts the formation of NH,ClI clouds in Jupiter. However,
the abundance of Cl has been not confirmed at Jupiter or Saturn owing to challenges in the
observation. Showman et al., (2001) [248] showed that atmospheric chlorine is depleted by
reactions with NHj3 in the troposphere below the water cloud. It does not allow Cl to reach
shallower levels in any detectable amounts traceable from spectroscopy. Even a value of [M/H] =
-1 for alkali metals would not allow mass transport from a deeper CI inventory to reach the NH3
cloud. GGChem solves the system of reactions point by point throughout the atmosphere. This
approach excludes the upwelling transport of chemicals from deeper levels, and the prediction
of NH,4Cl clouds could be attributed to the methodology and lack of information associated with
Cl at deeper levels. However, the analysis does not shed light on the chemical transport of CI in

Jupiter.
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Figure 3.12: Modeled cloud decks for Jupiter’s deep atmosphere with observed C, N, P, S abun-
dances (GPMYS) and [K/H] = -4 at Na abundance set to 3 x solar

3.3.4 Effects of alkali and silicate cloud formation

We simulate an extreme case of convective transport by not removing the atmospheric condensates
according to their saturation vapor pressures (Fig. 3.20). This is analogous to a strong convective
plume rising from deeper levels. GGChem simulations show the total gas-phase inventories of all
participating elements. All condensable species have a constant mixing ratio between the lifting
condensation level and their extinction levels. The charge carrier concentrations monotonically
increase with temperature. The concentrations vary with similar values to those calculated with
other assumptions (Fig. 3.21).

The radiative transfer simulations do not show any significant deviation from the standard case
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Figure 3.13: Modeled cloud decks for Jupiter’s deep atmosphere with observed C, N, P, S abun-
dances (GPMYS) and [Na/H] = -4 at K abundance set to 3 x solar

of alkali metal thermal ionization. A metallicity value, [M/H] = -1 is still required to explain
the MWR observations in the 0.6 GHz channel (Fig. 3.22). The similarity can be attributed to
two causes. Firstly, the thermal ionization is expected to be higher below the lifting condensation
level of condensable species. Therefore, the availability of condensates does not contribute to the
microwave opacity. Secondly, the siliceous species are expected to condense much deeper than

1000 bar and MWR is expected to be insensitive to such species (Fig. 3.23).

81



0910 Nmol/N 1y
—26 -24 -22 “—30 -18 "'-16 -14 -12

200

300 |

400

500

600 |

700}
800 |-
90

p [bar]

Figure 3.14: Charge carrier concentrations for Jupiter’s deep atmosphere with observed C, N, P, S
abundances (GPMS) and [K/H] = -4 at Na abundance set to 3 x solar

3.4 Discussion

A comprehensive modeling of neutral-ion thermochemistry provides key insights into the cloud
formation and thermal ionization processes in Jupiter’s atmosphere. At high temperatures,
corresponding to pressures exceeding 300 bar, HCl and H,S decompose and acquire free electrons
to form anions. The formation of C1~ and SH™ reduces the free electron concentration by an order
of magnitude (Fig. 3.24 - 3.27). It reduces the overall microwave opacity of the deep atmosphere.
A comparison between MWR observations and radiative transfer simulations reveals Na and K
to be ~ 0.1 x solar below the alkali salt clouds. An elevated amount of alkali metals relative to

that previously calculated is required for an equivalent opacity as MWR, T, and L, are directly
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Figure 3.15: Charge carrier concentrations for Jupiter’s deep atmosphere with observed C, N, P, S
abundances (GPMS) and [Na/H] = -4 at K abundance set to 3 x solar

sensitive to free electron concentration.

We conduct sensitivity analysis to the heavy element inventory of Jupiter’s deep atmosphere.
Equilibrium chemistry associated with high-temperature thermal ionization is not sensitive to
changes in water abundance between 0.5 to 5 x solar. The enrichment of either Na or K does
not seem likely due to the mismatch of microwave radiative transfer simulations with MWR data.

The enrichment of alkali metals affects the chlorine above 100 bar.
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Figure 3.16: Limb darkening and brightness temperature comparison of MWR observations and
forward model results at 600 MHz and 1.2 GHz for [K/H] O to -7 keeping Na at fixed abundance
(3 x solar).

3.5 Disequilibrium Chemistry in Jupiter’s Atmosphere

While the calculations above show equilibrium concentrations of all gas-phase species and con-
densates, the gas-phase dissociation and electron attachment processes can be expected to be rapid.
The thermal decomposition of HyS has a time scale between 0.2 to 2 seconds at high-temperature
conditions (above 1073.15 K) [153]. Thus, at pressures corresponding to 800 bar and above, partial
decomposition takes place within a few seconds. Decomposition of HCI in the presence of atomic
hydrogen is rapid even at lower temperatures [76]. As such, it’s likely both anions will be present;
however, either one is thermodynamically favored over free electrons. While an additional anion
species not included in the chemistry model may be even more favorable, this would only further
deplete the free electrons. Therefore, at temperatures corresponding to alkali vapor ionization, the
chemical processes are largely expected to achieve equilibrium faster than convective and diffusive

time scales.
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Figure 3.17: Limb darkening and brightness temperature comparison of MWR observations and
forward model results at 600 MHz and 1.2 GHz for [Na/H] O to -7 keeping K at fixed abundance
(3 x solar).

3.6 Alkali metals: An exoplanetary perspective

The elements Na and K have strong absorption lines between 5000-8000 A [9, 10, 285]. These
absorption lines have been able to identify and detect the presence of alkali elements in exoplane-
tary atmospheres. However, their abundances show a wide range of variability in different types
of atmospheres in the presence of other clouds. There is no major consensus on the trends of
their abundance in terms of the planetary size or mass. Welbanks et al., (2019) [285] provide a

summary of all detections through 2019.

A possible indication of the low metallicity of the alkali metals in a hot Jupiter exoplanet was
first proposed by [90] as one plausible explanation for the high albedo of Kepler-7b. They derived
an alkali metal abundance 10-100 times lower than the solar value. Since then, the abundance of
alkali metals has been derived for several other giant exoplanets, with abundances ranging from

~ 100 times below solar to ~ 100 times above solar (Fig. 3.28), although the uncertainties are

85



0.0 0.0

0.6 GHz L4 (%)
1.2 GHz L4 (%)

700 750 800 850 900 950 420 440 460 480 500 520

0.6 GHz T}, (K) 1.2 GHz T, (K)

Figure 3.18: Limb darkening and brightness temperature comparison of MWR observations and
forward model results at 600 MHz and 1.2 GHz for [K/H] O to -7 keeping Na at fixed abundance
(solar)

large. Recent observations of two hot Jupiters or Saturns with clear or mostly clear atmospheres
were made. The alkali metal abundance for one such hot Jupiter (HAT-P-1b) is found to be
sub-solar [70], while it was found to be solar to greatly super-solar for the other (WASP-96b)
[212]. Considering the relatively small sample size of hot Jupiters with clear atmospheres, it
is premature to make a meaningful comparison between their alkali metal abundance and the

metallicity in Jupiter presented in this chapter.

The orbit and temperature structure of hot Jupiters are significantly different from Jupiter. This
class of objects does not have a solar system analog. In the case of hot Jupiters, alkali metals
undergo thermal ionization to provide ions driving drag force and ohmic dissipation processes
influencing atmospheric dynamics [225]. Mean zonal winds in Jupiter extend to thousands of
kilometers into the atmosphere, and they are expected to be quenched in the high electron conduc-
tivity regime deeper than 100 - 1 kbar [71]. Planetary formation models have recently hinted at

connecting the enrichment of alkali metals in hot Jupiter with planetary migration inward of the
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Figure 3.19: Limb darkening and brightness temperature comparison of MWR observations and
forward model results at 600 MHz and 1.2 GHz for [Na/H] O to -7 keeping K at fixed abundance
(solar)

water ice line [133]. The relative inventory of refractory elements and volatiles can also probe
into the formation processes of hot Jupiters [177]. Irrespective of differences, it can be concluded
that atmospheric composition measurements may not be representative of global abundances in
gas giants and exoplanets. A new calculation of Rosseland mean opacity shows that both Na and
K abundances have to less than 1073 x solar value to form a radiative zone at 1 - 10 kbar pressure
levels [251]. Therefore, Juno MWR constraints on alkali metal abundance disprove the existence

of such a deep radiative layer in Jupiter.

3.7 Conclusion

Juno MWR observations of Jupiter’s atmosphere previously indicated Na and K abundances to
range between [M/H] = -2 to -5. Alkali metals could be then taken as a representative for other
heavy element abundances at higher pressures. However, metallic elements react with atmospheric

sulphur, oxygen, and halogens to form layers of rock clouds below the water cloud. We run
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Figure 3.20: Modeled cloud decks for Jupiter’s deep atmosphere with observed C, N, P, S abun-
dances (GPMS) and alkali metals set to 3 x solar abundance. Supersaturated vapors and gases are
not removed from the system as an extreme case of convective action

full-scale simulations of chemical equilibrium using GGChem, a Newton-Raphson solver for
atmospheric chemical equilibrium. We derive a formulation of Gibbs-free energy based on theory

and laboratory data.

Equilibrium concentrations of gas-phase species, ions, and condensates are estimated for each
point in Jupiter’s atmosphere with pressure ranging from 0.1 to 10 kbar. High-temperature charge
carrier concentrations reveal CI~ and SH™ to be dominant negative charges, exceeding local
electron concentrations by a factor of 10. They form due to HyS and HCl dissociation followed by

electron capture. The anions are relatively transparent to microwave frequency and act as a sink
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Figure 3.21: Charge carrier concentrations for Jupiter’s deep atmosphere with observed C, N, P, S
abundances (GPMS) and alkali metals set to 3 x solar abundance. Supersaturated vapors and gases
are not removed from the system as an extreme case of convective action

of free electrons. We simulate the electron concentrations for a range of metallicities between
[M/H] = 0 to -7. Electron concentration profiles are fed as input into a HARP microwave radiative
transfer code. A comparison between MWR and RT calculations of brightness temperature
and limb darkening reveals alkali metals to have an elevated abundance compared to previous

calculations, i.e. [M/H] = -1.

Sensitivity tests check the effect of deep oxygen abundance, silicate cloud formation, and en-
richment in sodium or potassium abundances on these results. The deep oxygen abundance has

no visible effect on alkali metal salt clouds and charge carrier concentrations. Alkali-silicate melts
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Figure 3.22: Limb darkening and brightness temperature comparison of MWR observations and
forward model results at 600 MHz and 1.2 GHz for Jupiter’s atmosphere for strong convective
activity

may exist at pressure levels deeper than those sensitive to MWR operating frequencies. They
could provide an additional source of alkali metal sequestration. A detailed knowledge of gas
phase dissolution in metallic compounds will help analyze the role of silicate clouds. Assuming
either sodium or potassium to be enriched relative to the other is not favored as an explanation for
atmospheric microwave thermal emission, although a relative enrichment of sodium and stronger
depletion of potassium cannot be excluded. In sum, a detailed analysis of Jupiter’s deep atmo-
spheric chemistry can be combined with Juno MWR observations to show an abundance of sodium

and potassium near [M/H] = -1 at pressure levels of roughly 1 kilobar.
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Figure 3.23: Limb darkening and brightness temperature comparison of MWR observations and
forward model results at 600 MHz and 1.2 GHz for Jupiter’s atmosphere for strong convective
activity in the presence of siliceous species
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Figure 3.24: Modeled free electron densities at a given pressure level, compared to two of the
best-fit profiles of Bhattacharya et al. (2023) [39] at 200 bar
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Figure 3.25: Modeled free electron densities at a given pressure level, compared to two of the
best-fit profiles of Bhattacharya et al. (2023) [39] at 600 bar
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Figure 3.26: Modeled free electron densities at a given pressure level, compared to two of the
best-fit profiles of Bhattacharya et al. (2023) [39] at 1 kbar
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Electron densities at 600 bars, removing condensates, including Mg/Si/etc.
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Figure 3.27: Modeled free electron densities at a given pressure level, compared to two of the
best-fit profiles of Bhattacharya et al. (2023) [39] with case of deep-condensing elements included
at 600 bar
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Figure 3.28: Comparison of exoplanet Na and K metallicities with Juno MWR inferred alkali metal
abundance in Jupiter’s atmosphere ~ 100 bar - 1 kbar
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CHAPTER 4

Juno Microwave Radiometer Observations of
High-Energy Electron Precipitation Events

4.1 Introduction

Juno Microwave Radiometer passes over Jupiter’s Northern Aurora showing regions of antenna
temperature much colder than deep thermal emission. They are prominent features at the lowest
frequency channels, i.e., 0.6 GHz and 1.2 GHz. Hodges et al., (2020) [140] analyzed the MWR
data to show these features to be correlated with main auroral UV emissions. A plasma reflection
theory was put forward to explain the reduction in antenna temperatures. It requires high
electron concentration in the auroral ionosphere that reflects a proportion of Cosmic Microwave
Background Radiation (CMBR) to reduce the observed antenna temperature significantly. Plasma
reflection-based inversion of MWR temperatures estimated electron densities ~ 10° cm™3. The
electron concentrations are found to be 100 times higher than steady-state predictions from
theoretical models of energetic/plasma particle precipitation. Furthermore, the inversion of T, to
determine electron density did not provide much information about the ionospheric structure and
sources of ionization. The Jovian ionosphere is influenced by various ionization processes due to
solar EUV photons, electron, and ion precipitation as evident by the presence of multiple electron

density layers found during radio occultation experiments [193].

Since JOI in 2016, MWR has collected antenna temperature data over the North Pole
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during the perijove passes. The previous literature dated 2020 focuses on reporting the MWR
observations of the Jovian aurora for the first 21 orbits. Since 2020, Juno has completed more
than 60 orbits, far into its extended mission phase. Thus, there is a strong scientific desire
to analyze the MWR data through the extended mission phase as the Juno spacecraft line of
apsides precesses provides a detailed analysis of the antenna temperatures and their variabil-
ity. In this chapter, antenna temperature variations over spin and orbit changes are studied
about the effect of electron precipitation. The sensitivity of atmospheric plasma opacity to elec-

tron precipitation is simulated with inputs from Juno in-situ electron flux up to energies of 10 MeV.

