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Abstract

Unraveling Neptune’s Atmospheric Structure from Multi-Wavelength Observations
by
Joshua W Tollefson
Doctor of Philosophy in Earth and Planetary Science
University of California, Berkeley
Professor Imke de Pater, Chair

Uranus and Neptune are representatives of the ‘ice giants’, one of the most common
classes of exoplanets (Fressin et al., 2013). Thousands of exoplanets have been discovered
thanks to the Kepler mission, and soon the James Webb Space Telescope will characterize
their atmospheres in unprecedented detail. Such work will rely on the observations, tech-
niques, and analysis used to study the Solar System’s gas giants. However, in many ways
our own ice giants remain poorly understood. In this dissertation, I use multi-wavelength
observations of Neptune to better constrain the bulk properties and dynamic patterns within
the planet’s upper atmosphere.

At visible and near-infrared wavelengths, sunlight is reflected off the cloud tops and
hazes populating the upper atmospheres of the giant planets. Bright cloud features can
be tracked to extract velocities. By doing this over many latitudes, a global velocity field
called the ‘zonal wind profile’ can be made. Here, I present zonal wind profiles for Jupiter
and Neptune. These are constructed from Hubble Space Telescope WFC3 global maps of
Jupiter taken between 2009 — 2016 and Keck NIRC2 images of Neptune taken in the H-band
(1.4 — 1.8um) and Kp-band (2.0 — 2.4um) in 2013 and 2014.

I show that Jupiter’s zonal wind profile is stable throughout the observed period, apart
from variations on the order of 10 m/s at the 24°N Northern Temperature Belt (NTB). These
variations arise during periodic plume outbreaks at the NTB and are coupled to a decrease
in the albedo. These findings suggest that material, normally unseen, is dredged upward due
to these plumes. If plumes are a signature of deeper activity, the decrease in velocity we see
at the NTB during outbreaks may be evidence of vertical wind shear.

I also find evidence of vertical wind shear at Neptune’s equator, with the H-band zonal
wind profile offset eastward by 100 m/s at the equator relative to the Kp-band profile. I
apply a new thermal wind equation applicable at the equator to reconcile this observed
vertical wind shear with Neptune’s horizontal thermal and composition profiles. In order
to match Voyager/IRIS derived temperatures (Fletcher et al., 2014), the equator must be
enriched in methane compared to the mid-latitudes at pressures greater than 1 bar. I discuss



the implications of this finding with regards to global dynamics and compare and contrast
to the other giant planets.

Radio wavelengths probe below the visible cloud deck. I analyze maps of Neptune taken
with the Atacama Large Millimeter /Submillimeter Array (ALMA) and extended Very Large
Array (VLA) to constrain Neptune’s deep opacity sources. The opacity source at radio
wavelengths is dominated by HsS and NHj as well as the the collision-induced absorption
of Hy with Hs, He, and CH4. Clear brightness temperature variations are present across
Neptune’s disk caused by variations in these trace gases. These observations are the first
to achieve the sensitivity, resolution, and wavelength coverage required to simultaneously
extract the abundance profiles of HyS, CHy, and NHjs. I retrieve disk-average properties
assuming both wet and dry adiabats. The disk-averaged data are consistent with profiles
where trace gases are enriched by 30X their protosolar value, apart from NHs which is 1x
its protosolar value.

In both the ALMA and VLA maps, I identify seven distinct latitudinal bands with dis-
crete transitions in the brightness temperature. I use the radiative transfer code Radio-BEAR
to generate model spectra of Neptune’s brightness temperature as a function of temperature
and composition. I find best-fitting parameters to the HyS, NH3, and CH, abundance pro-
files in each of the seven identified latitude bands using x2-statistics and MCMC retrievals.
Of note, the equator is more complicated than expected. Trace gases are enriched in the
2 — 12°N band compared to neighboring latitudes. Here, the best-fit deep CH4 abundance
is 45x the protosolar value (or 2.2% mixing ratio). HsS is 30x solar (or 7 x 10™* mixing
ratio) and supersaturated at the HyS-ice cloud formation. I relate these findings to my
near-infrared work and present a new schematic of Neptune’s global circulation structure.



To my friends, family, and teachers.
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Chapter 1

Introduction

After the Sun, our Solar System is dominated in mass by the four giant planets: Jupiter,
Saturn, Uranus, and Neptune. This fact pervades formation and evolution theories of the
solar system. At the start of their formation, the giant planets began as small clumps of rocky
material, slowly accreting other planetesimals into cores. After a few million years, these
cores became large enough to experience ‘runaway growth’, quickly gobbling up leftover rocky
material and gas in and around their orbits. Simultaneously, the cumulative mass of these
bodies gravitationally perturbed one-another, driving the radial movement of everything
from dust-sized grains up to the giant planets. Today, planetary scientists work to piece
together how the initial formation and evolution of the giant planets explain the current
observed distribution of material within our Solar System. The thousands of newly discovered
exosolar systems and planets put these theories to the test (de Pater and Lissauer, 2010).

Much of our understanding of the solar system relies on telescope observations taken
millions of miles away from the target. Unfortunately, in-situ probes to directly measure
planetary sizes, masses, composition, and structure are rare due to their expense. Thankfully,
these fundamental quantities can still be calculated even at vast distances.

The diameter d of these bodies is calculated by their apparent size ¢ and distance D from
the observer. If the apparent size is small, these quantities are related:

d
0~ D (1.1)

An object’s distance from the Sun, and therefore its diameter, can be derived by calcu-
lating its orbital parameters from repeated observations. The mass M of the planet can be
estimated via Kepler’s second law if a moon with measured period 7" and semi-major axis a
orbits the planet:

a’ _GM

T2 "~ g2

From both the diameter and mass, the planet’s mean density p can be calculated, as-
suming a spherical body:

(1.2)
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Earth  Jupiter Saturn Uranus Neptune

Semi-Major Axis (A.U.) 1.0 5.2 9.5 19.1 30.1
Equatorial Radius (km) 6371 71492 60268 25559 24766
Mass (10*7 g) 5.9736 1898.6 568.46 86.832 102.43
Density (g cm™3) 5.515  1.327 0.6873 1.318 1.638

Table 1.1: Planetary properties. The equatorial radius for the gas giants is defined at 1 bar.

pP= 43—M3 (1.3)
m(d/2)

Table 1 lists current measurements of each planet’s diameter, mass, and mean density
(de Pater and Lissauer, 2010). The planet’s mean density is the most interesting of these
quantities, as it hints at the interior structure and composition of the body. Planets with
p ~ 1 g/cc (e.g. Saturn) must contain considerable quantities of hydrogen and helium.
The terrestrial planets have much higher densities, p ~ 5 g/cc, implying mostly rocky
constituents. Uranus and Neptune lie in between these regimes, meaning their compositions
are a mixture of light gas and rocky material, or contain substantial icy material, which is
lighter than rock.

The interior structure of planets can be retrieved by solving equations of state, i.e. re-
lationships between density, temperature, and pressure at thermal equilibrium for a given
material. In these models, the interiors of planets are assumed to resemble spherical shells
of some unknown thickness, mass, and composition. At low pressures and temperatures, the
theory is relatively straightforward (e.g., the equation of state follows the ideal gas law). But
at the extreme temperatures and pressures within the interiors of these bodies, the equations
of state are complex. Modern laboratory and computational work seek to fill the voids in
phase space for a variety of materials and apply these results to Solar System bodies and
exoplanets alike (Stevenson, 1982; Seager et al., 2007; Militzer and Hubbard, 2013).

Broadly speaking, these models find that the interiors of giant planets resemble spherical
shells, consisting of a large rocky core underlying a molecular envelope of hydrogen and
helium gas. This is in contrast to the terrestrial planets, whose interiors were too small
to amass and retain a substantial hydrogen and helium atmosphere in the early history of
the Solar System. Uranus and Neptune are also rich in trace ice gases like methane, water,
hydrogen sulfide, and ammonia, and are therefore referred to as the ‘ice giants’.

The compositions of planets are tied to their formation history and the planetary neb-
ula from which they formed. For instance, in cold environments past the ‘snow line’, the
condensation of water and other ices will lead to planetary enrichment or depletion in car-
bon and oxygen that varies in space and time. Thus, determining the elemental abundance
ratios within the planets is needed to fully understand their formation histories. Telescope
observations are a powerful means of informing theories about planetary formation and evo-
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lution, even though only the outer sliver of a planet’s atmosphere is seen. Knowledge of
the size, temperature structure, molecular abundances, and dynamic patterns of the outer
atmosphere constrains these same properties deeper down.