Electron precipitation intensities at energies up to 10 MeV inferred from the Jupiter Energetic-
Particle Detector Instrument (JEDI) [186] and Ultraviolet Spectrograph (UVS) [115, 144] instru-
ments are used as a Northern Hemisphere case study to understand the energy deposition and
ionization processes in the lower stratosphere, and subsequently used to estimate the microwave
and ultraviolet opacity and emission from the auroral region. A new auroral energy deposition
model that combines a continuous slowing down approximation (CSDA) of energetic particles
[216] with discrete energy loss modeling at electron energies below 10 keV [276] was used to
determine the ionization and thermal heating of the atmosphere. The ion production, chemical re-
actions, and thermal dissipation resulting from the auroral energy deposition were integrated into
a time-dependent model of Jovian atmospheric chemical kinetics, that corresponds to the energetic
electron precipitation. Then, the model is used to calculate the microwave absorption and to as-
sess the impact of locally generated ionospheric layers on the transmission of microwaves in the
high-latitude atmosphere. The generally elevated electron densities throughout the high latitude
region result in increased absorption of microwaves with dramatic transient changes in antenna
temperature that vary over a timescale of less than 10-30 s in localized regions associated with a

large energy flux of electrons.
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4.2 Multi-spectral observations of Jupiter’s polar aurorae

Planetary aurorae result from energetic electron or ion impingement into the gaseous envelope of a
planet. The particles are accelerated by plasma and wave processes that in the case of magnetized
planets result from interactions with the solar wind or from internal shears in the magnetospheric
plasma of the planet. In many cases these processes lead to the redistribution of momentum and
energy within the system via field-aligned currents, consequently accelerating charged particles
to very high energies. As the energetic particles interact with the gaseous envelope of the planet,
they dissipate their energy through ionization; production of x-rays, ultraviolet, and visible
(nonthermal) emissions; molecular dissociation and resulting chemistry; and through heating of
the atmospheric envelope that results in atmospheric/ionospheric transport and increased infrared

emission.

The high latitude aurora at Jupiter’s North Pole is largely divided into three sections [122]:

« Satellite flux tube footprints: These emission features are observed at the polar footprints of
plasma flux tubes originating from the motion of Jovian satellites. The moons lo, Ganymede,
and Europa exhibit the strongest footprint features, with Io’s contribution being the most

dominant feature in the UV emission spectrum.

* Main auroral emission: It consists of the main auroral oval titled w.r.t. Jupiter’s pole. This
feature co-rotates with the planetary magnetic field and appears as a static feature in the

System III corotating coordinate system.

* Poleward auroral emission: These emission features lie poleward of the main auroral oval.
They are highly transient emission sources corresponding to a complex magnetic field topol-

ogy of open and closed field line features.

The polar region inside the main auroral oval can also be classified into active, swirl, and

dark regions. The active region consists of two bright transient polar flares and a permanent
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arc-like feature. It has a sub-corrotational nature, and it is confined between noon to post-noon
solar local time sector. The swirl region is characterized by a region of patchy, transient features
that occasionally form a clockwise swirl motion. Lastly, the dark region is a sub-corotating
crescent-shaped region occurring on the dawn side. It is almost devoid of any auroral emission.
Field-aligned currents in this region are expected to be downward-directed (upward-moving

electrons).

4.2.1 Pre-Juno Observations

Radio and microwave frequencies have been useful tools to probe Jupiter’s auroral emission and
inner magnetospheric interactions. Jupiter’s magnetic field was first detected by Earth-based
measurements of nonthermal radio emissions at the Carnegie xx. [59]. It hinted at the presence of
ultra-relativistic electrons in its space environment. Emissions between 10-40 MHz were detected
and consequently attributed to cyclotron emissions from electrons. Radio wave emissions with
low-frequency components in 10 kHz to several MHz were detected during flyby of Voyager 1
and Voyager 2 emissions: hectometric emission (HOM, 200 kHz - 1 MHz), broadband kilometric
emission (bKOM, 10 kHz - 1 MHz) and narrowband kilometric emission (nKOM, 100-200
kHz) [65, 162, 295]. The discovery of Jovian decametric emission (DAM) modulations with
the orbital position of Io provided strong evidence for electromagnetic interactions between
Jupiter’s inner magnetosphere and its inner satellites [41]. Further observations from Ulysses,
Galileo, and Cassini instruments led to the discovery of quasi-periodic radio bursts (QP, period ~
15-40 minutes) [179], and characterized the population of non-equilibrium charged particles at

high-latitude Jovian plasma.

Likewise, radio occultation conducted during Pioneer 10 flyby provided the first measurements
of Jupiter’s ionospheric electron density profiles. Later, Voyager missions and the Galileo orbiter

collectively provided an extensive survey of ionospheric electron density profiles. It was primarily
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focused on the low and mid-latitude ionosphere, with a few auroral radio occultation experiments
conducted by Galileo at 68° and 76° N latitudes. The microwave frequencies at GHz frequency are
sensitive to Jupiter’s synchrotron radiation [45]. Relativistic electrons in Jupiter emit nonthermal
emissions at microwave frequencies, exhibiting a strong variability with solar wind pressure. Both
radio wave and microwave emissions have been useful in understanding the effects of solar wind

on magnetospheric structure [44, 130].

Electron precipitation into the hydrogen envelope of the gas giant atmosphere causes the
excitation of hydrogen Lyman band, Werner band, and Lyman Alpha emissions. First discovered
by Voyager 1 UVS instrument [54], it has followed with subsequent investigations by Voyager 2
[238, 55], International Ultraviolet Explorer (IUE) [276], Galileo UVS [7], Hopkins Ultraviolet
Telescope (HUT) [8] and Hubble Space Telescope (HST) [74]. UV emission spectra can be
directly connected to the amount of electron precipitation using a UV color ratio (CR), defined as
the ratio of UV emission intensities between 155-162 nm to that of 123-130 nm. It differentiates
the electron energy by taking into account UV absorption contribution from Jovian hydrocarbon

species [294].

I(155nm — 162nm)

CR=
I(123nm — 130nm)

4.1)

The morphology of UV aurora emissions maps the nature of magnetic field topology at the
Northern and Southern hemispheres. These emissions can be magnetically mapped to sources
within the Jovian magnetosphere, with footprints of inner satellites like lo, Ganymede, and Europa
contributing to localized charged particle precipitation [75, 121]. Some UV emission events
poleward to MAE have been mapped at distances beyond ~ 100 R;, providing evidence for
plasmoid ejection at the magnetotail [123]. As UV emissions are caused by collisional excitation,
they have very short decay times and vary rapidly. Auroral emission mapping shows that the MAE

features are fixed regarding Jupiter’s rotation frame, unlike Earth’s aurora.
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The precipitation of heavy ions of carbon, oxygen, and sulphur undergoes charge exchange
and ionization that emit at X-ray wavelengths. These emissions have been monitored over many
decades by the Chandra X-ray Observatory [116, 51], XMM Newton Telescope [52, 99] and
Rontgen satellite (ROSAT) [275]. In both the Northern and Southern hemispheres, X-ray auroral
hotspots were found to have periodic pulsations at periodicities of 9, 12, 40-45 min. Recent
studies show pulsations to be bi-modal, likely due to the expansion and compression of the Jovian

magnetosphere in response to the solar wind [99].

Ionization of molecular hydrogen in the aurora and its interaction with molecular hydrogen
neutrals leads to the formation of Hj . Hy emits in an infrared emission at 2-5 zzm band that occurs
450-1050 km above the 1 bar level [95]. It is considered a tracer to probe the high-altitude region,
and its response to atmospheric energy deposition at altitudes above the methane homopause.
Measurement of Hj emissions provides the column depth and ionospheric temperature that can
be attributed to both external (solar EUV, particle precipitation) and internal sources (gravity
waves). Near the CH; homopause, Hj ions are consumed by reaction with methane. Electron
precipitation at energies > 100 MeV penetrates the CH, homopause leading to neutral heating.
The primary hydrocarbons i.e. CHy, CsHy, CoHg, and CH3 show up at 1 pbar level, leading
a polar brightening in both the hemispheres [63, 158, 62, 253]. These hotspots are observed

within the main auroral oval and have been attributed to high-energy charged particle precipitation.

4.2.2 Juno Observations

Being a polar orbiter with a perijove around the North Pole, Juno provides an extensive radial
survey of energetic charged particles in Jupiter’s inner magnetosphere. The JEDI electron flux
data over multiple Juno perijoves revealed the presence of a broadband electron flux, highlighting

plasma turbulence and stochastic processes to play a role in charged particle acceleration
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[184, 190]. Ions of S, O, and Na with energies greater than 10 MeV were detected to be
precipitating over the polar cap in the Northern and Southern hemispheres [131]. Precipitation
of these energetic ions is a source for X-ray auroral emissions at the Jovian poles [81]. Several
cases of high-energy electron flux with peak energy equivalent to 100 keV were measured at both
hemispheres. Electrons have a higher penetration power relative to ions with similar energies.
Thus, precipitation of MeV electrons leads to atmospheric heating and ionization much deeper
into the stratospheric region. Regions of bidirectional electron beams have been inferred from
JEDI data, with a strong upward acceleration of electrons [189]. Additionally, the Juno star
trackers: Advanced Stellar Compass (ASC) [91] and Stellar Reference Unit (SRU) are also
sensitive to high-energy relativistic ions and electrons. The magnetometer instrument onboard
Juno conducts pole-to-pole measurements of Jupiter’s magnetic field. The magnetic field vectors
have been analyzed over the first 9 orbits to provide a high-order spherical harmonics model
of Jupiter’s internal magnetic field [78]. Connerney et al., (2022) updated the model to include
magnetic field data from the first 33 Juno orbits [79]. These measurements provide improvements
in understanding magnetic field anomalies, and tracing of charged particle transport through

magnetic field line vectors.

The Juno UVS emission and CR maps characterized the auroral emission poleward to MAE.
Auroral UV emissions amount to 1000 kR and the upper bound of UV CR is found to be 20.
Magnetically mapping the UVS emissions to JEDI in-situ electron flux hints at charged particle
acceleration between spacecraft and TOA. Benmahi et al., (2024) showed a correlation between
UV CR and characteristic energy corresponding to electron energy kappa distribution [33]. Thus,
CR maps can be interpreted to infer TOA electron flux over the auroral region. UVS emission
spectra also probe the overall Pedersen conductivity due to steady-state concentrations of H7 , and
hydrocarbon ions; estimating the conductances to range between 0.1 to several mhos. The Jovian
InfraRed Auroral Mapper (JIRAM) instrument measurements associated with thermospheric Hy

emissions show a large variability between 600-1400 K within a Jovian day [3]. Spatial locations
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of auroral oval inferred from JIRAM data show a match with Earth-based observations of MAE,
and statistical model derived from HST Space Telescope Imaging Spectrograph (STIS) [122]. Con-
current observations of JIRAM and UVS during PJ 1 pointed at the precipitation of high-energy
electrons, and H;)r loss due to interaction with CHy in Jupiter’s atmosphere [112]. It hints at the

formation of hydrocarbon ions in Jupiter’s auroral regions.

4.3 Juno Microwave Radiometer observations

The measurements from the Juno mission [140, 214] have demonstrated that the aurora via its
generation of a local plasma enhancement (ionosphere) is associated with the apparent cold spots
in the microwave emission. These cold spots in MWR antenna temperatures are correlated with
UVS measurements at the Northern Aurora. Figure 4.1 describes a case of cold spot during
PJ 5 which can be seen to be associated with UV auroral emissions. These phenomena are
observed as a local decrease in brightness temperatures at low frequencies (0.6 — 1.2 GHz)
within the observation window of the Juno Microwave Radiometer. As a result of the latter, the
process affects the high-altitude distribution of the planet’s microwave radiation by absorbing and
redistributing the atmospheric microwave thermal emission at high latitudes, effectively acting

like an opaque medium.

In Chapter 2 we briefly mentioned the association of Jupiter’s aurora with the MWR observa-
tions. When the Juno spacecraft passes over the poles, the low-frequency channels i.e. channels
1-4 observe regions colder than the nominal atmospheric thermal emission [140]. The existence
of this absorption is most apparent in the correlation when overlaying a map of the microwave
radiation onto the auroral oval observed by the Juno UltraViolet Spectrograph (UVS) [140], which
serves as an excellent proxy of the boundaries of Jupiter’s auroral and polar cap particle precipita-
tion regions. In the Northern Hemisphere, Juno provides a more spatially resolved measurement of

polar thermal radiation. It has been particularly designed to identify and resolve thermal emissions
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Figure 4.1: Juno MWR channel 1 (0.6 GHz) antenna footprint (top figure) and antenna tempera-
tures (bottom figure) overlaid on the Juno UVS data during PJ 5 (blue color)

from polar vortices at high atmospheric pressures not observable in visible or infrared wavelengths.
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Juno perijove (PJ) observations provide a direct measurement of antenna temperature at mi-
crowave frequencies. The antenna temperatures at high latitudes exhibit cold features at 0.6, 1.2,
and 2.2 GHz channels over discrete auroral arcs [140] and within the polar cap. The relative differ-
ences between the cold spot brightness temperature and the background atmospheric temperature
decrease at higher frequencies, but are more prominent at 0.6 and 1.2 GHz. For our study, we
consider the antenna temperatures corresponding to PJ 1, 3-54 at 0.6 GHz and 1.2 GHz from 50
deg. N to the pole. We apply a cutoff filter for T4 such that temperatures below the cutoff value
represent auroral cold spot regions. The cutoff T4 for the 0.6 GHz and 1.2 GHz are equal to 800
K and 450 K respectively. The cutoff latitude for data filtering is chosen to be 50 deg. N as cold
spots have been observed between 50-90 deg. N [140].
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Figure 4.2: T4 corresponding to low-frequency channels filtered for emission angle less than 10
deg., and 7’4 magnitude less than the respective cut-off for PJ 1-54. Near-nadir values of 74 exhibit
a large range with lower limits in ranges ~ 450 — 750 K (0.6 GHz), and 350 — 415 K (1.2 GHz).
Large dips in the 7’4 can be observed in both channels during multiple PJ orbits. A small range of
T’y can also be attributed to atmospheric variations in both channels. Orbits with a large range in
T4 magnitudes appear to be positively attributed to energetic precipitation events.

Figure 4.2 shows a range of 7’4y magnitudes for each PJ where 7’4 is expected to be less than the
cut-off value. We set cut-off values for the 0.6 GHz channel, and the 1.2 GHz channel equal to 800
K, and 450 K respectively based on the probability distribution of 7’4 from atmospheric thermal

radiation. It can be seen that regions of cold 7'y have been observed over multiple orbits. [140]
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provides a detailed analysis of these cold regions during Juno’s first 21 orbits. It represents the
variation over various latitudes and footprint sizes. During the mission, the perijove (i.e., line of
apsides) of Juno continuously precesses northward, providing increased resolution of the northern
high latitudes (Fig. 4.3). Therefore, the MWR footprint over the North Pole varies over each
perijove. Radiometer resolution is limited by footprint length scale, and any variations in 7’4 can

be partially attributed to the observation geometry, and distance from the nadir viewing altitude.
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Figure 4.3: Illustration of Juno orbit trajectories from Juno Prime Mission to the extended mission
phase including a flyby of inner Jovian moons. The perijove continuously approaches towards the
North Pole, providing a fine antenna beam size during the later orbits.

The effective variation in cold spot antenna temperatures cannot be solely attributed to changes
in MWR footprint over different orbits. We highlight the MWR observations corresponding to
two distinct orbital geometries i.e., PJ 15 and PJ 22. These observations represent the changes in
MWR observation geometry and polar projection of antenna footprints. Footprint size decreases

relative to the auroral oval in later PJ orbits as we go from PJ 15 to PJ 22 (Fig. 4.4, 4.7).