In the remainder of this chapter, I briefly discuss planetary spectroscopy and a timeline
of observations and analysis of Neptune. Neptune is the least studied planet in our Solar Sys-
tem, being the farthest planet from the Sun and only imaged up-close once with Voyager 2.
Neptune lies in the middle between two extremes in our solar system: the small, rocky terres-
trial bodies and larger, hydrogen-dominated gas giants. The Kepler mission revolutionized
planetary science with the discovery of thousands of exoplanets. Using different techniques
than described above, the radii, masses, and mean densities of hundreds of exoplanets have
been calculated and soon new spacecraft will obtain high-resolution spectroscopy of their at-
mospheres. After accounting for observational biases, sub-Neptune to Neptune sized planets
(radii 2 —4 times that of Earth’s) are the most common types of planets in existence (Fressin
et al., 2013). For these reasons, Neptune and its largest moon Triton have been targets for
proposed spacecraft missions to be launched in the 2030’s. Observing Neptune today has
never been more relevant.

1.1 Planetary Spectroscopy

In the upper atmospheres of planets, the primary means of energy transport is the ab-
sorption and re-emission of photons. The process of how the intensity of radiation changes
through the atmosphere is known as radiative transfer.

A planetary spectrum, i.e. how intensity varies with wavelength, can be constructed
from many observations of the target object. The aim of radiative transfer modeling is to
compare the measured spectrum to that modeled through the equation of radiative transfer
(de Pater and Lissauer, 2010). The optical depth 7 is a particularly important quantity in
this analysis. The optical depth is a dimensionless measure of the amount of radiation that
is lost or modified through an atmospheric layer and is strongly dependent on wavelength.
The type and quantity of atoms and molecules and the temperature and pressure of their
environment all impact 7. As a rule of thumb, an observation at a certain wavelength
probes altitudes for which 7 &~ 1. This is because the transmittance of radiation falls off
by e~ 7 following Beer’s Law. As we’ll see in the following sections, modelers of planetary
atmospheres take advantage of this fact to construct temperature and composition profiles
by inverting measured intensities over many wavelengths.

To first order, planetary spectra resemble two blackbody curves. At visible wavelengths,
a planet’s atmosphere reflects light from the Sun. This includes both scattering from cloud
particles, aerosols, and other gases, as well as absorption and emission from these molecules.
At infrared and radio wavelengths, the spectrum is made of the planet’s own thermal emis-
sion. In particular, the expression for blackbody radiation can be approximated at long,
radio wavelengths via the Rayleigh-Jeans law, which relates the spectral radiance B, (T') to
the brightness temperature 7" and frequency v:
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2V2ka

B,(T) : (1.4)

where ¢ is the speed of light and k; is the boltzmann constant. This result is especially
useful in Chapters 4 and 5.

Planetary spectra also consist of absorption and emission lines resulting from transitions
in energy levels as atoms or molecules absorb or emit photons. These lines are the main
means of quantifying the composition of a planet’s atmosphere. The deeper the line, the
more abundant the absorbing/emitting atom or molecule. Through these features, it was
eventually seen that planets are diverse in their compositions (Slipher, 1909, 1933; Adel and
Slipher, 1934a,b).

1.2 Neptune before Voyager 2

Their far distance from the Sun makes the ice giants difficult to observe and study. For
over a century since its discovery in 1846, Neptune looked like a blurry blue disk. The
angular resolution in radians, @, of a telescope is approximated as:

A

where A is the wavelength of the observation and D is the diameter of the telescope. The
angular diameter (the apparent size of the planetary disk on the sky) of Neptune is ~ 2.4”.
For a 1.0 m optical telescope, 8 ~ 0.1 — 0.2”, meaning roughly one-tenth of Neptune’s disk
can be resolved (though in practice, this is limited further by Earth’s atmosphere). With
the best ground-based telescopes available in optimal seeing conditions, Neptune’s apparent
fuzziness could be mitigated and both temporal and spatial brightness variations could be
discerned (Cruikshank, 1985). Studies of Neptune’s diurnal variations showed brightness
changes in the near-infrared (1 — 3 pm), thought to be caused by bright methane clouds.
The first detection of discrete cloud features on Neptune was presented by Smith et al.
(1979) in the 890 nm strong methane-band. Hammel (1989) summarized a decades worth
of observations of Neptune and reported on new images with excellent seeing, finding that
the brightest clouds were between latitudes of 30 — 60°S, with some fainter features seen
as far poleward as 70°S. Prior to 1986, bright northern hemisphere clouds were also seen,
but in Hammel’s 1987 observations, none appeared. Neptune’s equatorial region remained
quiescent throughout the entire observing program. Interestingly, short-term variability in
the observed brightness was seen in both the discrete features and the featureless atmosphere.
Not only is there distinct latitudinal structure in the clouds of Neptune, but Neptune’s clouds
and atmosphere can change morphology and disappear on the order of years or less.

Given Neptune’s distance from the Sun, it is perhaps surprising that such dynamic at-
mospheric activity could be driven from solar insolation alone. A planet’s energy balance
is analyzed by comparing the power received from the sunlit hemisphere to that reradiated.
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Figure 1.1: Sample images of Neptune, showing how spacecraft and improved instrumen-
tation changed our view of the planet forever. a) Methane-band image taken from a 2-m
telescope on June 1987 (Hammel, 1989). b) Voyager 2 visible image of Neptune taken Au-
gust 20, 1989 (image credit: NASA). c¢) Keck images of Neptune without and with (left and
right respectively) adaptive optics taken on June 1999 (image credit: Center for Adaptive
Optics).

Murphy and Trafton (1974) made the first determination of Neptune’s energy balance by
utilizing measured thermal fluxes, spectral albedo data, and effective temperatures from the
literature. They found that Neptune emitted 2 — 3 times as much energy as it received,
implying evidence of vigorous convection as a means of transporting energy upwards. Cloud
formation is one means of powering convection and the observed latitudinal brightness/cloud
distribution could be explained with convection, as mass motions of rising (sinking) air cor-
respond to wet (dry) air.

For a radio telescope array with a maximum baseline of 1.0 km observing at 1 cm,
0 ~ 2.0”, roughly the diameter of Neptune. Thus, only disk-averaged properties could be de-
termined from early radio observations. Unlike the visible and NIR wavelengths, mid-infrared
and radio wavelengths probe Neptune’s stratospheric and tropospheric thermal emission.
The first radio observations of Neptune were taken at 1.9 cm with a 140-ft. telescope at
the National Radio Astronomy Observatory by Kellermann and Pauliny-Toth (1966). Their
observations found disk-averaged brightness temperatures of 180+ 40 K, considerably larger
than the expected equilibrium temperature due to solar heating of 40 K at this wavelength.
The main opacity source in the radio is ammonia gas, meaning this species was expected to be
depleted to account for the observed high temperatures. Future radio work constrained HsS,
another major opacity source, requiring 30 — 60x the protosolar S/H abundances (de Pater
and Richmond, 1989; de Pater et al., 1991). Moreover, good fits to the data were obtained
only if the deep NH3 abundance did not exceed the protosolar N value.

To summarize, before 1989 we knew Neptune was dynamic, containing enough energy
to generate bright cloud activity. It was known that Neptune was comprised primarily
of hydrogen, helium, and trace icy material: CHy, H,S, and NH3. The Voyager 2 flyby
of Neptune would expand our understanding of Neptune forever, producing the first high-
resolution images of the planet. The launch of the Hubble Space Telescope, rise of ground
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based telescopes and the implementation of adaptive optics, and the expansion of radio arrays
ensured that regular, high-resolution studies of Neptune across the wavelength spectrum
would continue long after Voyager came and went.

1.3 Neptune viewed by Voyager 2

Voyager 2 was the only human-made object to visit Neptune. The spacecraft reached
its closest approach on August 25, 1989, flying 5000 km above Neptune’s cloud tops. In its
flyby, Voyager 2 snapped thousands of high-resolution photos of Neptune with the Imaging
Science System. These images revealed that Neptune was more exotic and dynamic than
even the best ground-based observations had predicted.

Magnetic Field

The rotation period (day length) of gas giants is hard to determine as they lack definable
surfaces and atmospheric clouds may not rotate at the same rate as the interior. Instead, the
rotation period is estimated by the magnetic field, which is a direct proxy for the motions
of the convective interior. Warwick et al. (1989) were the first to calculate Neptune’s length
of day, 16.11 + 0.05 hr, from periodic radio bursts and smooth radio emissions within the
planet’s magnetosphere as Voyager 2 approached the planet.

Perhaps more interestingly, Voyager 2 found that the magnetic fields of Uranus and
Neptune were significantly titled and off-center (Ness et al., 1986, 1989; Connerney et al.,
1987, 1991). These findings violated the idea that global magnetic fields are dominated by
axially-symmetric dipoles, as seen on Earth, Jupiter, and Saturn. Their strange magnetic
fields are another example of the unique characteristics of the ice giants. In fact, dynamo
models demonstrated that their unusual magnetic fields is the result of convective regions
different than that of the other planets (Stanley and Bloxham, 2004, 2006).