This phenomenon has been identified in other perijove orbits, including PJ 05, 10, 11, 16, 22,
26, 27, 28, 30, 32, 37, 40, 46 and 54. Here we present a case study of PJ 37 where the MWR
antenna temperatures identify rapid change within consecutive spacecraft spins (Fig. 4.8 and 4.9).
Four cases are presented where the feature is particularly prominent in both channels i.e. PJ 10,

PJ 37, PJ 46, and PJ 54 (Fig. 4.10 - 4.13). In the figures given below, the time series of antenna
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Juno/MWR observational geometry, PJ15, channel 1
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Figure 4.4: Polar projections of MWR channel 1 antenna footprints corresponding to PJ 15 as a
function of spin number. The footprint size of the MWR antenna beam changes relative to the
size of the auroral oval (black), and the footprints of lo (orange), Europa (green), and Ganymede
(blue). The plotted footprints represent a sample of actual footprints throughout the mission. As
the mission progresses, the altitude of the observation changes due to the northward precession of
the perijove of Juno’s orbit. The footprints indicate a large degree of overlap between consecutive
spins.

temperatures for the first two MWR channels show rapid changes in bore sight temperature

within 30 seconds for a given channel. In many cases, the temperatures appear to be consistently
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Figure 4.5: Polar projections of MWR channel 1 antenna footprints corresponding to PJ 15 as a
function of spin number. The footprint size of the MWR antenna beam changes relative to the
size of the auroral oval (black), and the footprints of lo (orange), Europa (green), and Ganymede
(blue). The plotted footprints represent a sample of actual footprints throughout the mission. As
the mission progresses, the altitude of the observation changes due to the northward precession of
the perijove of Juno’s orbit. The footprints indicate a large degree of overlap between consecutive
spins.

changing in both channels, however the magnitude of variation differs between the two. T4 is

expected to change within a spin period (~ 30 s). However, there is a 120-degree along-spin
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Figure 4.6: Polar projections of MWR antenna temperatures (1.2 GHz) corresponding to PJ 15.
Consecutive spins observe the same region of the atmosphere due to the overlapping footprints.
Similar to the 0.6 GHz channel, the 1.2 GHz channel exhibits cold T 4 magnitudes ranging between
450 - 435 K. A small degree of variation is observed over consecutive spins along the PJ track.
The cold regions at 1.2 GHz are bounded by the Io footprint and spatial variations of polar auroral
emissions.

separation between the 0.6 GHz antenna boresight and the 1.2 GHz boresight, resulting in a

10-second delay between observations of the same location. As the stripes of high and low T4
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Juno/MWR observational geometry, PJ22, channel 1

Figure 4.7: Polar projections of MWR channel 1 antenna footprints corresponding to PJ 22. The
footprint size of the MWR antenna beam changes relative to the size of the auroral oval (black),
and the footprints of Io (orange), Europa (green), and Ganymede (blue). The plotted footprints
represent a sample of actual footprints throughout the mission. As the mission progresses, the
altitude of the observation changes due to the northward precession of the perijove of Juno’s orbit.
The footprints show a large degree of overlap between consecutive spins. Both PJ 15 and PJ 22
represent cases of large channel 1 antenna beam footprint relative to the main oval.

regions do not show any spatial correlation between 0.6 and 1.2 GHz channels, the source function

of the electrons absorbing the microwave emission can be expected to vary much faster (~ 10 s).
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Figure 4.8: Polar projections of MWR antenna temperatures (0.6 GHz) corresponding to PJ 22.
Consecutive spins observe the same region of the atmosphere due to the overlapping footprints. As
in the case of PJ 15, a large degree of variation is observed in 0.6 GHz T 4 values within the MAE.

These regions of cold Ty are contained primarily within the main auroral emission (MAE) and
footprints of primary satellites: Io, Ganymede, and Europa. They are situated either poleward or

in regions adjacent to the Io footprint. However, the morphology of cold regions can differ from
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P] number: 22 (1.2 GHz)
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Figure 4.9: Polar projections of MWR antenna temperatures (1.2 GHz) corresponding to PJ 22.
Consecutive spins observe the same region of the atmosphere due to the overlapping footprints.
Thus, rapid changes in antenna temperatures are associated with temporal changes in the iono-
spheric medium. A little portion of 1.2 GHz T4 values outside the MAE show a small decrease,
attributed to large antenna beam size.

one orbit to another. Bonfond et al., (2017) [47] provides the mean position of MAE and satellite
footprints over the North Pole. The footprint and MAE coordinates are publicly available in the

supplementary data section of the referenced paper.
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Figure 4.10: Time series data of 0.6 GHz (blue) and 1.2 GHz (red) channel bore sight antenna
temperatures (PJ 10) within 15 deg. emission angles.

4.4 Electron Precipitation: Atmospheric Heating and Ioniza-
tion

4.4.1 Background

Early works on electron precipitation at Jupiter and Saturn focus on low-energy monoenergetic

electron beams and their degradation due to collisional processes with 5 and He. In a real atmo-
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Figure 4.11: Time series data of 0.6 GHz (blue) and 1.2 GHz (red) channel bore sight antenna
temperatures (PJ 37) within 15 deg. emission angles.

sphere, a complex energy distribution of energetic electrons and ions beam into the atmosphere,
causing neutral heating and excitation processes. Hot electrons collide with H, to ionize the
atmosphere and form H* and H; ions. Secondary electrons undergo subsequent collisions to
distribute the electron energy into deeper levels of the upper atmosphere. One-dimensional models
of electron transport and energy deposition have been crucial to the understanding of Jovian
ionospheric composition and thermal structure. Waite et al. 1983, adopted a Saturn ionosphere
two-stream model of electron transport for Jupiter to estimate electron density, and UV emission
rate [276]. It was extended by Grodent to couple electron transport with a heat conduction

model. Egert et al., (2017) adopted the Global Ionosphere Thermosphere Model (GITM) for a
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Figure 4.12: Time series data of 0.6 GHz (blue) and 1.2 GHz (red) channel bore sight antenna
temperatures (PJ 46) within 15 deg. emission angles.

one-dimensional auroral ionosphere model [101]. It simulated electron precipitation up to 100

keV electrons.

Continuous slowing down approximation models based on particle interactions have been
applied to Jupiter’s atmosphere with 100 keV energies [257]. The model provides an accurate
distribution of energy deposition, and secondary electrons without the complexity of simulating
transport for each energy bin. These models have a wide application, from cosmic ray ionization
of molecular clouds to particle precipitation in terrestrial atmospheres. In recent years, particle

interaction codes based on Monte Carlo methods have been adopted for planetary applications. In

113



825
450
800
- 445
775 A
750 A
. - 440
T N
T T
U] U]
w 725 A ~N
=) =
= 435 <
700 A
675 1 - 430
650
425
625
T T T T T T T T
0 100 200 300 400 500 600 700 800

ET (s) +7.473598

Figure 4.13: Time series data of 0.6 GHz (blue) and 1.2 GHz (red) channel bore sight antenna
temperatures (PJ 54) within 15 deg. emission angles.

particular, GEANT4, a particle physics code developed at the European Organization for Nuclear
Research (CERN), has been adapted for planetary environments (planetocosmics) [92]. In its
recent forms, it has been used to simulate the effects of solar energetic particles, and galactic

cosmic rays on terrestrial planets and Titan.

The spatial complexity and importance of auroral processes that lead to heating, ionization, and
dissociation over a large high-latitude surface area cannot be understood without the use of global
circulation models that bear on the associated atmospheric transport. Several global circulation

models (GCM) of Jupiter’s upper atmosphere have been developed over the years: Jovian lono-
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sphere Model (JIM) [2], Jupiter Thermosphere General Circulation Model JTGCM) [50]. Addi-
tionally, some one-dimensional magnetospheric models are coupled with two-dimensional GCMs.
The GCMs provide system-level constraints on vertical and horizontal winds at mid-latitudes and
polar regions, effectively simulating the transport of hydrocarbons in the thermosphere and strato-
sphere. In addition, Juno’s fields and particle measurements have changed the paradigm on particle
acceleration processes in Jupiter’s aurora with both classical Earth inverted V and broadband en-
ergy acceleration taking place. Most notably the degree of acceleration extends the anticipated
energy range to energies exceeding 10 MeV, almost an order of magnitude larger than pre-Juno

expectations.

4.4.2 Hybrid Electron Precipitation Model

To deal with the highly extended energy range of auroral acceleration we developed an electron
precipitation model of the Jovian upper atmosphere using the CSDA approach. In the model,
energy loss is expressed as a differential of local column density of H; equal to the loss function.
The energy loss function of electrons in Hs is a sum of various loss processes like Coulomb
interactions, inelastic collisions, ionization, bremsstrahlung, synchrotron emission, and inverse
Compton scattering (Fig. 4.14). Atmospheric energy deposition and ionization due to collisional
interactions with neutral species are simulated for a pure Hy atmosphere. We apply CSDA to
compute electron energy loss at an average 45° pitch angle using the loss function of Hs-e™

interactions provided in [216].

dE
Li(Ey) = —le@ 4.2)
N(H,) = / n(Hy) dl (4.3)

Here, L;(Ey) is the total electron loss function, dEj is the amount of differential energy loss
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corresponding to penetration of dN(Hs) hydrogen column depth, and n(H,) is total Hy number

density. The effects due to other constituents such as He or CH, will be secondary to Hs.
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Figure 4.14: Fitting curves to total electron stopping power of hydrogen molecule at different
electron energies [216]

A high-latitude model of Jupiter’s thermosphere and stratosphere from [206] is adopted for
the simulations. We apply the results of two-stream electron transport modeling assuming primary
electrons ~ 10 keV. The energy partitioning is used to calculate rates for electron impact ionization,
and direct excitation (v, — v/3) assuming ion-pair production of 39.38 eV per ion pair produced. The
direct electron impact excitation of Hy has a branching ratio of 1 : 0.1: 0.007. Table 4.1 provides

a summary of all energy partition values used in this work.
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Table 4.1: Summary of energy partitioning of total energy deposition associated with electron
precipitation in Jupiter’s atmosphere

Process Energy partitioning value (percent)
Neutral heating 11.06
Electron heating 1.65
H; production (reaction E;) 38.91
H* production (reaction E) 6.09
UV emission 18
Total H, direct excitation 8.31

4.4.3 Chemical Kinetics of Jupiter’s Auroral Ionosphere

We developed a one-dimensional chemical kinetics code for planetary atmospheres, Compre-
hensive Coupled Chemistry Model (C*M). It solves the reaction-diffusion equations for a set of
coupled reactions for electrons, ions, and neutrals. It has been developed based on Athena++
[265], a magnetohydrodynamics code for astrophysical applications, and Cantera [118], a
C++-based chemistry code used for combustion and chemical engineering applications. The code

is publicly available on GitHub.

4 _ 0% p (4.4)

ot 0z
0x; 1 1 1 0P, «;0T

¢ = —(K+D)Q—- +in(FO_E_EE_TaZ) (4.5)

Here, g; is the number density of species i, ¢; is the flux of species i through a given point in
the atmosphere, () is the total number density, R; is the net production rate i.e., the sum of all
chemical source, and sinks. K is the eddy diffusion coefficient, D; is the molecular/ambipolar
diffusion coefficient, and x refers to the mole fraction of a given chemical species 1. Hj is the
average well-mixed atmospheric scale height, and H; is the scale height corresponding to a given

atomic or molecular species. For ions, ambipolar diffusion has been taken into account with an
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additional term due to the electron pressure gradient. P, is electron pressure, and it is relevant to
ambipolar diffusion in ions [209]. «; refers to thermal diffusion coefficient. Thermal diffusion is
important for H, and He, and it is set to zero for all other species [161]. A fixed mixing ratio of H,,
He, CH,, C3H,, CoHy, and CoHg are assumed at the lower boundary following number densities
provided by Moses and Poppe (2017) [206]. We also maintain a zero flux boundary condition at
the upper boundary, as atmospheric constituents are too heavy to escape and the upper boundary

is expected to be at photochemical equilibrium (Table 4.2).
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10-5 3 Molecular diffusion

102 3

Pressure (mbar)

1071 3
10°
101 7
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103 - . . . . . .
10! 107 10° 107 10° 10t
Diffusion Coefficient (cm?/s)
Figure 4.15: Eddy and molecular diffusion profiles adopted for Jupiter’s atmospheric chemical
kinetics model. Eddy diffusion is adopted from early models of Jupiter’s stratosphere [204, 206],

while the molecular diffusion is calculated based on binary diffusion provided in Nakamura et al.,
(2022) [209]
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Table 4.2: List of important boundary conditions for Jupiter’s atmospheric chemistry model

Species | Boundary condition (Bottom) | Boundary condition (Top)

H, Xp, =0.86 Oy, =0
He Xpe =0.135 Dy =0

CH,4 Xcn, =0.0018 Dcp, =0

CyH, Xc,m, = 3.450 x 10712 P, =0

CyH, Xc,m, =5.805x 10712 Do, =0

CyHg X, = 1.025 x 1077 Do, =0
H; Xyt = 0 @H; =0

H* Xup+ =0 O+ =0
e Xe-=0 d.- =0

C3M uses a semi-implicit scheme for evolving the system to the final state. The scheme is first-
order implicit in the time domain [165], and uses an explicit second-order finite difference scheme
[143] for diffusion. Therefore, the stability is controlled by the total diffusion coefficient expressed
as the sum of molecular, and eddy diffusion. Eddy diffusion in our model is based on knowledge
of stratospheric photochemistry [204, 206], and molecular diffusion is expressed in terms of binary

collision frequency with H, [209] (Fig. 4.15).

4.4.4 Reaction Mechanism

Charged particle precipitation into high-latitude ionosphere initiates a chain of reaction leading
up to the formation of C, hydrocarbons [252, 288]. These products act as precursors for the
production of complex hydrocarbons like Benzene and other polycyclic aromatic hydrocarbons
(PAH). Between the 0.1 to 1 mbar pressure range, these complex hydrocarbons undergo nucleation
and sedimentation [108]. Their role in heterogeneous chemistry has been proposed in the context
of recent HCN and CO column density observations by ALMA [67]. Electron precipitation
governs a system of coupled ion-neutral and neutral reactions affecting the local chemistry
of hydrocarbons and nitrogen species. As the microwave opacity of the Jovian ionosphere is

dependent on local electron and ion concentrations, we restrict our reaction mechanism to simulate
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the chemical cycling of ions and electrons in the upper atmosphere.

The primary chemical reactions corresponding to Jupiter’s ionosphere consist of photochemi-
cal, electron impact processes coupled with ion-neutral reactions. We solve the system of reactions
relevant to electron impact process, and ion-neutral reactions for the following species: Hy, Hj,
H*,H,e",HJ, CH,, CH, CH;, CH;, He, CH3, CH,, He ™, CH;, CHT, HeH", CH, C,Hg, CoHs,
C.H,, CoHj;, CoH,, C4Hg, C, C4H;, C3Hg, Co, CoH, Hao(v1), Ha(vs), Ha(vs), Ha(vy), Ha(vs),
Hy(v6), Ha(v7), Ha(vg), and CoHZ. All reaction pathways, and corresponding rate expressions,

are provided in Appendix C.

Molecular hydrogen undergoes secondary electron impact ionization through the E; and E,
pathways. Hj reacts with Hy to produce Hj (reaction C;). Hi undergoes destruction through
two pathways: (i) dissociative recombination with electrons (Cs), and (ii) proton exchange with
hydrocarbons below CH, homopause (Cg). We mainly focus on the reaction with CH, due to its
higher abundance, and it leads to the formation of CH; ions. Similarly, HJ reacts with CHy to
produce CH;, CH; and CH; ions (C;;—C;3). CHZ reacts with other constituent hydrocarbon
species like CoH, and CsHg to produce C2H5+ ions (Cy9 and Csp). In our model, we restrict
ourselves to CHZ and CoHZ ions due to uncertainties in reaction rates associated with longer chain
hydrocarbon ions. The CHF and C,H; ions recycle back to constituent hydrocarbons through
dissociative recombination with electrons (C;3—C5y; and Cz3;—Csg). For molecular ions, the
dissociative recombination rates are high and thereby, they are expected to be short-lived species.
As high-energy electrons penetrate below the CH, homopause, their interactions with molecular
hydrogen will produce hydrocarbon ions. Figure 4.16 shows a schematic of important ion-neutral

reactions within the chemical kinetics reaction network.

Collisions with secondary electrons also cause vibrational excitation processes in molecular hy-

drogen (V1). A significant proportion of total energy deposition is partitioned into direct excitation
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Figure 4.16: A schematic diagram showing the reaction mechanism for forming important hy-
drogen and hydrocarbon cations in the model Jupiter atmosphere. Electron impact ionization,
dissociative recombination, and interaction with major atmospheric constituents like Hy, He, CH,,
CyHg and CyH, drives the cycling of the ions into atmospheric neutrals.

reactions. These excitation processes lead to the production of excited states of Hs in Jupiter’s
auroral ionosphere. Interactions between other excited states also cause transitions between them
(V7—Vyg). Additionally, collisions with atomic hydrogen (Vs5), protons (V3), and dissociative re-
combination of H (V,) also produces vibrationally excited states of Hy. We apply the rate formu-
lations based on previous literature on the treatment of molecular hydrogen vibrational excitation
[276, 80]. They are largely derived from theoretical models of Hy vibrational states and laboratory

experiments on Hy excitation [23, 119, 42, 250].

4.4.5 Microwave Opacity Model

Microwave absorption processes at centimeter wavelengths have been shown in the case of the
Earth to occur at locations with both low and high values of neutral density [291]. In the case

of low neutral density regimes, ionospheric plasma exhibits absorption of high-frequency radio
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waves [230]. Similar processes have been observed on the Martian night side that exhibit a
high electron density due to precipitation of solar energetic particles (SEP) [135]. In Jupiter’s
ionospheric medium, large amounts of energy are deposited at lower altitudes resulting from the
decreased stopping power of high energy electrons in Hs, which produces significant transient
ionization to affect the propagation of the interior microwave radiation in the high-density regime,
whereas the explanation that [140] had put forward earlier had modeled relatively lower neutral
densities of the Jovian ionosphere at higher altitudes normally associated with solar photons

and/or low energy (10 keV) precipitating electrons.

The presence of free electrons in a strongly collisional medium is analogous to those observed
in Earth’s aurora [182], where high electron-ion/neutral collision frequencies of a similar nature
to the Jovian atmosphere coupled with high electron density generate the opacity that could
explain the auroral cold spot phenomenon [230]. Utilizing the Appleton-Lassen (derived from
Appleton-Hartree) equations by [137] and [230], microwave absorption due to electrons in a

highly collisional medium can be expressed as:

A= /a(z) dl, (4.6)

Where A is the attenuation in dB, z represents the altitude above 1 bar atmospheric pressure, [
is the microwave absorption path which equals z if the path is vertical, and «(z) is the absorptivity

at the altitude z expressed in dB/km, which can be calculated as:
5 Ne(2)ve(2)

= 4.6 x 107° 22 4.7

0() = 4.6 x 1077 7S, @7

where N, (z) is the altitude-dependent electron density per cubic meter. v,(z) is the combined

electron-ion and electron-neutral collision frequency dependent on altitude, and w is the mi-

crowave’s angular frequency. We take into account interactions with Hy [222], He [25] and CH4
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[259] to estimate total collision frequency.

In our plasma microwave opacity model, we assume that the ionosphere consists of multiple
isothermal plasma layers characterized by elevated electron densities owing to electron precipita-

tion. The relation between attenuation and brightness temperature is expressed as:

t, = 107410 (4.8)

Ty = tyxTp+(1—t1) x T, (4.9)

Where A is the attenuation in dB, ¢; is the transmissivity within the absorbing layer, 7T is
the attenuated auroral brightness temperature emitted from the absorptive layer, 7 is the auro-
ral brightness temperature from the layer below with the global average atmospheric brightness

temperature as the 7}, below the lowest absorbing layer, 7., is the ionospheric electron temperature.

4.5 Extreme Electron Precipitation

As the Juno spacecraft increased its coverage of in-situ measurements within the Jovian magne-
tosphere, several transient events with highly energetic electrons and ions and large energy fluxes
>1Wm? began to emerge [185, 188, 46]. Electrons with energies 100 keV - 1 MeV have
been detected by the JEDI instrument near Jupiter’s polar auroras [188, 73]. Spacecraft passes
over the northern aurora and polar cap have identified several events associated with a high flux of
downward precipitation electrons. Table 4.3 summarizes the peak energy, intensity, and timescale

associated with the high-energy electron flux events.

Analytical expressions of the particle energy distribution provide information about their
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Table 4.3: High-energy electron flux events reported from JEDI observations

PJ | Radius (R;) | Time (s) Peak energy Peak flux (1/cm? s sr keV) | Reference
1 1.5 1 Broadband event 10° [187]
1.3 1.5 Broadband event 10° [100]
7 1.64 5 300 keV Between 10° - 107 [184]
10 2.21 20 500-700 keV 10° [184]

deviation from the equilibrium state, and the charged particle acceleration process. Juno JEDI
and JADE sensors provide an extensive survey of electron energy distributions over the aurorae,
including cases of enhanced electron flux detected over multiple polar passes. Juno has detected
a higher proportion of broadband electron distribution relative to the inverted V-type distribution.
Kappa electron distribution has been applied to investigate the effects of electron precipitation on

auroral UV emissions [33].

dk(k—1) E < E >+
E<FE>) = 4.10
Jo(E, ) Qow(n—2)2<E>(%+<E>)ﬁ+1 (10
<E> = 2B~ 4.11)
K—2

Where Qy is total energy flux, and jE; is a function of energy maximum E,. A kappa value

equal to 2.5 was inferred from JEDI electron fluxes during the first 20 orbits of Juno [237].

4.5.1 Heating and Ionization Processes

We consider an extreme case of a charged particle precipitation event detected by JEDI during PJ
7 [188]. We further note from Figure 4.1 that there is a cold spot phenomenon observed during PJ
7. During this event, the MWR instrument observed a significant decrease in antenna temperature,

and a strong downward flux of precipitating electrons was measured near the same time on 11th
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July 2017 at 01:14:38 UTC. JEDI-integrated electron energy intensity is converted into differential
intensity for the electron energy bins ranging from 32 KeV to 1 MeV. For electrons > 1 MeV, UVS
omnidirectional background count rates are converted to extend the electron energy distribution to
10 MeV as per the method described in Zhu et al., (2021)[299]. Electrons at energies greater than
1 MeV are expected to penetrate the stratosphere to much deeper pressure levels and cause a high

degree of ionization below the methane homopause.

Two intermediate cases are generated by linearly scaling the JEDI-UVS intensities throughout
the energy bins (Fig. 4.17). JEDI electron flux measurements from PJ 1, PJ 5, and PJ 10 show
high-energy electron intensities can rise to magnitudes corresponding to PJ 7 and associated
down-scaled energy spectra. The PJ 7 electron flux is much higher than kappa distributions for
various cases of mean electron energy between 10 - 100 keV (Fig. 4.18). Further, our analysis

sheds light on the role of high-energy electrons from JEDI electron range up to 10 MeV.

The total energy deposition due to electron precipitation during the PJ7 event is validated
against planetocosmics. Specifically, we use the implementation previously used by [213] to
model particle precipitation at Venus, which has been recently adapted for Jupiter. For both the
CSDA approach and Planetocosmics, we choose the standard model from [206] for computing the
total energy deposition during the PJ7 event. planetocosmics statistically generates a population of
electrons from the input electron intensity spectrum. The loss processes and secondary electrons
are tracked by interpolating the coarse atmospheric grid into cm scale fine resolution. Running
Monte Carlo simulations takes a longer computation time but ensures highly accurate distribution

of energy loss processes.

Energy deposition for the JEDI-UVS composite peaks in-between 0.1-1 mbar pressure level
corresponding to altitudes between 150, and 250 km above a 1 bar level (Fig. 4.19). Both CSDA

and Planetocosmics show agreement at higher energy bins corresponding to the peak in total
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Figure 4.17: Intensity of downward directed electrons as inferred from JEDI and UVS composite
data. The red bar indicates the uncertainty bounds for the 10 MeV energy intensity required to
match the UVS background rate for integrated flux between 6-10 MeV. The 10 MeV intensity is
interpolated with JEDI data to match the UVS background corresponding to 11th July 2017 at

01:14:38 UTC.

energy deposition amounting to 5 x 10> W/m?3. Compared to previous models, we expect electron

density layers at lower altitudes below the CH, homopause.
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Figure 4.18: Electron flux intensities corresponding to electron energies between 32 keV - 10 MeV.
The PJ 7 JEDI and UVS inferred electron fluxes provide a larger contribution compared to cases
of kappa distribution [33].

The atmospheric model of Jupiter adopted from [206] has photochemical equilibrium concen-
trations of hydrogen, helium, and neutral hydrocarbons. Electron precipitation and recombination
processes are short-time scale processes relative to Jovian photochemistry. Therefore, we consider
reactions relevant to auroral electron precipitation initiated by electron impact ionization and

vibrational excitation [80].

As we apply an explicit diffusion scheme, the numerical stability is limited by the
Courant-Friedrichs—Lewy (CFL) condition. We limit the timescale to one-tenth of the minimum

dynamical timescale governed by eddy diffusion [204]. The system of coupled reactions becomes
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Figure 4.19: Energy deposition rates computed by CSDA and Planetocosmics for high intensity
downward precipitating electrons during PJ 7.

a numerically stiff system due to orders of magnitude differences in reaction timescale. Therefore,
we start at a small time step dt = 1071° s and gradually increase it to ~ 10~* s for a stable, and
accurate numerical solution. The narrow auroral arcs are 100 km long and drift at a speed ~ 1
km/s [1]. Thus, the timescale for electron precipitation can be estimated to be ~ 100 s.

We solve the system of coupled chemical kinetic equations to estimate electron and ion
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Figure 4.20: Auroral ionospheric electron concentration (cm™2) in Jupiter’s upper atmosphere,
corresponding to four cases of PJ 7 event for a duration of 100 s. Photoionization peaks at 600
km, and eventually extincts ~ 500 km. As we consider electron sources between 32 keV - 10
MeV energies, the effect of lower energy electrons is not considered. Thus, 500 km appears as a
cutoff level for the transition to electron impact ionization regime. The contribution of low-energy
electrons is insignificant, as microwave opacity is dependent on atmospheric neutral density.

concentrations corresponding to four cases of electron precipitation. JEDI and JEDI-UVS electron

spectra distinguish the effects of electrons from 1-10 MeV. Two intermediate cases are generated
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Figure 4.21: Auroral hydrocarbon ion concentrations (CH: and CoHZ) due to high-energy elec-
tron precipitation, corresponding to four cases of PJ 7 event for a duration of 100 s.

by linearly scaling the JEDI-UVS intensities throughout the energy bins. Electron densities build
up to ~ 10°-10% cm~3 within 100 s (Fig. 4.20). This rapid increase in ionization also contributes
to the formation of higher hydrocarbon ions like CH;, and CoH; that serve as the dominant
positive ions below the CH, homopause (Fig. 4.21). The chemical pathways and numerical model

leading up to the formation of CHZ, CoHZ and heavier hydrocarbon ions by photoionization was
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Figure 4.22: Hydrogen ion concentrations (H" and H; ) in Jupiter’s upper atmosphere correspond-
ing to four cases of PJ 7 event for a duration of 100 s. Photochemical simulations of low latitude
ionospheric concentration and FUV inferred H3 concentration are provided to draw a comparison
with predictions for extreme electron precipitation.

developed previously [17, 21, 159]. This paper shows that energetic particle precipitation similarly
results in the production of hydrocarbon ions at auroral latitudes. These ions and more complex

hydrocarbon ions become dominant charge carriers below the CH4 homopause [98, 253].
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Penetration depth in the atmosphere is proportional to electron energy, therefore the extended-
spectrum from UVS background counts contributes to additional ionization. Energetic electron
layers are present much deeper compared to Galileo radio occultation derived ionospheric electron
densities (Fig. 4.20) [193]. This effect is also exhibited by hydrogen ions, and we expect H3 to
dominate over H™ below 400 km (Fig. 4.22). HJ concentration is found to exist below 400 km,

like the PJ 1 simulations of UV emission [111].

4.5.2 Microwave Opacity and Antenna Temperatures

4.5.3 Sensitivity to electron energy

Previous literature on charged particle precipitation explores the effect of mono-energetic electron
beams to quantify the effects of electron energy and intensity of charged particle flux into the
atmosphere. An energy flux between 1-10 ergs/cm?.s is expected to provide strong UV emission
in Lyman and Werner bands. These cases explore the sensitivity of atmospheric heating and
ionization to electron energy values. We run cases of mono-energetic electron beams to understand
the sensitivity of microwave opacity to primary electron energies (Fig. 4.23). Four cases of
mono-energetic beams: 100 keV, 300 keV, 500 keV, and 1000 keV with a constant energy flux
at 10 ergs/cm?.s are simulated for secondary electron impact ionization for 100 s. Microwave
absorptivity for electron density profiles is calculated based on the Appleton-Lassen theory
described before. The microwave absorptivity shows a monotonic increase with electron beam
energy due to an increase in penetration depth and resulting higher electron neutral collision rate.
The absorptivity profile at 1 MeV is 100 times larger than the 100 keV mono-energetic beam
(Fig. 4.24-4.27). The local opacity peak above 500 km lies in the photochemical regime, orders
of magnitude smaller than microwave opacity in the electron impact ionization regime. Therefore,

the ionospheric microwave opacity is sensitive to high-energy electrons (> 500 keV).

The column-integrated microwave attenuation and auroral brightness temperature for the four
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Figure 4.23: Energy deposition rates computed by CSDA for various mono-energetic electron
beams

cases are summarized in Table 4.4. These cases represent the nadir view of Jovian electron precip-
itation. The monoenergetic beam can result in 0.6 GHz T 4 values 733.18 to 835.66 K. It matches
well within the expect range of MWR observations during the first 54 Juno orbits. Figure 4.28
shows the expected microwave auroral temperature for the first four MWR channels (0.6 - 5.2

GHz) including a case of the photochemically generated ionosphere. Sensitivity to electron ener-
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Figure 4.24: Microwave absorptivity (dB/km) for photochemically generated ionosphere, and four
cases of mono-energetic electron beam at the four lowest frequency MWR channels at 0.6 GHz.

gies decreases with the frequency of microwave radiation. At 0.6 GHz frequency, electron energies
greater than 100 keV amount anywhere between 10 to 100 K reduction in T 4. For the other three
frequencies, there is no significant contrast between the photochemical and electric precipitation

Ta.