Zonal Wind Profiles

One of the most surprising findings from the Voyager 2 flyby was the immense display
of atmospheric activity on Neptune. Uranus, by contrast, appeared quite bland, lacking any
notable bright cloud features. Other than sharing a blue hue, Uranus and Neptune could
not appear more different.

These bright cloud features that populate the upper atmosphere of Neptune are assumed
to be passive tracers of the background atmospheric motions. The now-known rotation
period (16.11 hr) of Neptune is subtracted from the extracted cloud velocity to obtain the
east-west or zonal wind speed. Using many high-resolution images, Limaye and Sromovsky
(1991) tracked dozens of bright cloud features and extracted a zonal wind profile, i.e. the
east-west wind speed as a function of latitude. Their results showed that Neptune’s winds
speeds are the fastest in the solar system, reaching wind speeds of 400 m/s or 900 mph.
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Figure 1.2: The zonal wind profiles of Jupiter and Neptune (solid black lines). Neptune’s
winds reach peak speeds much larger than Jupiter’s. The zonal wind speed of Neptunian
dark spots for which there are data are also plotted as blue points (Sromovsky et al., 1993;
Wong et al., 2018; Simon et al., 2019). The dark spots fit a profile which is offset eastward
(less negative values) from Voyager by 30 m/s, shown as a dashed black line.

By contrast, Jupiter’s wind speeds peak at 150 m/s. A comparison of these planets’ zonal
wind profiles are shown in Figure 1.2. However, high-dispersion in the cloud tracking results
and Neptune’s tilt away from the Earth and spacecraft limited both the precision and global
scope of the results.

The zonal wind profile is an important dynamical quantity as it relates to the density
distribution (in both temperature and composition) within the atmosphere and interior.
How the zonal wind field is powered in the giant planets and how deep the winds are driven
remains an open question.

Atmospheric Structure

The first profiles of Neptune’s upper atmosphere were possible thanks to the high quality
of Voyager 2 measurements across the electromagnetic spectrum. This is because different
types of observations probe different parts of the atmosphere. For example, emission in the
infrared is primarily thermal and originates in the stratosphere, whereas the radio probes
deep into the troposphere. The pressures seen for some of the observations done by Voyager
2 are shown to the right of Figure 1.3.
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Figure 1.3: Vertical profile of Neptune’s upper atmosphere. The solid black line is Neptune’s
temperature profile set by radio occultation measurements at 1 bar by Lindal (1992) and
a wet adiabat below 1 bar. The solid gray line is Neptune’s methane profile. The deep
abundance was determined by Baines et al. (1995).
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Conrath et al. (1991) determined Neptune’s stratospheric temperature profile using Voy-
ager 2’s infrared spectrometer (IRIS). They also found latitudinal variations in temperature,
with the equator a few degrees warmer than the mid-latitudes and the south pole even warmer
than both. These variations are related to Neptune’s zonal winds via the thermal wind equa-
tion. This relation and the wind and thermal results from Limaye and Sromovsky (1991)
and Conrath et al. (1991) predict that Neptune’s zonal winds should decrease in strength
with increasing altitude, providing an interesting dynamic constraint for future work.

Pearl and Conrath (1991) used these IRIS measurements to determine Neptune’s energy
balance and narrow the error bars present in earlier work. Their results showed Neptune
emits about 2.6 times as much flux as it receives from the Sun, in line with pre- Voyager
estimates. This confirmed that Neptune’s troposphere is convective and follows either a dry
or wet adiabat:

dT g
- L 1.
dz (o (16)
T
ar _ J (1.7)

dz ¢yt Ledw,/dT

Here, T is the temperature as a function of altitude z, ¢ is the gravitational constant,
cp is the specific heat at constant pressure, L, is the latent heat of condensation, and w; is
the mass fraction of the condensate. Radio occultation measurements as Voyager 2 flew by
Neptune constrained the temperature at 1 bar to 72 K Lindal (1992). This measurement is
an anchor point from which the above equations can be solved once the main constituents
are known. Lindal (1992) also derived a CH4 tropospheric abundance of 2.3%, enabling the
tropospheric temperature profile to be computed. This high abundance of CHy also explains
Neptune’s blue appearance, as CHy readily absorbs red light. Both the temperature and
methane profiles are shown in Figure 1.3.

By synthesizing ground-based observations, Voyager IRIS and radio occultation results,
and theoretical work, Baines et al. (1995) constructed a model structure of Neptune’s upper
atmosphere, also shown in Figure 1.3. The upper stratosphere is dominated by hydrocarbon
haze layers, formed by photolysis of CH4. The absorption of sunlight by these hazes results
in a warming of the atmosphere and a temperature inversion. In Neptune’s troposphere, the
temperature decreases with increasing altitude. As a result of this cooling, trace gases: CHy,
HsS, and NHj, all condense to form clouds. Around 1 bar, a methane haze extends from
the tropopause down to the methane condensation pressure. Between 0.01 — 1 bar, bright
methane clouds populate the planet, reflecting visible and near-infrared light. Clouds formed
by HsS and NHj3 condensation exist at deeper pressures. In particular, an optically-thick
HsS cloud layer is believed to form around 4.5 bar, blocking all but the longest wavelength
radiation. These long wavelengths are in turn blocked by the NH,SH cloud layer, which
forms at 43 bar.
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Dark Spots

Perhaps most mysterious of all was the discovery of ‘The Great Dark Spot’, an Earth-
sized feature characterized by its low contrast compared to the background atmosphere. A
sister feature to the Great Dark Spot, creatively named ‘Dark Spot 2’, was also discovered
at high southern latitudes. Based on their behavior, Neptune’s dark spots are believed to be
anticyclones, analogous to the Great Red Spot on Jupiter (Smith et al., 1989). Dark spots
have the highest contrast at blue visible wavelengths and disappear at longer and shorter
wavelengths (Wong et al., 2018). As a result, Neptunes dark spots are believed to originate
deep in the atmosphere, providing a rare window into the atmosphere below the cloud deck
at visible wavelengths.

Planetary vortices are extremely sensitive to background horizontal wind shear. Sro-
movsky et al. (1993) measured the east-west drift rate of the Great Dark Spot and Dark
Spot 2 as they travelled latitudinally over several months, finding they moved at a predictable
eastward offset from the Voyager wind profile (see: Figure 1.2). Due to the high-dispersion
in bright cloud tracking, Neptune’s dark spots may be a more reliable tracer of the back-
ground atmospheric winds. Moreover, since bright clouds are located at higher altitudes
(P < 1 bar) than the dark spots (P > 1 bar), the observed wind speed differences imply
vertical wind shear in Neptunes atmosphere. This wind shear is opposite of that predicted
by the IRIS measurements in Conrath et al. (1991), complicating our understanding of the
dynamics within Neptune’s upper atmosphere.

1.4 Neptune 30 years after Voyager 2

In a timely coincidence, this thesis will be submitted almost exactly 30 years after the
Voyager close encounter flyby with Neptune. Since that encounter, advances in ground-based
observing and the launch of the Hubble Space Telescope enabled regular, high-resolution ob-
servations of Neptune. Observations from ground-based telescopes (Keck, VLA, and ALMA),
and the Hubble Space Telescope are all heavily featured in this dissertation.

Ground-Based Observing

The largest problem facing ground-based observations is Earth’s own atmosphere. In-
coming light interacts with the atmosphere in ways that can significantly degrade the quality
of an image. Water, carbon dioxide, and oxygen molecules are the worst culprits, as they
absorb radiation over a broad range of wavelengths. Therefore, ground-based facilities are
limited to ‘windows’ in the radiation spectrum in which there are no absorption features
from Earth’s own atmosphere. Even within these windows, ground-based observers must
contend with atmospheric turbulence, which distorts incoming light from a planet or star,
reducing the angular resolution of the image.

At facilities like the Keck Observatory, a technique called Adaptive Optics (AO) was
implemented in the late 90’s to mitigate these effects. AO uses a deformable mirror to
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correct for the distortions in the wavefront from atmospheric turbulence in real time. The
improvement in image quality is shown in Figure 1.1; numerous, small distinct cloud features
and latitudinal-bands are seen in the AO image.

Another technique, called interferometry, is also used to improve the angular resolution.
At radio wavelengths, the angular resolution of an image of Neptune would be poor if a
single antenna was used. Instead, several antennas are arranged to form an array, with
the resolved scales determined by the distances between antennas. Since each antenna is
spaced at slightly different distances from the observed body, the incoming wavefront hits
each antenna at a different time. These signals are correlated between antenna pairs to
produce visibility measurements. Visibilties are measured in the u-v plane, where u-v are
the distances between antenna pairs projected onto the sky in the direction of the source. An
image of the body is produced by taking the Fourier Transform of the visibilities over the u-v
plane. However, the quality of the image is limited to the spacing and number of antennas
in the array, as gaps in the u-v plane mean some aspect of the image is lost. Over the past
decade, the addition of more radio telescopes, improvements in instrument sensitivity, and
expanded wavelength coverage have all improved image quality and the number of ways we
can look at Neptune.