4.5.3.1 Sensitivity to electron flux intensity

The interaction of free electrons with neutrals acts as a strongly collisional medium opaque
to atmospheric microwave thermal emission from deeper levels. The brightness temperature
observed by the Juno MWR instrument over these cold spots should be attributed to local electron

temperature, and microwave absorption in the medium. Ionospheric electrons contribute to a
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Figure 4.25: Microwave absorptivity (dB/km) for photochemically generated ionosphere, and four
cases of mono-energetic electron beam at the four lowest frequency MWR channels at 1.25 GHz

wide range of microwave absorptivities for MWR (0.6 — 5.2 GHz). The intensity and energy
of high-energy electrons affect the amount of microwave attenuation. This can be seen in the
lower attenuation from cases where JEDI and UVS electron intensity is scaled by 0.1 and 0.01 to

simulate intermediate particle precipitation events (Fig. 4.29-4.32).

Due to their greater sensitivity to electron precipitation, the substantially higher attenuation in
lower frequency channels (0.6 GHz and 1.2 GHz) results in much lower brightness temperatures.
At higher frequencies, the gap between electron temperature and physical temperature of the
deep atmosphere decreases owing to absorption by NHs, and H5O vapors at shallow levels [151].

In addition, the magnitude of plasma is also expected to decrease with frequency, as shown in
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Figure 4.26: Microwave absorptivity (dB/km) for photochemically generated ionosphere, and four
cases of mono-energetic electron beam at the four lowest frequency MWR channels at 2.6 GHz

Fig. 4.32-4.35. Thus, low-frequency channels i.e., 0.6 GHz, and 1.2 GHz are more sensitive to
an electron precipitation-driven cold spot. For example, the attenuated brightness temperature
(168.51 K) for JEDI and UVS condition in the 0.6 GHz channel is lower than the cold spot bright-
ness temperature deconvolved from antenna temperature data from PJ7 [140]. This discrepancy
could be potentially explained by the electron precipitation events being temporary and spatially
limited to a size smaller than the MWR’s 0.6 and 1.2 GHz channel footprint projection during the
main phase orbits, resulting in the Juno MWR antenna receiving both the partially attenuated and

unattenuated brightness temperature data within the cold spots.

Electron impact processes can lead to near-complete or complete absorption of thermal

136



Frequency: 5.2 GHz

— 100keY
A00 - === 0ke"y
—8— S00keV
700 1 1000keY
_BOO
E
—
T 500
=
=
§ 400
300 A
00 fo======== i”"‘!"--g
100 -
10~% 10~ 10~* 103 1072 107! 107

Absorptivity (dB/km)

Figure 4.27: Microwave absorptivity (dB/km) for photochemically generated ionosphere, and four
cases of mono-energetic electron beam at the four lowest frequency MWR channels at 5.2 GHz

radiation in the atmospheric region within the precipitating electron beam. A summary of total
microwave attenuation caused by the four cases of electron precipitation events is provided in
Table 4.3. Extreme electron precipitation events can lead to significant variations in 0.6 - 1.2 GHz
T4 (Fig. 4.33). Thus, the first two MWR channels can distinguish between the thermal emission

emanating from the aurora and the deep atmosphere.

4.5.4 MWR antenna coverage of auroral features

The effective antenna temperature can be expressed as a sum of contributions from the ionosphere

and deep thermal emission averaged within the footprint of a given microwave channel. The
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Figure 4.28: Auroral brightness temperature corresponding to first four MWR channels (0.6 - 5.2
GHz). Each curve represents the electron precipitation of a monoenergetic electron beam. Temper-
ature decreases with electron energy, and the temperature variation relative to the photochemical
regime converges at higher frequencies. Due to relatively less contrast in auroral temperatures,
only 0.6 GHz and 1.2 GHz channels are largely sensitive to auroral cold spots.

variation in spatial scales associated with high-energy electron beams directly affects the contri-
butions of the auroral ionosphere. Here we introduce the concept of fill factor, i.e., the ratio of
projected electron beam area to that of MWR footprint. The fill factor determines the contribution
of auroral electrons to the bore sight temperature. Based on the estimated antenna temperature
(Table 4.3) from different cases of electron precipitation, we determine the possible fill factors

required to explain the antenna temperatures for the first two frequency channels (0.6 and 1.2 GHz).
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Table 4.4: Microwave Attenuation A and Attenuated Brightness Temperature 7'z at nadir view of
ionospheric medium subject to different cases of monoenergetic electron beam

Condition | 100 keV beam | 300 keV beam | 500 keV beam | 1000 keV beam
Aoscr- 0.037 0.16 0.284 0.76
TBo6cH: 835.66 816.848 798.67 733.18
Al o5aH 0.0085 0.037 0.065 0.17
TB125GH: 451.11 449.24 447.39 440.38
As oo 0.002 0.009 0.015 0.040
TB26cH- 325.84 325.59 325.36 324.43
AsoaH, 0.00049 0.0021 0.0038 0.010
TB526H: 244.59 244.56 244.53 244.42

Table 4.5: Microwave Attenuation A and Attenuated Brightness Temperature 7'z at nadir view of
the ionospheric medium subject to electron precipitation at different intensities

Condition JEDI JEDI JEDI and UVS | JEDI and UVS | Photoelectrons ‘
and UVS electron intensity
scaled by 0.1 scaled by 0.01
Apecm. | 25.66dB | 13.84 dB 7.90 dB 2.38dB 0.0021 dB
TpoecrH- | 16823 K | 19427 K 275.39 K 556.50 K 841.06 K
Aiosgr. | 5.93dB | 3.19dB 1.82 dB 0.55dB 0.00048 dB
TpiscH. | 238.63 K | 302.96 K 353.50K 417.70 K 451.63 K
As6aH- 1.37dB | 0.74dB 0.42 dB 0.13dB 0.00011 dB
Tposcu. | 282.45K | 300.90 K 311.06 K 321.30K 32591 K
AsocH: 0.34dB | 0.18dB 0.11 dB 0.032 dB 2.79x10~° dB
TpsocH. | 23859K | 241.32K 24270 K 244.03 K 244.60 K
Topp=fxTp+ (1—f)xTy, (4.12)

Here, T.;s is effective footprint averaged temperature, Ty, is brightness temperature corre-
sponding to atmospheric thermal emission and f is the fill factor. The analysis of the first two
frequency channels reveals electron beams to cover ~ 7 to 80 percent of the MWR footprint area
(Fig. 4.34). We assume MWR channel footprint size ~ 0.1 R; for our calculations, consistent with

MWR footprint geometry.

The electron beam scale from the JEDI in-situ field of view (FOV) is estimated from the orbital
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Figure 4.29: Microwave absorptivity (dB/km) for photochemically generated ionosphere, and four
cases of PJ 7 precipitation event at 0.6 GHz. The photochemically-generated ionosphere doesn’t
contribute significant attenuation to atmospheric thermal radiation. However, energetic precipi-
tation events such as the PJ7 event modeled herein can cause intermediate to near-complete ab-
sorption of microwave radiation with a decrease in the magnitude of attenuation with increasing
microwave frequency. At altitudes below 100 km (4 mbar) and above 1200 km (0.1 nbar), mi-
crowave absorption from electrons becomes insignificant due to insufficient electron densities.

speed of Juno from the radial position of the spacecraft. Spacecraft passes over the northern aurora
and polar cap have identified several events associated with a high flux of downward precipitation
electrons. Orbital speed and event time scales determine the length scale of these downward-
directed energetic electron flux events from JEDI FOV. It is compared against the MWR antenna
footprint size to estimate fill factors. JEDI FOV-based fill factors are found to be much smaller than
predictions from different cases of electron precipitation. This effect can be attributed to limited

global scale coverage of electron precipitation over the North Pole, and rapid changes associated
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Figure 4.30: Microwave absorptivity (dB/km) for photochemically generated ionosphere, and four
cases of PJ 7 precipitation event at 1.25 GHz. The photochemically-generated ionosphere doesn’t
contribute significant attenuation to atmospheric thermal radiation. However, energetic precipi-
tation events such as the PJ7 event modeled herein can cause intermediate to near-complete ab-
sorption of microwave radiation with a decrease in the magnitude of attenuation with increasing
microwave frequency. At altitudes below 100 km (4 mbar) and above 1200 km (0.1 nbar), mi-
crowave absorption from electrons becomes insignificant due to insufficient electron densities.

with electron beam intensities.

4.5.5 UV Emission Characteristics

During most of the polar passes, MWR antenna footprint size is large relative to satellite auroral
footprints, and other UV emission features within the MAE. Boresight antenna temperatures
represent an average of thermal radiation from deep atmospheres and regions with localized

electron precipitation. On the other hand, UVS image data cubes have a fine spatial resolution
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Figure 4.31: Microwave absorptivity (dB/km) for photochemically generated ionosphere, and four
cases of PJ 7 precipitation event at 2.6 GHz. The photochemically-generated ionosphere doesn’t
contribute significant attenuation to atmospheric thermal radiation. However, energetic precip-
itation events such as the PJ 7 event modeled herein can cause intermediate to near-complete
absorption of microwave radiation with a decrease in the magnitude of attenuation with increas-
ing microwave frequency. At altitudes below 100 km (4 mbar) and above 1200 km (0.1 nbar),
microwave absorption from electrons becomes insignificant due to insufficient electron densities.

to map color ratio and emissions over the MAE. Mapping the magnetic field trajectory of in-situ
particle flux provides a direct comparison between JEDI and UVS observations. However, a direct
comparison between MWR and UVS is not possible due to two reasons. Firstly, the 0.6 GHz
measurements are difficult to deconvolve due to uncertainties in the spatial extent and intensity
of auroral precipitation. Secondly, the UVS and MWR measurements have different observation

angles that introduce additional uncertainties in a one-to-one comparison.
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Figure 4.32: Microwave absorptivity (dB/km) for photochemically generated ionosphere, and four
cases of PJ 7 precipitation event at 5.2 GHz. The photochemically-generated ionosphere doesn’t
contribute significant attenuation to atmospheric thermal radiation. However, energetic precipi-
tation events such as the PJ7 event modeled herein can cause intermediate to near-complete ab-
sorption of microwave radiation with a decrease in the magnitude of attenuation with increasing
microwave frequency. At altitudes below 100 km (4 mbar) and above 1200 km (0.1 nbar), mi-
crowave absorption from electrons becomes insignificant due to insufficient electron densities.

The second limitation can be overcome by searching for an MWR measurement with a small
footprint size. We found two cases during PJ 50 and PJ 54 where MWR measures cold spots
over the polar cap with footprints smaller relative to the auroral oval (Fig. 4.37, 4.41). The 0.6
GHz channel measurements at near nadir angles can be mapped over the Northern Aurora (Fig.
4.38, 4.42). UVS-derived color ratio maps (private communication with Dr. Thomas Greathouse)
integrated over multiple Juno spins provide a comprehensive picture of high-energy particle

precipitation (Fig. 4.35, 4.36, 4.39, 4.40). Based on the UV color ratio calculations, we observe
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Figure 4.33: Projection of Juno MWR brightness temperatures corresponding to photochemical
and electron impact ionization regime. PJ 7 and associated electron precipitation cases are com-
pared with a purely photochemically generated ionosphere. The case of PJ 7 exhibits a strong
reduction in atmospheric thermal emission, and the variation in temperature decreases with an in-
crease in microwave frequency. A strong temperature contrast is observed in 0.6 GHz and 1.2
GHz relative to the photoelectron cases, posing a strong case for microwave opacity to probe at-
mospheric ionization.

that electron energy is proportional to the color ratio. Thus, a direct comparison between cold spot
and high color ratio zones provides co-located observations of high-energy electron precipitation

over the Northern Aurora.

The UVS data is filtered for Juno spins and timestamps corresponding to MWR 0.6 GHz cold
spot measurements. Total UV emission and the corresponding UV color ratio are averaged for

15 consecutive spins to provide a map of auroral UV emission activity. In both cases of PJ 50
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and PJ 54, we observe that regions of low antenna temperature can be spatially correlated with a
high color ratio ranging between 15 — 20. Thus, microwave radiometry can be applied as a tool to
understand atmospheric ionization, providing a complementary perspective on UV color ratio and

electron precipitation.

About 18.29 percent of total energy deposition undergoes excitation of atomic and molecular
hydrogen at Lyman and Werner bands [276]. As electrons higher than 100-200 keV penetrate
below the methane homopause, the auroral UV emission undergoes atmospheric absorption due
to Hy, He, CH, and CyH,. Estimating UV opacities for photoabsorption between 50 and 250 nm
reveals sharp gradients in opacity. In case of PJ7 event, UV emission originating at 0.1 mbar level
undergo complete absorption between 70-125 nm as 7 ~ 103-10° (Fig. 4.20). At 1 ubar pressure,
less than 1 percent of total energy deposition may result in UV emissions as 7 ~ 0.01-1 between
110-125 nm wavelengths. Therefore, we find that UV auroral emissions may underestimate the

population of high-energy electrons during extreme precipitation events.

High-energy electron beams are quite ubiquitous, as inferred from the UVS color ratio [33] and
statistical analysis of JEDI electron beams [237]. However, the penetration of secondary electrons
to greater depths causes a large proportion of UV emissions to be absorbed by the atmospheric

column above.

The partitioning of total energy deposition into UV Lyman and Werner band emission rates
provides an estimate of the UV emission spectrum and corresponding CR values. We adopt labo-
ratory measurements of Hy, UV emission spectrum (U(v)) between 120 — 160 nm [? ]. The relative
intensities of the emission spectrum are normalized and the normalized intensities are used for
generating UV emission spectra at each height grid through the atmospheric column. We simulate
the UV radiative transfer throughout the atmospheric column to project top-of-atmosphere (TOA)

UV emission in kR units. The volumetric production rate (J,,,4) at each point is the geometric
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mean of the surrounding top and bottom grid points. It is integrated over each grid point integrated

over the atmospheric column to provide TOA UV emission (I,).

TOA
I, = / Joroa(2,v)e”TE) dz (4.13)
b

ase

Jprod(2, V) = Uv)ouy E(2) (4.14)

Here, 7(z, V) is the total monochromatic opacity from each grid point to TOA. It is represented
as the sum of Hy, He, CH, and CyH, opacities, each consisting of UV absorption cross-section
adopted from the Leiden photochemical database (Fig. 4.43), in its tabulated format provided
in VULCAN - open-source chemical kinetics package [268, 138]. For H, and He, we add the
Rayleigh scattering cross-section to the opacity. ¢y is the percent of total energy (E) that goes
into Lyman and Wener band emissions.

The « distribution of electron energy shows a linear relationship between UV color ratio and
characteristic energy (Fig. 4.44). Our crude UV emission model matches the trend in UV color
ratio estimated by Benmahi et al., (2024) [33]. The color ratio values are systematically less
compared to the literature values, however they show a match at high energies. The PJ 7 case of
high-energy electron precipitation amounts to a color ratio between 17 to 20, matching with the
upper bound of UVS color ratio observations over the auroral regions. The total UV emission for a
10 keV monoenergetic beam is found to match with literature values [276]. It is observed that the
model predicts UV emission during the PJ 7 event to be a few times the maximum UV emission
levels (Fig. 4.45). However, the cases of monoenergetic beam, and scaled values of PJ 7 intensities

fall within the range of UVS measurements.
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4.6 Conclusion

Electron precipitation has profound effects on Jupiter’s auroral ionosphere. Juno energetic
particle instruments have provided a comprehensive survey of energetic electrons beaming into
the atmosphere. By using an electron precipitation event during PJ 7 representative of the newly
discovered [188] extreme precipitation events, we have estimated consequences due to collisional
interaction between precipitating electrons and neutral molecules. Electrons with energies larger
than 100 keV will penetrate deeper than the methane homopause [101]. Electron impact ionization
at deeper levels initiates a chain of reactions leading to the formation of short-lived hydrocarbon
ions. It is established through modeling and simulation that a short-time-scale event (~ 100
seconds) can provide appreciable microwave absorption required to explain cold features inferred
from MWR, while at the same time resulting in absorption of the ultraviolet H, band emissions
that are generally used as a measure of the precipitating energetic particle flux (due to their depth
of penetration into the atmospheric column) and thereby hiding the extent of the auroral energy

input into the high-latitude atmosphere at Jupiter.

Table 4.6: A summary of factors responsible for variations in MWR antenna temperatures over
Jupiter’s northern aurora

Cause Methodology Conclusion
Variation in intensity Calculate microwave absorptivity profile and 0.6 GHz channel auroral T vary between 168.23 - 556.50 K,
and energy of downward | brightness temperatures for different electron beam | 1.2 GHz channel auroral T vary between 238.63 - 302.96 K
directed electron flux intensities and energy distributions

Variation in spatial Calculate fill factors based on MWR Fill factors range between 7 to 80 percent of MWR
scales of downward antenna temperatures and apriori knowledge of footprint area
directed electrons brightness temperature contributions from
aurora and deep thermal emission
Variation in MWR Normalize antenna temperatures to square Unnormalized 0.6 GHz channel T4 vary between 450 - 800 K
footprint size relative of radial distance to spacecraft expressed in R; Unnormalized 1.2 GHz channel T4 vary between 350 - 450 K
to aurora (fill factor) T 4 reaches below 100 K at certain regions, changes cannot

be solely attributed to variation in MWR footprint

Total energy deposition corresponding to electron precipitation peaks between 0.1 to 1 mbar.
It can be expected to be a contributor to local atmospheric heating, besides ionization processes
evident from MWR and UVS observations. The NASA Infrared Telescope Facility (IRTF) Texas

Echelon Cross Echelle Spectrograph (TEXES) measures mid-infrared emissions lines of Jupiter’s
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aurora. Spectral inversion of mid-IR observations reveal local atmospheric heating ~ 1 mbar
pressure at the Northern Aurora [254, 255]. Sinclair et al., (2025) [256] provided an improvement
in the estimation of CH, homopause levels both northward and equatorward of MAE. Auroral
energy deposition may play a role in vertical transport of CH, leading to enhanced homopause
altitude poleward to MAE. Recent James Webb Telescope (JWST) mid-IR observations infer
the presence of two local temperature peaks at 0.01 and 1 mbar [229]. There is also a general
elevation in CH, homopause altitude at the polar regions. Precipitation of high-energy electrons
may contribute to the observed changes in auroral temperature and CH, upwelling. Both IRTF
and JIRAM have detected local warming in hydrocarbon regions, which could be attributed to

local temperature increases or enhancement in hydrocarbon concentration.

The sporadic nature of precipitation intensities can explain the temporal variations in the high-
latitude auroral ionosphere. The hydrocarbon ions will undergo rapid dissociative recombination
with ionospheric electrons. Recombination coefficients (c,.) for the major hydrocarbon ions are ~
5 x 1077 cm?®/s in presence of local electron densities (N,) in range of 10°-10° cm™3. A simple
estimation of recombination timescale 7, ~ ﬁ ~ 2-20 s. Larger electron densities will have

even smaller recombination time scales, consistent with temporal variations observed within ~ 10

S.
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Figure 4.34: Fill factor inferred from MWR cold spot antenna temperatures for different cases
of high-energy electron precipitation. MWR fill factors for 0.6 and 1.2 GHz frequency channels
range between 7 and 80 assuming a MWR footprint size ~ 0.1 R;. The JEDI in-situ precipitation
region is found to be two orders of magnitude smaller than that inferred from model solutions.
We identify fill factors corresponding to JEDI downward electron flux data over the North Pole
collected during PJ1, PJ5, PJ7, and PJ10. Thus, cold spot antenna temperatures are found to be
highly sensitive to electron beam spatial scales to the peak energy of the electrons and the energy

flux of the electrons.
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Figure 4.35: Polar projection of Juno UVS total UV emission and UV color ratio corresponding to
Jupiter’s Northern Aurora on 8th April 2023 (PJ 50) averaged over 15 consecutive Juno spins.
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Figure 4.36: Polar projection of Juno UVS total UV emission and UV color ratio corresponding to

Jupiter’s Northern Aurora on 8th April 2023 (PJ 50) averaged over another set of 15 consecutive
Juno spins.
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Juno/MWR observational geometry, PJ50, channel 1
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Figure 4.37: Polar projection of MWR 0.6 GHz channel footprint mapped relative to MAE, and
satellite auroral footprints during PJ 50.
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Figure 4.38: Polar projection of MWR 0.6 GHz channel nadir equivalent antenna temperatures
during PJ 50. A large temperature variation is observed over the polar cap and MAE.
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Figure 4.39: Polar projection of Juno UVS total UV emission and UV color ratio corresponding

to Jupiter’s Northern Aurora on 7th September 2023 (PJ 54) averaged over 15 consecutive Juno
spins.
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Figure 4.40: Polar projection of Juno UVS total UV emission and UV color ratio correspond-

ing to Jupiter’s Northern Aurora on 7th September 2023 (PJ 54) averaged over another set of 15
consecutive Juno spins.
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Juno/MWR observational geometry, PJ54, channel 1
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Figure 4.41: Polar projection of MWR 0.6 GHz channel footprint mapped relative to MAE, and
satellite auroral footprints during PJ 54.
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Figure 4.42: Polar projection of MWR 0.6 GHz channel nadir equivalent antenna temperatures
during PJ 54. A large temperature variation is observed over the polar cap and MAE.
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Figure 4.43: UV optical depth of Jupiter’s atmosphere for UV wavelengths ranging between 50 -
250 nm. The opacity at short wavelengths increase rapidly due to CH, and C5H, absorption.
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Figure 4.44: Comparison of UV color ratio for various cases of electron precipitation: (i) 10 keV
monoenergetic beam [276], (ii) predicted UV color ratio of x distribution from this work, (iii)
Benmahi et al., (2024) estimations of UV color ratio for  distribution, (iv) PJ 7: JEDI and UVS
inferred electron flux, and (v) PJ 7: JEDI inferred electron flux. A linear relationship between UV
color ratio and characteristic energy in x distribution. JEDI and UVS electron flux measurements
estimate UV color ratio within the range of UVS color ratio associated with auroral regions.
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Figure 4.45: Comparison of total UV emission for various cases of electron precipitation: (1) 10
keV monoenergetic beam [276], (ii) x electron energy distribution, (iii) PJ 7: JEDI and UVS, (iv)
PJ 7: JEDI, (v) 0.1 x (JEDI + UVS), and (vi) 0.01 x (JEDI + UVS) inferred electron flux. The
inclusion of electrons up to 10 MeV surpasses the UVS measurement range. However, the other
cases are found to be within the range of total auroral emission. The x distribution shows low
emission due to a low amount of input energy flux i.e. 1 erg/cm?s.
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CHAPTER 5

Conclusion

5.1 Summary

The Juno Microwave Radiometer measurements have provided key insights into Jupiter’s neutral
atmosphere and polar aurora. Jupiter’s atmosphere exhibits unique signatures at centimeter
wavelengths. Signals at frequencies less than 5 GHz are generally not accessible from Earth-based
radio telescopes due to the shrouding effect of Jupiter’s synchrotron radiation in line-of-sight. The
Juno spacecraft provides a unique window to probe Jupiter’s deep thermal radiation and polar
aurora at low-frequency microwave spectrum (0.6 — 1.2 GHz). Bypassing the inner radiation belts
allows Juno to collect measurements of both thermal and nonthermal microwave radiation sources

in the Jovian system.

5.2 Jupiter: Neutral Atmosphere

Passive microwave radiometry has been extensively applied to study water in the atmosphere,
soil, and cryosphere. However, past missions did not carry this type of instrument to characterize
the gas giant atmosphere. The MWR instrument onboard Juno probes the three-dimensional
structure of Jupiter’s atmosphere between the weather layer and deep atmosphere up to 1 kbar
pressure. A priori knowledge of microwave absorbers, their concentration, and information about

Jupiter’s temperature structure complement the interpretation of data. It allows for the inversion
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of radiometer measurements to trace variations in atmospheric temperature and cloud-forming

vapors, and map them to the dynamical structures of Jupiter.

Jupiter’s microwave emission spectrum between 0.5 - 40 GHz is an important tool to derive
atmospheric temperature and concentration of key cloud-forming volatiles like NH; and H,O
[88]. Weighting function at microwave frequencies probes between the cloud layers of NHj,
NH,SH and H50. The cloud-forming process largely drives moist convective processes at Jupiter
to control energy transport at shallow pressures. At pressures exceeding 100 bar, the abundances
of refractory elements, volatiles, and alkali metals could sustain a radiative zone supporting

non-adiabatic temperature gradients and convective inhibition.

A microwave radiative transfer model of Jupiter’s atmosphere [169] is adapted to draw a
comparison with MWR multi-wavelength brightness temperature and limb darkening. The
brightness temperature and its angular dependence are largely contaminated by nonthermal
emission sources from synchrotron and aurora. Thereby, the analysis is restricted to 40 deg. in
both hemispheres. MWR data is processed for PJ 1-9, and PJ 12 to remove local temperature
anomalies and normalize the brightness temperature for changes in Jupiter’s gravity. The forward

model adopts the Ty, values based on Galileo Probe and Voyager Radio Science experiments.

At 0.6 GHz, brightness temperature data shows a uniform deviation from the forward model
across the latitudes. This uniform deviation is attributed to an elevated amount of opacity source
exclusive to pressures sensitive to the 0.6 GHz channel i.e. 100 bar-1 kbar. The latitudinal
variation in NH3 mixing ratio and its temperature-dependent microwave absorption coefficients
do not solely contribute to the observed thermal radiation characteristics. Fegley and Lodders
(1994) [105] provide thermochemical equilibrium-based predictions of alkali cloud formation and
consequent thermal ionization of alkali vapors below the cloud base. Free electrons provide a

significant contribution to the mean opacity of gas giants. The inclusion of alkali vapor ionization

160



and free electron opacity source fits the 0.6 GHz measurements. Alkali metals are inferred to be

depleted relative to their solar abundances by a factor of 10? to 10°.

The presence of Na and K can elevate the mean opacity in the gas giant atmosphere. Burrows
et al. 2000, [60] showed that alkali hydrides are a major source of opacity in hydrogen-helium
atmospheres. The presence of halogens, oxygen, and silicates produces condensates storing
Na and K within different layers of Jupiter’s envelope. Na and K absorption lines have a clear
signature in exoplanetary atmospheres, and their reactivity in exoplanetary atmospheres gives
us to wide variety of exotic clouds. In particular, NasS and KCI are the two most stable clouds
and store a large proportion of alkali metals above the cloud condensation level. Rensen et al.,
(2023) [227] applied a thermochemical model of coupled chemical reactions and phase change
processes to predict the composition and density of alkali clouds at solar abundance. Under
different conditions of alkali, and oxygen inventory, the model predicts decks of thin overlapping

alkali halide and sulphide clouds, consistent with previous thermochemical models.

We extended the analysis of Jupiter’s deep thermochemistry in the context of thermal ionization
and MWR measurements. An ensemble of reactions involving ions, neutrals, and condensates
are solved for steady-state concentrations of free electrons till 10 kbar pressure. Our simulations
reveal HS™ and CI™ as dominant charge carriers between 100 bar - 10 kbar pressure regimes,
reducing free electrons to a tenth of thermal ionization magnitudes. Stable anions are formed from
high-temperature dissociation and electron gain reactions of H,S and HCI gases. The reduction
in free electron concentration decreases the effective microwave opacity of the deep atmosphere,
requiring an equivalent increase in Na and K metallicity. Microwave radiative transfer predictions
based on thermochemical equilibrium free electron concentrations constrain [M/H] = -1 for equal

proportions of Na and K mixtures.

The information about alkali metal abundance and the equilibrium concentrations of their prod-
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ucts with other atmospheric constituents supply crucial information to calculate the mean opacity
of Jupiter’s atmosphere. Guillot et al., (1994a, 1994b) [125, 124] predict Jupiter’s mean opacity
and quantify its effect on the overall cooling and evolution of the planet. The presence of a radiative
layer shows the age of Jupiter and Saturn to be Myr younger compared to a purely adiabatic atmo-
sphere. Juno MWR constraints on alkali metal abundance provide a new baseline for comparative
studies with exoplanet detections of Na and K [285]. Given the reactive nature of alkali metals,
they may also be considered as a representative of other heavy elements in Jupiter’s atmosphere.
However, there is no concrete reason to support or refute this claim. The case for inhomogene-
ity and vertical gradients in Jupiter’s atmosphere warrants a deeper look into the chemistry and

dynamics of mean circulation processes at play.

5.3 Jupiter: Aurora

During the polar passes, 0.6 GHz and 1.2 GHz channels measure a strong decrease in antenna
temperatures over Northern Aurora. MWR measurements show a large degree of variation, largely
attributed to molecular ionization driven by electron precipitation in Jupiter’s stratosphere. It
can be independently confirmed from spatial correlation with Lyman and Werner band missions
detected by Juno UVS. JEDI, UVS, and the star cameras provide complementary data to charac-
terize electron energy distribution over the poles, revealing downward electron flux with energies

greater than 1 MeV.

Hodges et al., (2020) [140] analyzed the first 21 orbits of Juno to put forward trends in
microwave antenna temperatures of the Northern Aurora. These cold features show a large range
of variation in temperatures over a wide range of latitudes between 50 deg. to the polar cap.
The work attributed these features to plasma reflection originating from regions of high electron
concentration. Antenna temperature inversion based on the plasma reflection theory required

extremely high concentrations ~ 10° cm~3. These predictions are found to contrast with electron
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precipitation models of Jupiter’s upper atmosphere [276, 257, 101].

The theory of radio and microwave transmission through ionospheric medium predicts a
strongly collisional plasma medium to exhibit absorption of electromagnetic radiation transmitted
through the medium. The amount of absorption is dependent on the collision of free electrons
with neutral molecules. This phenomenon has been observed in the form of radio wave absorption
on Earth [182, 230] and SEP-induced radio absorption on Mars [135, 136]. Thus, high electron-
neutral collisions coupled with electron precipitation over Jupiter’s Northern Aurora can explain

the formation of cold spots in microwave [137, 291].