The Hubble Space Telescope

The launch of the Hubble Space Telescope (HST) in 1990 revolutionized astronomy for-
ever. While the improvements in ground-based facilities are novel, they are always at the
mercy of the local weather. HST was the first optical observatory to be placed in space,
far above Earth’s turbulent atmosphere, clouds, and light pollution. Its impact on our
understanding of Neptune can not be overstated.

In 1994, HST discovered that both the Great Dark Spot and Dark Spot 2 disappeared
without a trace. In their stead, HST found new dark spots pop up and dissipate as suddenly
as they appeared. Not only are dark spots rare, but they are dynamic, moving at velocities
different than the zonal wind profile would predict. To date, HST has discovered four dark
spots on Neptune. But due to their transient nature, it is hard to time observations to
study dark spots in much detail. It is believed that dark spots are a window into the deep
atmosphere of Neptune, which is normally obscured by a bright haze.

HST has also been invaluable in monitoring the physical properties and variations on
Neptune, following up on the findings pre- Voyager. HST/STIS spectroscopy has revealed
latitudinal variations in Neptune’s haze and methane content (Karkoschka and Tomasko,
2011). Neptune has also become significantly cloudier since Voyager and is much brighter
from the time its albedo was first regularly tracked in the 1950s (Lockwood and Jerzykiewicz,
2006). In the last few years, Keck and HST have monitored massive bright clouds that
erupted at the equator of Neptune, a normally cloud-free region (Molter et al., 2019). These
changes are remarkable, given Neptune’s long, 40-year seasons. What causes this global,
local, and temporal dynamism is not well understood, but is almost certainly related to the
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mass circulation within Neptune’s upper atmosphere, its composition, and how material is
brought upward from the interior.

1.5 Outline

This thesis presents multi-wavelength observations Neptune. Since each type of observa-
tion probes a different part of a planetary atmosphere, a crude 3D construction of Neptune’s
upper atmosphere can be made by synthesizing these data.

In Chapter 2, I divert my focus off of Neptune to first analyze changes in Jupiter’s zonal
wind field over the past decade. I show that Jupiter’s zonal winds are relatively stable
globally apart from at a strong northern jet. This global stability and local variation is
compared and contrasted to Neptune’s own zonal wind field in Chapter 3. Here, I present
Keck near-infrared images of Neptune and use cloud-tracking software to derive new zonal
wind profiles of Neptune in two filters. Differences in the zonal wind field between these filters
are evidence of vertical wind shear. I use a new thermal wind equation that is applicable at
the equator to determine what the observed wind shear implies about Neptune’s latitudinal
methane and temperature field. A derivation of this new equatorial thermal wind equation
is presented in Appendix A. In Chapter 4, I report on millimeter continuum observations
of Neptune taken with the Atacama Large Millimeter /Submillimter Array (ALMA). I use a
radiative transfer code to analyze latitudinal variations in the brightness temperature across
Neptune’s disk. These variations are related to the local abundance of trace gases. Additional
radio maps of Neptune are shown in Chapter 5. These observations were taken with the
extended Very Large Array (VLA). Like the ALMA maps, these are spatially-resolved. I
retrieve composition profiles of Neptune’s trace gases using an MCMC implementation of our
radiative transfer code. Combining the results within this thesis and from other instruments,
I present a schematic of Neptune’s upper atmospheric structure and dynamics.
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Chapter 2

Changes in Jupiter’s Zonal Wind
Profile during and preceding the Juno
Mission

We present five epochs of WFC3 HST Jupiter observations taken between 2009-2016
and extract global zonal wind profiles for each epoch. Jupiter’s zonal wind field is globally
stable throughout these years, but significant variations in certain latitude regions persist.
We find that the largest uncertainties in the wind field are due to vortices or hot-spots, and
show residual maps which identify the strongest vortex flows. The strongest year-to-year
variation in the zonal wind profiles is the 24°N jet peak. Numerous plume outbreaks have
been observed in the Northern Temperate Belt and are associated with decreases in the zonal
velocity and brightness. We show that the 24°N jet peak velocity and brightness decreased
in 2012 and again in late 2016, following outbreaks during these years. Our February 2016
zonal wind profile was the last highly spatially resolved measurement prior to Juno’s first
science observations. The final 2016 data were taken in conjunction with Juno’s perijove 3
pass on 11 December, 2016, and show the zonal wind profile following the plume outbreak
at 24°N in October 2016.

2.1 Introduction

The most striking feature of Jupiter is its banded structure, home to swaths of bright,
colorful clouds and immense vortices. The observed zonal flow, defined as the longitudinal
average of the east-west winds in the visible cloud deck, is one of the most fundamental
constraints on the circulation of Jupiter’s atmosphere (Ingersoll et al. (2004)). Jupiter’s zonal
wind profile (ZWP) has been a subject of intense study since the Voyager missions. Despite
regular derivations of Jupiter’'s ZWP over the past 30 years, listed in Table 1, the winds have

IThis work has been previously published in Icarus (Tollefson et al., 2017) and has been reproduced with
permission from all co-authors.
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remained remarkably stable, with speeds up to 150 m s~! and with variability on the order
of 10 m s~!. In contrast, the clouds of Neptune have displayed evidence of peculiar dynamics
ever since Neptune’'s ZWP was first derived from Voyager 2 data (Limaye and Sromovsky
(1991)). In particular, individual bright cloud features on Neptune can move with velocities
more than 100 m s~ off the Voyager-derived ZWP (Sromovsky et al. (1993); Martin et al.
(2012); Fitzpatrick et al. (2014); Tollefson et al. (2018)). What drives Jupiter’s stable zonal
flow, characterizing the magnitude and timescale of variability (if any) in Jupiter’s jet peaks,
and predicting how the zonal flow changes with depth remain outstanding questions today.

Three primary methods are used to directly calculate Jupiter’s ZWP: 1D correlation,
2D correlation, and discrete feature tracking. In addition, the zonal winds may be indi-
rectly determined by using the thermal wind relationship (Gierasch et al. (1986); Flasar
et al. (2004); Simon et al. (2015)). 1D correlation methods compute the zonal velocity by
calculating longitudinal correlations of the clouds between sets of image pairs in a mosaic,
typically in narrow latitude windows, but along a large range of longitudes. This method
is insensitive to the north-south component of the velocity field, but meridional velocities
are generally small when intense vortices are absent. The 1D correlation method is favored
for its computational efficiency, and it reduces uncertainties due to bad pixels and random
errors (Asay-Davis et al. (2011)).

The 2D correlation method involves computing full horizontal flow fields, and averaging
the east-west components over longitude to obtain the zonal velocity. This method has the
advantage that longitudinal variations in the zonal winds are preserved and north-south
velocities can be measured in high spatial resolution data. This is particularly important
for obtaining accurate zonal wind measurements of the dark projections (associated with
the 5 pum hotspots) at 8°N, whose velocities do not move with the true zonal flow at the
visible cloud deck (Ortiz et al. (1998); Arregi et al. (2006); Garcia-Melendo et al. (2011);
Asay-Davis et al. (2011)).

Discrete tracking methods determine zonal velocities by tracking large-scale features over
long periods of time to generate one-dimensional or two-dimensional velocity fields. These
fields are then averaged over their east-west components to give the mean zonal wind speed
in a particular latitude bin.

‘Global’ correlation methods are an umbrella term to describe both 1D and 2D correlation
methods - each utilize correlations at all longitudes of Jupiter. In contrast, feature tracking
is often localized to longitude regions containing high-contrast trackable features. In data at
low spatial resolution, including even amateur data, global methods can be used by combining
results from multiple image pairs (Barrado-Izagirre, N. et al. (2013); Hueso et al. (2017)).

Among the past three decades of Jupiter ZWP derivations at the visible cloud deck, min-
imal wavelength dependence has been found (Garcia-Melendo and Sénchez-Lavega (2001)),
in contrast to the case for Saturn (Sédnchez-Lavega et al. (2016), Pérez-Hoyos and Sénchez-
Lavega (2006)). Images of Jupiter in the ultraviolet have been made to determine zonal
wind profiles above the visible cloud deck (Li et al. (2006)). Thus, all observations listed in
Table 1, with the exception of Li et al. 2006, probe the same cloud vertical levels and any
changes in the ZWP reflect temporal changes in Jupiter’s atmosphere. Under this assump-
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tion, we derive ZWPs to examine changes in the 2009-2016 period, using data acquired with
the Wide Field Camera 3 (WFC3) on the Hubble Space Telescope (HST). We use the 1D
method to derive ZWPs, but also measure 2D velocity residuals from these mean profiles,
preserving information on small vortex circulation, turbulence, and waves. The February
2016 ZWP is the last one measured from high spatial resolution data prior to Juno’s first
science observations at perijove 1 (PJ1), which took place 27 August, 2016 (Bolton et al.,
2017). We also present a ZWP taken coincident to perijove 3 (PJ3), which occurred on
December 11, 2016.