A hybrid method of electron energy deposition for Jupiter’s high-latitude ionosphere is
developed using CSDA [216] and energy partitioning from two-stream electron transport from
Waite et al., (1983) [276]. The total energy deposition rate is partitioned into neutral heating,
electron impact ionization, and direct Hy vibrational excitation processes. A one-dimensional
time-dependent chemical kinetics model is developed to solve a system of coupled reactions
involving ions, neutrals, and electrons. The extreme electron precipitation events lead to the
production of ionospheric electron layers and hydrocarbon ions at 0.1 - 1 mbar pressures within
100 s. The intensity of electron precipitation events and their beam fill factor greatly influence the
MWR antenna temperatures. The dissociative recombination loss pathway shows time scales in
the range of 2-20 s in the presence of local electron densities ~ 10° - 10¢ el/cm? [17, 21]. Thus,
extreme electron precipitation with a time-dependent electron flux can be associated with the rapid

changes in auroral antenna temperatures.

The low-frequency channels at 0.6 GHz and 1.2 GHz exhibit strong signatures associated with
the Northern Aurora. The antenna beam footprint shows a proportion of the beam overlaps with the
main auroral oval and the polar cap at the cold spot antenna boresight points. The variation in an-

tenna footprint size throughout the Juno mission causes variations in auroral antenna temperatures
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from one orbit to another. Multiple Juno orbits show the presence of rapidly changing antenna tem-
peratures largely associated with the polar cap and main auroral oval. Temperatures change within
tens to hundreds of Kelvin within consecutive spins associated with overlapping spatial regions.
As these rapid changes appear at 0.6 GHz and 1.2 GHz channels, the antenna temperatures are
expected to vary within 10-30 s. These rapid changes in antenna temperatures can be associated
with short-term changes in the Jovian ionospheric plasma medium. Electron precipitation-driven
ionization and dissociative recombination of molecular ions exhibit small time scales ~ 10-100 s,

causing rapid change in local electron and ion concentrations.

5.4 Limitations of the Study

Our current understanding of Jupiter’s aurora is limited by several factors concerned with the
analysis of Juno MWR data and the atmospheric models presented in Chapters 2-4. Firstly, the
0.6 GHz channel measurements at latitudes beyond 40 degrees become contaminated with sources
of nonthermal radiation. As Juno progresses towards the later orbits, the synchrotron emission
from inner radiation belts dominates thermal radiation. Due to extremely high synchrotron
emission, signal-to-noise is very low, and thermal emission from deep atmosphere cannot be
retrieved. Similarly, limb darkening is very sensitive to changes in atmospheric temperature and
composition. The synchrotron radiation can vary with time, and it is highly dependent on viewing
geometry due to its characteristic polarization. A thorough understanding of the radiation belt
emission sources and their variation over each orbit is required to estimate uncertainties in Juno

high-latitude atmospheric measurements.

Particle losses from inner radiation belts will lead to the precipitation of electrons, protons,
and higher energy ions into the Jovian stratosphere. In Chapter 4, it has been shown that a
monoenergetic beam corresponding to energies greater than 100 keV could contribute to a

reduction in MWR antenna temperature by a few Kelvin. Moving forward, the MWR data should
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be reassessed to search for radiation belt particle precipitation events. From the perspective of
probing neutral atmosphere, such temperature anomalies would require additional filtering. It
could introduce small uncertainties in the calculation of the darkening of the limb at high latitudes.
Irrespective of these localized ionization effects, the mean 0.6 GHz shows a deviation from

Jupiter’s microwave radiation, and it requires alkali vapor thermal ionization to fit the Juno data.

The chemical kinetic rates of formation and convective transport suggest the presence of
several semi-metallic hydrides as disequilibrium species such as SiH, and GeH,. They are
strongly coupled with the deep atmospheric oxygen abundance. Our treatment of thermochemical
equilibrium associated with alkali metals and refractory elements does not take into account
the effects of vertical transport. It is limited by the lack of laboratory experiments to determine
chemical kinetic rate coefficients at high temperatures. However, the assumption of equilibrium

will provide a basis for comparison in the presence of adequate laboratory data.

Lastly, the precipitation of high-energy electrons in keV - MeV energies causes auroral UV
emissions in addition to the formation of electron layers opaque to microwave. In particular, cold
spot regions are expected to be correlated with regions of high UV color ratio. Juno MWR antenna
footprint is much larger compared to the UVS image resolution, therefore it is not possible to draw
strong comparisons between the two datasets for most Juno orbits. During PJ 50 and PJ 54, MWR
cold spots show a strong spatial correlation with a high color ratio over the polar cap and MAE. It
is also complicated by detector saturation as Juno perijove nears Jupiter’s pole. The star sensors
ACS, and SRU along with UVS are sensitive to MeV charged particles. However, the data from
these sensors have not been studied collectively to map the variability in charged particle flux. We

limit our analysis to the extreme downward electron flux detected by the JEDI instrument.
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5.5 Future Work

This body of work covers a range of topics closely tied to the energetics of Jupiter’s deep atmo-
sphere and magnetosphere-ionosphere coupling. The measurement of thermal and nonthermal
radiation and the quantification of their sources provide a unique lens to understand Jupiter as a
system. The measurement of sub-solar alkali metals and auroral cold spots have shared synergies
with Earth and space-borne instrumentation to study the gas giant atmosphere and its space

environment.

The analysis of MWR atmospheric measurements was restricted to mid-latitude due to
contamination from synchrotron and aurora. Our analysis hints that atmospheric abundances
of heavy elements are not representative of global abundance. However, the influence of
temperature and dynamics on the distribution of alkali metals remains an open question. During
the later orbits, MWR antenna footprints reduce in size relative to MAE. It ensures a higher
proportion of low emission angle measurements to be free from cold spot emission. The 0.6
GHz measurements beyond PJ 12 should be analyzed to retrieve brightness temperature and limb
darkening data. In addition, the MWR channels 2-6 and updated T, based on Juno radio oc-

cultation will aid in the interpretation of deep atmospheric temperature and alkali metal abundance.

Mid-IR emission spectra measurements of the polar atmosphere show brightening due to CH,
and Hi emissions. Auroral electron and ion precipitation contribute to the heating and production
of complex hydrocarbon species. A local brightening of the hydrocarbon region is observed over
the auroral regions. It is characterized by local temperature maxima ~ 1 mbar and an elevated
level of CH; homopause. This phenomenon is attributed to auroral heating driving vertical
transport of CH, at high latitudes. Our analysis of high-energy electron precipitation shows peak
energy deposition at 0.1 - 1 mbar. Thus, high-energy electrons can penetrate the lower stratosphere
to provide strong neutral heating. The effects of electron and ion precipitation on CH, transport

and atmospheric dynamics warrants the usage of global circulation models of Jovian ionosphere
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and thermosphere.

The PJ 7 event has been used as a prototype to understand the effects of high-energy electron
precipitation [188]. Previous literature from JEDI reports many high-energy electron flux
events in Jupiter’s space environment. The search for downward high-energy electron flux, its
time-dependent variations, and mapping w.r.t. auroral features can help interpret the MWR
observations over the North Pole. Especially, there is additional particle acceleration occurring
between the Juno spacecraft and the polar aurora. Hydrocarbon chemistry models of Jupiter
and Saturn suggest that electron impact ionization can drive the formation of benzene and the
formation of aerosols. Similar mechanisms have been proposed at Titan [83]. The production
of these hazes and aerosols controls the radiative budget of the polar atmosphere. Cavalie et al.,
(2023) measured local depletion in HCN column density attributed to auroral chemistry [67].
With the aid of one-dimensional electron precipitation models, the effects of electron precipitation

on C-H-N-O can be concretely quantified.

Juno will conduct radio occultation experiments northward of the MAE during its extended
mission phase. These ionospheric electron density profiles will characterize the auroral iono-
sphere, and search for signatures of precipitation events. The time-dependent simulations of
charged particle precipitation can be applied to provide an interpretation of ionospheric electron

densities in the auroral regions.

Our analysis benefits the analysis of sub-millimeter and IR emission measurements of the Jovian
aurora. These atmospheric models can also be applied to other planets to support the JWST solar
system observations of Uranus and Neptune. The observations will support the development of
space missions to investigate the ice giant space environment. The Understanding of auroral emis-
sions at these planets widens our knowledge of the planet’s magnetosphere-ionosphere-atmosphere

coupling.
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APPENDIX A

Appendix 1

The numerical modeling of atmospheric microwave radiative transfer is important to correctly
interpret the Juno MWR data associated with multi-frequency brightness temperature and their
emission angle dependence. In infrared and visible spectroscopy, line absorption models and
line broadening parameterizations are important to understand the interactions of electromagnetic
radiation through the transmission medium. HITRAN [228], GEISA [150] and HITEMP [234]
are important databases containing information about line absorption associated chemical species

significant for planetary atmospheres e.g. CO,, O3, CHy4, HyO, N, etc.

However, simulating the microwave absorption of Jupiter’s atmosphere is tricky due to its ex-
treme environment. Jupiter’s atmosphere is mostly made up of Hs and He as its main constituents.
The depths at which MWR probes Jupiter correspond to a large range of temperatures between 500
to 1000 K. The contributions of H, and He are exhibited through the collision-induced absorption
(CIA) process. We adopt the publicly available CIA model from the HITRAN database to simulate
CIA from two sources: Hy-Hs and Hs-He collisions. To assist the interpretation of MWR data
laboratory experiments were conducted to measure the absorption coefficients of cloud-forming

vapors like NH3 and H,O subject to Jupiter’s chemical and temperature environments.

A series of experiments have been conducted to measure the line broadening and shape features
associated with microwave frequencies ~ 1-10 GHz. In Chapter 2 we adopt the method described

in Bellotti et al., (2016) [32] to simulate the line absorption of NH3 and H,O vapors. The total
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NHj; absorptivity («, in dB/km) can be expressed as the sum of inversion («;;,,), rotational (cv..t)

and roto-vibrational transitions (cv,, ).

a = 434294.5( ot + iy + Qiny) (A.1)

The rotational and roto-vibrational transitions contribute largely at millimeter wavelengths
corresponding to Jovian atmosphere pressure above 1 bar. Devaraj et al., (2014) [93] model is
adopted to simulate the two contributing sources. The inversion line opacity model from Bellotti
et al., (2016) [32] is added to calculate the total NH3 opacity. In the case of water vapor, the
absorptivity is a sum of individual resonant lines and the water vapor continuum. The microwave
opacity model provided by Karpociwz and Steffes (2011) [154] is updated with a new formulation
of water vapor continuum absorptivity. Empirical constants are added to fit high-temperature
experiment data. Water vapor continuum is due to self-continuum [233] and dependent on foreign

gas influence i.e. Hy and He.

The Microwave Radiative Transfer code (HARP) uses saturation vapor pressure curves to cor-
rect for cloud condensation processes associated with NHs, HoO, NaCl, and KCl. NH3 and H,O
form liquid and ice clouds in gas giant atmospheres. We calculate the liquid and ice cloud satu-
ration vapor pressures based on the model provided by Briggs and Sackett (1989) [53] which has

been applied to study radio observations of gas giants. The general expression is provided below:

log(P) = % + ag + aslog(T) + a,T + asT*? (A.2)

Here a; withi= 1 to 5 are constants, P is expressed in dyne/cm? and T is atmospheric tempera-
ture in K. We place 195 K and 273.16 K as the transition temperatures from liquid to ice formation.

The ice and liquid saturation vapor pressure constants for NH3 and H,O are given in Table A.1.
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Table A.1: Empirical Saturation Vapor Constants for NHs and H,O

Coefficient | NH; over NH3 ice [155] | NH; over liquid NH; [282] | H,O over H,O ice [281] | H,O over liquid H,O [282, 53]
a; -4122 -4409.3512 -5631.1206 -2313.0338
ay 41.67871 76.864252 -8.363602 -164.03307
ag -1.81630 -8.4598340 8.2312 38.053682
ay 0 5.51029 x 1073 -3.861449 x 1072 -1.3844344 x 107!
as 0 6.80463 x 107© 2.77494 x 10 7.4465367 x 107°
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APPENDIX B

Appendix 2

B.1 Thermochemical data

The k,, data associated with all molecular and ions in thermochemical equilibrium simulations can
be expressed as a function of temperature. GGChem uses certain standard formats for express-
ing k,, as an empirical function of temperature, based on laboratory data from standard chemical

databases. Here we describe some of the important formats.

B.1.1 Tsuji format

Tsuji et al., (1973) [269] described the k,, as an internal fit of the independent variable § = 5040/7.
lOglok'Zsu = —ag — a1<9 — (1292 — (1393 — (1494 (Bl)

B.1.2 Gail and Sedlmayr format

Gail and Sedlmayr (1986) [109] provided an alternate fit as a function of 6 It was used in the old

form of GGChem.

lng’I?S = ap + a19 + CL292 + a393 + a404 (B2)
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B.1.3 Sharp and Huebner format

Sharp and Huebner (1990) [246] directly fitted the Gibbs free energy to provide a new expression
of k, values. It is expressed in terms of a standard pressure p® = 1 atm and R.,; = 1.987 cal mol

K—l

CLO/T —|— aq —I— GQT —|— CL3T2 —|— CL4T3

SH _ 0
logk,” = (1 —n)logp” — RoT (B.3)
B.1.4 Stock format
Stock (2008) [287] gave another expression for k,, as a function of temperature T.
logkgH = (1 —n)logp” + % + arlogT + ay + asT + a,T? (B.4)

B.2 Saturation curves

Some important saturation vapor pressure expressions corresponding to important clouds are
listed below. They are expressed in terms of total pressure (P;;), and metallicities of different
elemental species constituting each compound. In other cases, Iron metallicity ([Fe/H]) has been

used as a proxy for elemental abundances.

B.2.1 Ammonia

NH; condensation curve [176]:

10*
Tcond

= 68.02 — 6.19[Fe/H] — 6.3110g Pyt (B.5)
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B.2.2 Water

H>O condensation curve [176]:

10*

cond

= 38.84 — 3.93[Fe/H] — 3.83logP,oy — 0.2[Fe/H|log Py (B.6)

B.2.3 Ammonia Hydrogensulphide

NH,SH condensation curve [176]:

4
10 = 48.94 — 4.27[Fe/H] — 4.15l0g P,y B.7)
cond

B.2.4 Zinc Sulphide

7ZnS condensation curve [274]:

10%
7= 12.52 — 0.63(logPr + [Zn/H] + [S/H]) (B.3)
cond

B.2.5 Manganese Sulphide

MnS condensation curve [274]:

10*

cond

= 7.45 — 0.42(logPr + [Mn/H| + [S/H]) (B.9)

B.2.6 Magnesium Silicate - 1

MgSiO3 condensation curve [273]:

10*

cond

= 6.26 — 0.35logPr — 0.7[Fe/H] (B.10)
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B.2.7 Magnesium Silicate - I1

Mg->SiO4 condensation curve [273]:

10*
Tcond

= 5.80 — 0.37log Py — 0.73[Fe/H] (B.11)
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APPENDIX C

Appendix 3

The list of chemical reactions corresponding to Jupiter’s ionosphere can be grouped into several
categories. Each category has a corresponding rate expression based on theory or laboratory ex-

periments.