2.2 Description of Observations

We derive zonal velocities from multiple HST image sets taken with the WFC3 from 2009
to 2016. The sub-observer pixel resolution of these images ranged from ~130 km/pixel at
opposition to 170 km/pix at the PJ3 perijove distance of 5.85 AU. Table 2 gives details of
each dataset, including filters, number of images used, and times of each image. We perform
analysis on filters at red optical wavelengths to optimize feature contrast. Contrast can be
reduced at shorter or longer wavelengths, due to Rayleigh scattering and/or haze reflectivity.

We collected data from four different WFC3 programs. The 2009 dataset was the first
global mapping effort with WFC3 after it was installed in Hubble’s final servicing mission. At
opposition, Jupiter easily fits within a WFC3 2K subarray. Subarrays greatly increase duty
cycle efficiency for WFC3 observations, because the instrument buffer can only hold two full
frame (4K x 4K) exposures. But instrument modes were limited in WFC3'’s first observing
cycle, so the only way to read out subarrays was to use quad filters (Wong et al. (2010)). To
increase HST scheduling flexibility, the 2009 observations imaged two hemispheres separately,
one on 18-19 September, and the other on 22-23 September (Table 2). Figure 1 shows a
combined map of the two hemispheres, with the derived zonal wind profile overlaid (discussed
in the following section).

The 2012 dataset (Fig. 2) was proposed as an attempt to measure a photometric dimming
from the shadow of Venus, during a solar transit event as seen from Jupiter. The transit
signal itself was never observed, due to the much greater contribution from horizontal inho-
mogeneity in Jupiter’s lightcurve (Karalidi et al. (2015)). The choice of a medium bandwidth
filter (F763M) to image Jupiter’s bright disk necessitated the shortest WFC3/UVIS integra-
tion time (0.48 sec).?

Datasets from 2015 and early 2016 are part of the Outer Planet Atmospheres Legacy
(OPAL) program (Simon et al. (2015)). This program observes each of the giant planets

2In short exposures, the WFC3/UVIS shutter introduces an expected variability of about 2% in exposure
time (Hilbert (2009)), which should have dwarfed the predicted 0.01% signal (Pasachoff et al. (2013)) from
the Venus transit. However, the observed lightcurve seemed to be stable against shutter non-repeatability
to within 1 part per thousand. This result raises the possibility that the Hilbert (2009) shutter repeatability
analysis may have been limited by lower signal-to-noise ratio, compared to the very high signal-to-noise ratio
of the Karalidi et al. (2015) Jupiter lightcurve, which integrated the flux over the full planetary disk.
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at an annual cadence, for long-duration time-domain studies of storm activity, wind field
variability, and changes in aerosol distributions and spectral properties. The program, which
began in 2014, has led to discoveries of a new dark vortex on Neptune (Wong et al. (2016)),
rare wave phenomena on Jupiter (Simon et al. (2015)), and new insights into variable cloud
features on Uranus (Wong et al. (2015b); Irwin et al. (2016)). The 2015 and 2016 global
maps and zonal wind profiles are shown in Figures 3 and 4 respectively.

The December 2016 dataset is part of the Wide Field Coverage for Juno (WFCJ) program.
This program is synchronized with perijove passes of the NASA Juno mission. Juno made
its third perijove (PJ3) pass on 11 December 2016. For subsequent perijove passes, the
WEFCJ program will either acquire global map pairs to derive the wind field at the time of
perijove, or it will obtain only a ~50-min observation covering the longitudes of the Juno
sub-spacecraft track. Our global map from the WFJ program is shown in Figure 2.5

All images in a given data set were navigated and deprojected using the same methods
outlined in (Lii et al. (2010)). The formal navigational uncertainty for each frame is <
0.10 degrees at the sub-observer point. Images were deprojected onto a regular grid in
planetographic latitude and System-III longitude with 0.05° spacing. Reflectivity data were
corrected for limb-darkening by dividing by a factor of u*, where p is the cosine of the
emission angle and k£ ranged from 0.80-0.90 depending on the filter used. For a Lambertian
surface, k = 1.0. The accuracy of the limb-darkening correction is generally unimportant for
our results since we are only interested in correlations in brightness and not exact photometric
values - see Supplementary Material in Tollefson et al. (2017) for more discussion on the
limb-darkening technique.

We also reference results from Cassini maps obtained on December 11 to 13, 2000 during
the Jupiter flyby (Porco et al. (2003); Li et al. (2004); Asay-Davis et al. (2011)), and from
HST/WFPC2 maps from 2008 (Asay-Davis et al. (2011)). The HST/WFPC2 maps generally
have larger uncertainties in the navigation and zonal wind profiles than the WFC3 maps for
several reasons: 1) The WFPC2 pixel scale is slightly larger than the WFC3 pixel scale;
2) Jupiter’s full disk did not fit entirely on the PC1 detector resulting in larger navigation
uncertainty; 3) the distortion solution may be better for WFC3.

2.3 Methods

1D correlation method for zonal velocity extraction

Our 1D correlation method for zonal velocity extraction is identical to the global method
described in Asay-Davis et al. (2011). In summary, maps are sliced into latitude strips,
and correlations are derived between pairs of strips as a function of horizontal shift. A given
horizontal shift, divided by the time separation of the map strips, is the velocity. Correlations
are determined for every point where there is a pair of time-separated maps covering a given
longitude. The velocity that maximizes the total correlation is the derived zonal velocity
for that latitude bin. This method has advantages over local techniques, where velocities
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Figure 2.1: A global map of Jupiter created by combining frames in the 2009 dataset.
Overplotted is the derived ZWP (yellow); thin, white vertical lines are 50 m s™! increments
in the zonal wind velocity, with the longest line representing 0 m s~!. Hemispheres A and
B (labeled at top) were observed about 4 days apart, with the intention of increasing HST
scheduling flexibility (see Section 4.2 and Tables 3 and 4). Subsequent datasets (Figs. 2-5)
continuously imaged over full Jupiter rotations, rather than imaging hemispheres separately.

are extracted by tracking features frame-to-frame. Mainly, correlations are computed for
all overlapping longitudes in all image pairs. While longitudinal velocity variations are
smeared away with the 1D method, the overall error due to random navigation errors and
bad pixels is reduced. It is also important to note that there is not necessarily a direct
correspondence between the observed cloud motions and the true zonal flow. Features may
be driven by a number of mechanisms, including wave phenomena, shear, or local turbulence.
Moreover, photometric centers may vary over time due to changes in cloud morphologies.
Such processes will affect the uncertainty of our extracted zonal wind profiles. Regardless, we
make the assumption that there is a strong correlation between the observed cloud motions
and extracted zonal velocities, and show that our mean, global uncertainties are around 56
m s L.

Specifically, we are interested in computing the correlation between a reference image
I(6,v) and an image advected by velocity v to a time in common with the reference, called
I.(0,v), where 0 is the planetographic latitude. The velocity that maximizes the correlation
function over a sum of all such image pairs in a latitude bin is the derived zonal velocity at
the latitude centered in the bin. The correlation function to be maximized used here and by

Asay-Davis et al. (2011) is:



CHAPTER 2. CHANGES IN JUPITER’S ZONAL WIND PROFILE DURING AND
PRECEDING THE JUNO MISSION 18

Hemisphere B

Hemisphere A-

Planetographic Latitude (deg)
o

360 315 270 225 180 135 90 45 0
Sys Il Longitude (deg)

Figure 2.2: As Figure 1. For one analysis (Sec. 2.4), the data were divided into two
hemispheres (marked with horizontal white lines) to determine whether using hemispherical
or global imaging influenced the retrieved zonal wind profile.
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Figure 2.3: As Figure 1 except for 2015.
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Figure 2.4: As Figure 1 except for 2016.11 (OPAL).
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The function above is dependent on the mean and variance of an image, and the cross-
correlation of the unshifted image I;, with the shifted image I;. These are defined below:

(2.1)

(L) (0.0) = 55— 3 (0,00 (0.6 (22)
(k) (6 Ny ka 9, ¢:) (2.3)
<I,3> (9> U) kk' ZIk (2'4)

These quantities sum over N;;, which is the number of overlapping pixels between image
the pair of images I; and I}, at a given # and v.
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Figure 2.5: As Figure 1 except for 2016.95 (Juno PJ3).

To compute the above correlations, we first crop each individual map to £40° longitude
of the central meridian and £72° latitude to limit effects near the limb. We then mask
out the Great Red Spot and Oval BA in images where these features are present. Large
vortices do not move with the background flow on Jupiter, and have internal velocities that
would interfere with our accurate measurement of zonal velocities. This chosen masking is,
admittedly, arbitrary. Future implementations may improve on this by first calculating all
the residuals from the unmasked data with ACCIV (see Section 3.2), then using the data
themselves to flag significant non-zonal flows, and finally re-running the analysis with all
areas masked out where the residuals are flagged for exceeding a set threshold. This process
would be more time-consuming, but it should reduce the global mean uncertainty.

We also limit our computations to pairs of images that are taken within 5 — 15 hours
of each other, corresponding to 0.5 — 1.5 Jupiter rotations. If the time difference between
images is too short, the correlation given in (2.1) will be large for the sampled velocities since
the displacements in the advected image will remain close to the reference image. Too long a
time offset and correlations will be small at all sampled velocities, as inherent morphological
changes arise and displacements from non-zonal velocities grow. Correlations are computed
for velocities within & 50 m s™! in 0.5 m s~! intervals of a reference zonal wind profile,
taken from Cassini maps published in Porco et al. (2003). Finally, we compute (2.1) by
summing over all latitudes within £A# of the given latitude 6. For our zonal velocities,
A6 = 0.25° which amounts to summing over 11 rows of pixels, five on either side of the given
latitude. Summing over multiple latitudes eliminates correlations produced by spurious and
prominent structures at any single latitude, producing a ‘smooth’ zonal wind profile. This



CHAPTER 2. CHANGES IN JUPITER’S ZONAL WIND PROFILE DURING AND
PRECEDING THE JUNO MISSION 21

latitude-summing procedure and reference zonal wind profile are identical to that used in
Asay-Davis et al. (2011).

Uncertainties

Uncertainties in some previous works have made use of temporal fluctuations (Limaye
(1986, 1989); Garcia-Melendo and Sanchez-Lavega (2001)). Specifically, when multiple zonal
wind profiles can be derived from data taken close in time, the RMS temporal variation
among the profiles was taken as the estimate of the uncertainty in the mean profile. RMS
differences between profiles contain differences due to both random errors as well as sys-
tematic errors, including temporal evolution on the timescale of the separation between
individual profiles. But since a major motivation for determining uncertainties is to be able
to quantify real temporal change, it would be beneficial to define uncertainties that are
independent of temporal variation.

To estimate the precision of our derived zonal wind profiles, we use correlation uncer-
tainties, as defined in Asay-Davis et al. (2011). The error estimation involves first advecting
individual maps to a common time point, using the derived zonal wind profile from the 1D
method. If the derived profile were perfectly accurate, then these advected maps would all
be identical. In reality, the advected maps differ, due to a combination of effects: scale differ-
ences between discrete features and jet widths, temporal evolution of cloud tracers, random
and periodic longitudinal departures from zonal flow, meridional flow, temporal variation on
short timescales, vertical wind shear, noise in image data, navigation errors in mapping the
data, and astrometric distortion of the images. The combined effect of these error terms
can then be estimated by measuring the displacements between the individual advected
maps. We measure displacements using Correlation Image Velocimetry, or CIV (Fincham
and Spedding (1997); Fincham and Delerce (2000)). Displacements are then converted to
velocities by dividing by the interval between advected maps. The specific implementation
of CIV employed was the ACCIV code, described in Asay-Davis et al. (2011), which includes
a statistical filter for rejecting outliers in the velocity field.?

The velocity vectors found by correlating advected maps are residuals from the mean flow.
We combine and smooth velocity residual vectors from all map pairs to create residual maps.
These maps constrain the velocity uncertainty. We define zonal wind profile uncertainty at a
given latitude as the RMS average of the velocity residuals at that latitude. Residual maps
also reveal dynamical features such as vortices, turbulence, and waves. Correlations cannot
be accurately measured at the edges of the maps, which we arbitrarily restricted to latitudes
closer than 72 degrees from the equator to limit the effects of viewing geometry distortion
and loss of contrast due to greater slant path through Jupiter’s hazes.

Uncertainties in the zonal wind profiles are shown as thin yellow lines in Figures 2.1-2.5.
Tabular text files containing each zonal wind profile from this paper (with uncertainties)
are available in the supplemental Material of the online article (Tollefson et al., 2017). The

3ACCIV is available online at https://github.com/xylar/acciv.
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supplemental files also list the number of 2D correlations found at each latitude as part of
the uncertainty estimate; very few 2D correlations were found at latitudes north of 69.1°N or
south of 69.1°S. Velocity residuals are shown in Figure 2.6 for the 2016.11 data set. Residual
plots for the other data sets are available in the online Supplemental Materials Figures S1-S4.
The middle panel of each subfigure shows north-south velocity residuals, while the lower panel
shows east-west residuals. The top panel shows all residuals overlaid on the global albedo
map, with the zonal wind profile shown for comparison at top right. We identify two sources
of error that may contribute to the residuals. First is navigational uncertainties, which we
estimate as around 0.10° per frame. The second is errors that arise from the correlation
calculation. This source of uncertainty is partitioned into: the dynamics of discrete features,
like vortices, that drift with respect to the zonal flow; variations in velocity with longitude;
variations in velocity with latitude, including deviations within the 11 pixel window as well
as North-South velocities; and the effects of limb-darkening. It is harder to determine the
magnitude of each of these sources. Figure 2.6 shows compact dipoles (pairs of red/blue or
orange/blue velocity residuals) which are characteristic of vortices. The presence of these
velocity signatures at a particular latitude will increase the standard deviation of velocities
at that latitude, so vortices affect the zonal wind uncertainties. For example, a series of
cyclonic vortex signatures between 50°-60°S (labeled “Cyclone Alley” in Fig. 2.6) produces
locally high zonal wind uncertainties, as discussed in Sec. 2.5.

High-Level Science Products (HLSP) are also available at the MAST archive hosted
by Space Telescope Science Institute. Calibrated global maps associated with the OPAL
program are available at the OPAL HLSP page.* Calibrated global maps and zonal wind
profiles associated with the WFCJ program, synchronized with Juno perijove passes, will
be available at the WFCJ HLSP page.® All zonal wind profiles at the WFCJ HLSP page
will be derived using the procedures described here, and global maps will be constructed as
described in Simon et al. (2015).

2.4 Results

In the following section we plot our derived zonal wind profiles and compare differences
between pairs of profiles. We define the uncertainty in the zonal velocity difference between
two profiles at a particular latitude as:

RM St = | RMS? + RM S} (2.5)

RM S, and RM S5 are the the correlation velocity uncertainties defined in the previous
section. Differences greater than RM St are significant. Comparisons between a number

4The OPAL archive page at MAST has the DOI 10.17909/T9G593, and can be accessed at
http://archive.stsci.edu/prepds/opal/.
®The WFCJ archive page at MAST can be accessed at http://archive.stsci.edu/prepds/wfcj/.
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Figure 2.6: Residual non-zonal velocities are used to calculate uncertainties, but they also
highlight dynamical features. Top panel: All velocity residuals are overlaid on the 2016.11
albedo map from Fig. 2.4. The GRS and Oval BA were masked out of the 2D correlation
retrieval, so their areas are blank. The smaller anticyclone Oval Z, as well as a cyclone known
as the STB Ghost are clearly visible in the residual maps. A band near 55°S is marked by
strong velocity residuals; we mark this as “Cyclone Alley.” Residuals are also very high
near 9°N, where an equatorially-trapped Rossby wave produces a series of 5-um hot spots
and plumes. Middle panel: Meridional velocity residuals are shown on their own. Vortices
indicated in the top panel show up here as east-west dipoles. Bottom panel: Zonal velocity
residuals are shown on their own. Vortices indicated in the top panel show up here as north-
south dipoles. A periodic pattern of alternating residuals is seen between the equator and
20°S, with zonal wavenumber 1 (red and blue dotted lines are overplotted as guides to the
eye). Residual maps for the other epochs are available in the Supplemental Materials of
Tollefson et al. (2017). Similar phenomena are seen on these maps.
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of derived ZWPs are presented in Figures 2.7-2.8. For each comparison, two ZWPs are
plotted against each other on the left (blue and green curves in the online version of this
article), with differences between them shown on the right as a black curve, bounded by
the uncertainty envelope in red. Figure 2.7 compares zonal wind profiles at multiple epochs,
while Figures 2.8 and 2.9 are used to evaluate the effects of differences in our methodology
(see below).