C.1 Photochemical reactions

In Jupiter’s ionosphere, primary species that undergo photodissociation or photoionization are Hy,
He, CH,, C;H,, CoHy and CoHg. The photochemical cross-sections and branching ratios have
been adopted from the Leiden astrochemistry database [138]. It has been organized in its latest
form in Tsai et al., (2017) [268]. For time-dependent simulations of ionospheric chemistry, we do
not add the photochemical reactions to explicitly model contributions from high-energy electron

precipitation. List of key photoionization and photodissociation reactions are given in Table C.1

C.2 Electron impact processes

During electron precipitation, electrons collide with atmospheric neutrals and a part of their energy
goes into neutral ionization. In a gas giant atmosphere, electron impact ionization of molecular hy-
drogen is the dominant process. It has two pathways to form either H; or H' ions. The ionization
rate per unit hydrogen molecule density is computed from the total energy deposition rate. We

apply the yield factor corresponding to hydrogen ionization from Waite et al., (1983) [276]. The
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Table C.1: List of photodissociation and photoionization reactions

Index Equation

P, H; — Hér +e

P, He — He™ + e~

P; Hy; — 2H

P, H, — H +H+e™
P; CH, - CH3; +H

Ps CH, - CH, +2H
P7 CH4 — CH2 + H2

Py CH; —-—CH+H;+H
Pg C2H2 — C2H +H
P10 C2H4 — C2H2 + HQ
Py C,H, - C;H,+2H
P2 C2H6 — CyH4 + Hy
Pi3 C2H6 —CHs+2H
Py C2H6 — CyHs + 2 Hy
Py5 C2H6 — 2 CH3

energy deposition rate profiles from CSDA are converted into Hy ionization rate (Table C.2). These
rates are applied to the chemical kinetics solver, C*M to predict the electron concentration during

short-time scale events.

Table C.2: List of electron impact processes

Index Equation
E, Hy +e, —H; +e +e_,
E, Hy+e, > H " +H+e +e,

C.3 Bimolecular reactions

The bimolecular reaction rate expressions are generally expressed as Arrhenius rate expressions.
The following table (Table C.3) provides a list of bimolecular reactions and their corresponding

rate expression coefficients.
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Table C.3: List of important bimolecular reactions

Index | Equation k Rate
ex-
pres-
sion
G H+CH— C+H, a=14x10"",b=0.0,E,=0.0 [31]
C, H+'CH, — CH+H, a=2.0x10""% b=0.0,E, =0.0 [57]
C, H +3CH, — CH + H, a=2.66x10"19b=0.0,E,=0.0 [64]
Cs H+ CH3; — 'CH, + H, a=1.0x10"1b=0.0,E, =7600.0 | [218]
Cy H+ CH; — CH3 + Hy a=3.73x10"2°,b=3.0, E, = 4406.0 | [218]
Cs H + C3;H; — CoHs + Hy a=2.0x10",b=0.0,E,=0.0 [28]
Cs H + CoHy — CoHs + Hy a=9.0x10"19,b=0.0, E, =7500.0 | [218]
C; H+ CyHg — CoHs + Ho a=235x10"1°,b=-1.5,E, =3725.0 | [29]
Cs H, + CH — 3CH, + H a=3.1x1071,b=0.0, E, = 1650.0 | [57]
Cy H, + 'CH, — CH3; + H a=9.24x10"1,b=0.0,E,=0.0 [293]
Cyo H, + !CH, — 3CH; + H, a=126x10"1"1,b=0.0,E,=0.0 [293]
Cyy Hy + CH; — CHy + H a=1.14x10"2°,b=2.74,E, = 4740.0 | [29,
218]
Ci2 Hy; + CoH3; — CoHy + H a=5.0x10"2,b=2.63, E, =4298.0 | [104]
Gy CH+CHy - CyHy +H a=3.96x10"%b=-1.04,E, =36.1 | [64]
Cis CH + CyHy — CyHy +| a=223x10"1°b=0.0,E, =-173.0 | [35]
CH3

Ciy CH + CyHg — CoHy +| a=19x107%,b=-0.859,E,=53.2 | [64]
CH3

Cis 23CHy; — CoH, + Hy a=2.0x10",b=0.0,E, =400.0 | [29]

Continued on next page
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Index | Equation k Rate
ex-
pres-

sion

Cis 23CH,; — CoHy +2 H a=1.8x10"1,b=0.0, E, = 400.0 [29]

Ci; | 3CHopt+ CoH; — CoHs +| a=8.0x10",b=00,E,=00 | [205]
CH;

Cis 'CH, + CH; — CHy + a=12x10"",b=0.0,E,=0.0 [43]

3CH,
Cio ICH, + CH; — 2 CH;3 a=59x10"",b=0.0,E, =0.0 [43]
Coo 2CH; - CHs +H a=5.0x10"",b=0.0, E, =6800.0 | [29,

218]

Cy CH3 + C2H3 — CyHsy + a=34x 10711, b=0.0, E,= 0.0 [103]
CH,4

Cyo CH3 + CoHy — C2H3 + a=69x 10_11, b=0.0, E, =5600.0 [29,
CH,4 218]

Cas CH; + CoHg — CoHs + | a=2.45%x1073!,b=6.0, E, =3043.0 | [29,

CH, 218]
Coy CyHs; + H— 2 CH; a=125x10"1°b=0.0,E, =0.0 [203]
C25 C2H5 +H— C2H4 + H, a=3.0x 10_12, b=0.0, Ea =0.0 [203]

C.4 Three-body reactions

The three-body reactions in the reaction network largely come from Egert et al., (2017) [101]
originally compiled from multiple sources. These reactions can be dependent on background pres-
sure and the total rate can be a contribution of their low-pressure (ko) and high-pressure (k) rate

expressions given by the following equation [172].
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ko[ M]

ko[M]

k(T,[M]) = PRI

(C.1)

Here, k is the forward reaction rate. The rate approaches ky [M] in the low-pressure limit, and it
approaches k., in the high-pressure limit. Each reaction rate has been expressed in a temperature-

dependent Arrhenius rate format:

k= A(=)le T (C.2)

where A is pre-exponential factor, T is a reference temperature, b is the temperature exponent,
and E, is the activation energy of the reaction. For all the tables given below, E, is expressed in

Kelvin and the rate coefficient k is expressed in c.g.s. units. The list of three-body reactions are

stored in Table C.4.
Table C.4: List of three-body reactions
Index | Equation ko K Rate ex-
pression
T, H+ CH; (+ M) = | a=58x10"%,b=0.0, | a = 237x107'2, b = | [11]
CH, (+ M) E, =-355.0 0.0, E, =-523.0
Ts H+3CH; (+ M) — | a=58x10"%0,b=0.0, | a = 237x1072, b = | [114]

CH; (+ M) E, =-355.0 0.0, E, = -523.0

Ts H+ CH; (+ M) = | a=2.6x1073,b=0.0, | a=3.8x10",b=0.0, | [232]

CoH; (+ M) E,=0.0 E,=1374.0

T, H+CHs (+M) = |a = 1.49x107%", b = |a = 1.55x107°, b = | [231]
CoHs + Hy (+ M) 0.0,E,=0.0 0.0,E,=0.0

Ts H+CH, +M) — |a = 2.15x107%, b = |a = 495x107, b = | [232]

CoH; (+ M) 0.0, E, =349.0 0.0, E, =1051.0

Continued on next page
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Index | Equation ko K Rate ex-
pression

Tg Hy + CH (+ M) — | a=4.7x10"%, Ty =1, | a=25x10", Ty =1, | [57]
CH; (+ M) b=-1.6,E,=0.0 b=-0.08, E, =0.0

Tz Hy + CH + M — | a=238x107"1Ty=1, | - [293]
ICH, +H+M b=0.0,E, =1760.0

Ts Hy + CH; + M — | a=5.0x1072°Ty=1,b | - [231]
CH,+H+M =2.63,E, =4298.0

Ty CH+CHy +M — | a=25x10"1,b=0.0, | - [293]
CH,+H+M E, =200.0

T1o 2 CHy (+ M) — | a=222x10"1%Ty=1, | a=3.78x10"%, Ty =1, | [278]
CyHg (+ M) b=-3.75,E, =494.0 b=-0.69,E, =88.0

Ty CH; +CoHz3 +M — | a=1.I1x107%, Ty =1, | - [114]
CsHg + M b=8.52,E, =-1248.0

Tio C+Hy+M—3CH; | a=7.0x107%%, Ty =1, | a=2.06x10", Ty =1 | [203]

b=0.0,E,=0.0 ,b=0.0,E, =570

Tis 2CH;+M — CoHy | a=24x10"1,b=0.0, | - [293]
+CoHy + M E,=0.0

T4 2H+M —-Hy +M | a=27x10"3, Ty =1, | - [29,

b=-0.6,E,=0.0 218]

C.5 Ion-neutral reactions

The volume of reactions involving ionic species and their interactions with neutrals and electrons
are largely borrowed from existing literature on gas giant ionospheric chemistry. Table C.5 com-
piles the reactions and the corresponding rate coefficients. Generally, the rate expressions are a

function of local electron temperature (T.) within the Arrhenius rate form. We assume an equilib-
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rium condition where T, is equal to the neutral temperature (T).

Table C.5: List of ion-neutral and electron recombination reactions

Index Equation k Rate ex-
pression

C, Hj +H, —» Hf +H a=172x10"% b = 0.0, | [198]
E,=0.0

C Hf +e- —2H a=225x10"%Ty=1,b | [199]
=-04,E,=0.0

Cs Hf +e- - Hy+H a = 4.932x1078, T, =| [117,
300,b=-1.0,E, =0.0 192]

Cy Hf +e- —3H a = 8.768x1078, T, = | [117,
300,b=-1.0,E, =0.0 192]

Cs H +He - HeH" +H, | a = 3.0x107'2, b = 0.0, | [15]
E,=0.0

Cs Hj +H— H™ + H, a=64x10"1° b = 0.0, | [12]
E,=0.0

C, HT+CH; — CHf +H, | a=3.403x107%,b=0.0, | [13]
E,=0.0

Cs HT +CH; — CH; +H | a=7.47x1071% b =0.0, | [13]
E,=0.0

Cy Hf +CH, — CH; +H, | a=24x107%,b=0.0,E, | [224]
=0.0

Cio H*+e” —H a=1.66x10"19Ty=1,b | [197]
=-0.64,E,=0.0

Continued on next page
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Index Equation k Rate ex-
pression
Cyy Hj +CH; - CHY +H | a = 1.1x107'% b = 0.0, | [157]
E,.=0.0
Cis Hf +CH; — CHf +H, | a = 1.41x107%, b = 0.0, | [157]
E,.=0.0
Cis Hj +CH, — CHf +H | a=2.28x10"%, b = 0.0, | [157]
+ H, E,=0.0
Cis CHf +e~ — CH3+H | a=6.09x1078, Ty =300, | [247,
b=-0.53,E,=0.0 226]
Cis CHf +e- - CHy+2 |a = 1.247x1077, Ty = | [247,
H 300,b=-0.53,E, =0.0 | 226]
Cis CHS +e~ — CHy +Hy | a=2.61x1078, Ty =300, | [247,
b=-0.53,E,=0.0 226]
Ci7 CHf +e~ — CH+H, | a=7.25x1078, To = 300, | [247,
+H b=-0.53,E,=0.0 226]
Cis CHf +e- - C+2H, |a=5.8x10"% T, =300, | [247,
b=-0.53,E,=0.0 226]
Cio CHY +e~ - CHs+H | a=1.45x1078, T, =300, | [245,
b=-0.46,E,=0.0 247]
Cao CHY +e~ — CHz +H, | a=1.45x107%, T; =300, | [245,
b=-0.46,E,=0.0 247]
Cy CHY +e” — CHz +2 | a=2.03x1077, Ty =300, | [245,
H b=-0.46,E,=0.0 247]

Continued on next page
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Index Equation k Rate ex-
pression
Cao CHY +e~ — CHy +Hy | a=5.22x1078, Ty = 300, | [245,
+H b=-0.46,E,=0.0 247]
Cas CHY +e~ - CH+2H, | a=8.7x107%, Ty = 300, | [245,
b=-0.46,E,=0.0 247]
Cyy CHf +e~ - CHy+H | a=1.28x10"", Ty =300, | [247]
b=-0.53,E,=0.0
Cos CHf +e- - CH+H, | a=4.48x1078, Ty =300, | [247]
b=-0.53,E,=0.0
Cas CHf +e- - CH+H |a=5.12x1078, Ty =300, | [247]
b=-0.53,E,=0.0
Cor CHf +e~ - C+Hy+ | a=9.6x10"%, Ty = 300, | [247]
H b=-0.53,E,=0.0
Cosg Het + e~ — He a=1.77x10"19 Ty =1,b | [197]
=-0.65,E,=0.0
Cy HeH" +e~ —wHe+H | a=3.06x10"", Ty = 1.0, | [292]
b=-0.6,E,=0.0
Cso HeH" + CoHg — CoHY | a=2.1x107%,b=0.0, E, | [180]
+ He + Hy =0.0
Cs CHY + CoHy — CoHY | a=1.5x107%,b=0.0,E, | [106]
+ CHy =0.0
Cso CHY + CoHg — CoHY | a=1.215x107%,b=0.0, | [13]

+ CH4 + H2

E,=0.0

Continued on next page
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Index Equation k Rate ex-
pression
Css CHf + CH; — CoHY + | a=1.1x107%,b=0.0,E, | [14]
H, =0.0
Csy CoHY + e — CoHy + | a=7.2x1078, Ty = 300, | [163,
H b=-05,E,=0.0 226]
Css CoHY + e — CoHz + | a=3.6x1078, Ty = 300, | [163,
Ho b=-05,E,=0.0 226]
Css CoHf +e - CoH3z +2 | a=2.82x1077, T =300, | [163,
H b=-05,E,=0.0 226]
Csy CoHf + e — CoHy + | a=7.2x1078, Ty = 300, | [163,
Hs + H b=-05,E,=0.0 226]
Css CoHf +e — CoHy +3 | a=3.6x1078, Ty = 300, | [163,
H b=-0.5,E,=0.0 226]
Csg CHY + e — CHy + | a=12x1078, Ty = 300, | [163,
CH b=-0.53,E,=0.0 226]
Cuo CHf + e — CHz + | a=9.0x1078, Ty = 300, | [163,
CH, b=-0.5,E,=0.0 226]

C.6 Hydrogen vibrational excitation

The vibrational states of molecular hydrogen (v = 1-8) using a system of reactions based on colli-
sional excitation and electron impact dissociative recombination. Reaction rates corresponding to
the following set of reactions (Table C.6) are derived from a combination of theory and laboratory

experiments.
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Table C.6: List of hydrogen vibrational excitation reactions

Index | Equation Rate  ex-
pression

Vi H, + €., — HQ(V) +c,., [276, 101]

Vo 2H+H, — HQ(I/) + H, [80]

V3 H" +Hy(v) — Hy +H [145, 101]

V, Hy +e — Hy(v) +H [80, 107]

Vs | H()+H o Ho(v—1)+H |[61,80]
Vo | H' +Ho(v) — HT + Ho(v — | [101]

1)
V7 Hg + HQ(V) A H2 + HQ(I/— 1) [23, 250]
Vs Hg(l/) + HQ(W) — HQ(V — 1) [42, 119]
+ Ha(w+1)
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