Temporal change

Figure 2.7 shows comparisons of the 2016.11 mean ZWP to the mean ZWP’s for each
other data set (here,‘mean’ is the average zonal wind speed over all longitudes and frames, in
contrast to the other two sets below) . The most significant differences in the jet peak speeds
occur around 24°N, 8°N, 6°S, 26°S, and 50°S. The zonal wind differences and uncertainties,
averaged over £65°, are shown in Table 3. We also include the 2008 ZWP from HST/WFPC2
data (Asay-Davis et al. (2011)) for comparison. On a global basis, the zonal winds are
constant ((A) < (o)), but the few significant changes are highly interesting. We define (o)
as the globally averaged uncertainty between two epochs, equal to the latitudinal-average
RM Stoa and (A) as the globally averaged difference in the zonal winds in two epochs.

WEFC3 provides an improvement in velocity measurement precision compared to WFPC2.
Diagonal elements of Table 3 give the uncertainties of each individual ZWP. Average uncer-
tainties measured with WFC3 (years 2009-2016) are considerably lower than the 11 m s™!
reported in Asay-Davis et al. (2011) for 2008, based on WFPC2 data. Several instrument-
related differences between WFPC2 and WFC3 can be linked to the improvement. WFC3
provides a detector format that allows the full disk of Jupiter to be imaged in every frame,
leading to better navigation accuracy than WFPC2, where the high-resolution PC1 chip
was too small to capture the full disk. There may be a small improvement due to angu-
lar resolution, since the 0.039” pixel size of WFC3 is a 15% improvement over the 0.046”
WFPC2 pixel size (McMaster et al. (2008)). A significant improvement can be seen between
uncertainties in 2009 (7.6 m s™!), compared to uncertainties at the later 2012, 2015, and
2016.11 epochs (56 m s71). All of these epochs had comparable spatial resolution. This
improvement in uncertainties is partially due to improved knowledge of WFC3’s geometric
distortion, which is corrected to a precision of about 0.001” (Kozhurina-Platais (2014)). The
2009 data were acquired using the quad filter FQ643N, which (unlike the full-frame filters
used in 2012-2016) never received updates to its distortion corrections.

Figure 2.7 compares the resulting ZWPs for each epoch. We find significant temporal
variability near latitudes of 24°N, 8°N, 6°S, 26°S, and 50°S. Many of these variable regions
correspond to non-zonal flow, such as regions with large vortices and the 5-micron hot spots.
While we mask out the Great Red Spot, global waves emitting from this vortex still affect
the flow. This is reasonable, since the activity of vortices and the dark projections varies
with longitude, and we expect these signatures to appear in the ZWP derivations.

The latitude with the greatest uncertainties (widest part of the red envelope) falls in the
region of the 8°N 5-micron hot spots. Zonal velocities are notoriously difficult to obtain in
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a) 2008.36 vs. 2016.11 b) 2009.72 vs. 2016.11
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Figure 2.7: Left: Jupiter’s derived ZWP from 2008-2016 compared to the 2016.11 ZWP.
Right: The difference between the compared ZWPs (black line) and RMS Total (Eq. (2.5),
red area). Differences outside the red region are significant. In all figures, the black line is
the 2016.11 ZWP minus the ZWP of the compared epoch.
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a) 2009: hemisphere A vs. B b) 2012: hemisphere A vs. B
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Figure 2.8: As Figure 2.7 except comparing Hemispheres A and B in the 2009 and 2012
epochs.

this area since the hot spots do not move with the local flow (Ortiz et al. (1998); Garcia-
Melendo et al. (2011); Asay-Davis et al. (2011); Choi et al. (2013)). Asay-Davis et al. (2011)
manually tracked this area and found large RMS deviations. This is suggestive of wave
activity or changes in the cloud optical depth, indicative of vertical wind shear. Results
from global method analyses are difficult to interpret due to these local variations. The
large velocity residuals here are marked “Equatorial Rossby Wave” in Fig. 2.6.

Effect of restricted longitude range

The 2009 observations were taken with two hemispheres observed about 4 days apart, in
an attempt to increase HST scheduling flexibility. To investigate whether this observation
design affected the resulting ZWP, we performed an analysis of the 2012 data in a similar
fashion, constructing two different ZWPs from separated hemispheres. The two hemispheres
for 2009 are shown in Fig. 2.1, and for 2012, horizontal bars in Fig. 2.2 show the longitude
ranges used for each separate hemisphere analysis.

Figure 2.8a compares differences in the zonal winds between hemispheres A and B in 2009,
and Fig. 2.8b compares the two 2012 hemisphere profiles. Very few significant differences
(black curves protruding from red envelopes) are seen at either epoch. In the 2012 dataset,
there is a significant difference in the location of the “kink” in the cyclonic shear zone near
15°S, and at both epochs, there are differences in the peak of the strongest westward jet at
20°S (see also Sec. 2.5).

Table 2.4 summarizes the latitude-averaged results from the two-hemisphere analyses.
As with Table 2.3, the diagonal of the table gives mean correlation uncertainties (o) for
each individual ZWP measurement. Uncertainties from all WFC3 analyses, whether global
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a) 2012: full vs. interleave set 1 b) 2012: full vs. interleave set 2
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Figure 2.9: As Figure 2.7 except comparing the interleaved 2012 sets.

or single-hemisphere, all fall in the 5-6 m s~! range. Differences between 2009A /2009B pro-
files, and between 2012A /2012B profiles are in the 3 m s™! range, just like the differences
between global profiles in 2009, 2012, 2015, and 2016 (Table 2.3). These results suggest that
a ZWP derived from data covering a single hemisphere may be just as accurate as results
from data with full global coverage. Surprisingly, Table 2.4 suggests that precision is also not
decreased by using hemispherical rather than global data: (0)20128 < (0)2012g10bat < (0)20124,
and (0)2000gi0bar 1S greater than either (o)a0004 Or (0)20095. The comparison between these
hemispherical and global uncertainties gives some insight into the length scale of longitu-
dinally variable flow; the variation is most likely dominated by length scales significantly
shorter than a hemisphere. Indeed, studies of the OPAL 2015 and 2016 data focused on
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longitudinal variation (Johnson et al., 2018) identified longitudinal variation with horizontal
scales of around 50°, based on wind profiles based on data spanning only 30° of longitude,
even shorter than our hemispherical (180°) tests.

Effect of sampling cadence

Enough individual frames were obtained in 2012 to compare the ‘mean’ retrieval to re-
trievals based on interleaved subsets of the data. The interleaved subsets were obtained by
taking every third frame from the 2012 data set, resulting in timing differences on the order
of 10 min (see Table 2.2). Each subset had 20 frames, roughly comparable to the number
of frames used in the 2015 and 2016 analyses. These interleaved 2012 subsets span the
same longitudinal and temporal range, allowing effects on the ZWP due to instrumental or
navigational errors to be isolated.

Figure 2.9 compares the mean 2012 profile to each interleaved set. The zonal wind
differences are small, < 5 m s~! over the full latitude range, and < 1 m s~! in the globally-
averaged sense (Table 2.5). Due to very similar longitudinal and temporal coverage of these
three interleaved datasets, differences in the ZWPs should be due only to random errors
from sources such as navigation uncertainty or detector distortion. Values of mean ZWP
differences (A) < 1 m s~ imply that such random errors are very small compared to other
uncertainty terms.

Comparisons between the full retrievals, single-hemisphere retrievals, and interleaved
2012 subset retrievals suggest that the dominant error in ZWP measurements is longitudinal
variability. Because the 2012 interleaved data sets span the same range of longitudes, they
are not sensitive to this source of error, and their differences are smaller than 1 m s~! on
average. But the length scale of this longitudinal variability must be shorter than 180°,
because there is no significant increase in (o) between the 2012 hemispherical and global
ZWPs.

Some constraints can also be placed on temporal variation. Differences and uncertainties
between 2012A and 2012B retrievals, which were observed within the same 24-hour span,
are very similar in magnitude to the differences in 2009A and 2009B retrievals, which were
taken about 4 days apart. If temporal variability on the scale of 100 hours were significant,
then the 2009 and 2012 dual-hemisphere results should show some significant differences,
perhaps including significantly higher uncertainties or differences in the 2009A /2009B case.

The mean correlation uncertainty is higher for the full 2009 profile ((¢) = 7.63 m s™')
than for the full 2012 profile (5.79 m s~'). However, (o) is in the range of 5-6 m s~ for all
the single-hemisphere cases. If the difference between the 2009 and 2012 (o) values is entirely
due to real physical effects, then it suggests a timescale of variation that is on the order of
a few days, but long enough to go undetected in the 2012 data spanning only a couple of
Jupiter rotations. A caveat to this finding is that there was a potentially significant difference
in how the mean 2009 and 2012 profiles were constructed. For 2012, we constructed a mean
profile based on global data. For 2009, this approach was impossible because correlations
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are unreliable over a time span of 4 days, so we averaged the ZWPs from the A and B
hemispheres.

2.5 Discussion

Periodogram analysis

We added the WFC3 ZWPs to the set of WFPC2 and Voyager profiles analyzed in Simon-
Miller and Gierasch (2010), updating the Lomb-Scargle periodogram analysis (Fig. 2.10).
The combined dataset allows a much finer temporal resolution in short (< 8 yr) periods.
The current analysis combines prior ZWPs derived using a discrete feature tracking (local)
method, with the WFC3 ZWPs derived using the 1D correlation (global) method. After
more WFC3 zonal wind profiles are measured in the future, there will be sufficient data to
determine whether combining data based on different retrieval methods affects the results.
However, where the false alarm probability is low, several latitudes show signs of periodic
variation, similar to those in (Simon-Miller and Gierasch, 2010):

Within a few degrees of the equator, variation is suggested with a period of 6.7 years,
and possibly at the longest period of 13.8 years. Similar signals were evident in the analyses
of Simon-Miller and Gierasch (2010) and Simon-Miller et al. (2007), though with lower
confidence; the data used in Simon-Miller et al. (2007) did not have enough temporal coverage
to accurately constrain periods. The long-period equatorial variability is intriguingly close
to the 11.9-year seasonal period. Because of the nature of the Lomb-Scargle periodogram
retrieval, the long period signals have underestimated false alarm probabilities, as there are
not yet enough datasets to demonstrate repeatability at the longest timescale. However, the
6.7-yr period could correspond to the first overtone of the seasonal frequency. As shown
in Fig. 8 of Simon-Miller and Gierasch (2010), there is some indication that tropospheric
mesoscale wave features could be tied to the seasonal cycle, and if so, similar changes might
be expected in the tropospheric winds.

Peaks also appear at 5 years at 18°N and 7°S, as Simon-Miller and Gierasch (2010).
Stratospheric temperatures derived from infrared observations show a strong low-latitude
periodicity at about 4.5 years, known as the Quasi-Quadrennial Oscillation (QQO), which
should produce observable signals in the tropospheric zonal wind speeds if resulting temper-
ature anomalies propagate down to the cloud tops (e.g. Leovy et al. (1991); Simon-Miller
et al. (2007)). However, the only periodogram peaks near this period are tightly focused
in latitude at 18°N and 7°S, and could be tied to other features, such as the wave pattern
at 7°S. The analogous equatorial oscillation in the Earths atmosphere, the Quasi-Biennial
Oscillation (QBO), varies from 20 to 26 months, and sometimes fails to fully form at lower
altitudes, or pauses. In other words, the Earths QBO is not exactly periodic and does not
always fully propagate, so it is possible that the approximately 5-year wind variability seen
at Jupiters equator is also related to this cycle. The best option for distinguishing between
these possibilities is the expansion of the regular WFC3 zonal wind time series, which should
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Figure 2.10: Left: Time series of low-latitude zonal winds from WFC3 (2009-2016), combined
with zonal winds measured from Voyager (not shown) and HST/WFPC2 data (Simon-Miller
and Gierasch, 2010), with speeds corresponding to color values. Right: Corresponding Lomb-
Scargle periodogram. False alarm probabilities of 20%, 15% and 10% are shown as vertical
ticks on the color bar. The periodogram color bars span over the derived period mid-points,
and correspond to periods of 4.2, 4.5, 4.8. 5.2, 5.6, 6.1, 6.7, 7.5, 8.5, 9.7, 11.4 and 13.8 yrs

more accurately determine whether a seasonal signal or equatorial oscillation is present or
not; these can be much more tightly constrained with this combined dataset, compared with
prior analyses.

There is no significant periodicity at the latitude of 24°N, where the highest-magnitude
wind speed changes are found. This point is discussed further in Sec. 2.5.

Non-zonal features in the velocity residual maps

The 1D correlation method determines the average zonal flow in Jupiter’s atmosphere.
This method provides no direct information about flows different of this background. The
residuals in Figure 2.6 indicate compact dipoles in north-south and east-west velocities where
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vortices are present in the 2016.11 data. Residual maps for the other epochs (Supplemental
Materials of Tollefson et al. (2017)) show similar vortex signatures.

A chain of such features, marked “Cyclone Alley” in Fig. 2.6, results in locally high
mean zonal wind uncertainties near 55°S. These locally high uncertainties produce notice-
able protrusions in the red envelopes in Figs. 2.7-2.9 near 55°S. Cyclone Alley in our velocity
residual maps coincides with where the Galileo imaging experiment found the highest den-
sity of lightning strikes per unit area (Little et al. (1999); 52.5°S planetocentric latitude
in their Table II is equivalent to 56.1°S planetographic latitude in our figures). Cyclones
can be bordered by turbulent regions around their main bodies (resulting in ‘frilly’ looking
structures). Levin et al. (1983) concluded that water cloud particles are the most likely
medium for Jupiter’s lightning generation, based on estimates of electrical conductivity for
the different jovian cloud materials, as well as mass loading values that are consistent with
values in more recent work by Wong et al. (2015a). Thus, evidence of cyclones and lightning
near H5°S suggests that the vortices could vertically extend to pressures associated with the
water cloud layer between 5-8 bar (Weidenschilling and Lewis (1973); Wong et al. (2008);
Bjoraker et al. (2015)).

The large, turbulent, convectively active region to the northwest of the GRS (the “GRS
wake”) displays a consistent signature in the velocity residuals, at all epochs. The residual
wind blows to the northwest in the northern section of the GRS wake, and to the southeast in
the southern section, and thus corresponds to divergent flow at the cloud top level. Although
divergent flow has been known to characterize individual convective supercells in this region,
which themselves generate both cyclonic and anticyclonic eddies (Gierasch et al., 2000), our
residual maps indicate that the entire region is characterized by large-scale divergence.

A persistent feature in the ZWPs at the same latitude as the GRS wake (within the SEB)
is a “kink” in the meridional wind shear in the 10°-15°S range. It might seem plausible that
the kink may be associated with the GRS wake, since its velocity residual is so large. The
2009 and 2012 two-hemisphere analyses test this hypothesis, since at each epoch, the GRS
wake was present in only one of the hemispheres. Indeed, for 2012, significant differences
(15-18 m s7!) are present around the kink (Fig. 2.8). The kink is much weaker (smaller
changes in meridional shear) in the hemisphere that does contain the GRS wake.

For 2009, a significant difference is not seen, consistent with the absence of a turbulent
GRS wake at that time; convective activity had stopped and the SEB was quiescent and
whitening (Fletcher et al., 2011). Conversely in 2008, the wind speed in the kink was
particularly slow, and convective activity was present at most longitudes at this time (see
Fig. 1 of Asay-Davis et al. (2011)). There seems to be a correlation between large-scale
convective activity and slower zonal wind speeds near 10-15°S. One caveat is that gaps in
the temporal sampling of our 2009 dataset degraded the sensitivity to velocities near 270°W,
just to the west of the GRS (Supplemental Figure S1, Velocity Residuals for 2009 in Tollefson
et al. (2017)).

An additional velocity feature is present at these latitudes for the 2016.11 data, but
not for any other epoch. This feature consists of a diagonal streak of eastward velocity
residuals (Fig. 2.6) that corresponds to a thin, zone-like linear cloud feature in the albedo
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map (Fig. 2.4). Longitudinally, the velocity residual feature and the albedo feature both
alternate in sign, with one complete cycle around the planet (zonal wavenumber 1), possibly
an example of the GRS and its turbulent wake reflecting large-scale waves back toward the
equator (Simon-Miller et al., 2012). When similar albedo features are present (2009 and
2016.95 epochs), they maintain a simlar slope in latitude/longitude, yet the velocity residual
features appear to be aligned strictly east-west. This may be an effect of the much coarser
resolution of velocity residual maps compared to albedo maps. The planetary-scale linear
albedo feature may be at a different altitude than the surrounding clouds, but the feature is
much weaker in CHy-band (889-nm) images than in the deep-sensing red wavelengths used
in this study. The nature of this feature, and its corresponding velocity residuals, remains
elusive.

Velocity fields derived from HST/WFC3 observations will provide valuable comparisons
with a wide range of observations taken by the NASA Juno spacecraft, as well as other
supporting observations from the ground. In particular, JunoCam will measure winds in
some polar images with time separations on the order of an hour, which could be directly
cross-validated with our wind profiles if the data extend to latitudes lower than 70°. Infrared
global imaging sequences at 4.8 yum acquired by Juno’s JIRAM instrument can be used to
measure the wind field with potential sensitivity to deeper tracers®, potentially revealing
vertical wind shear in combination with data from HST. Repeated spacecraft passes over
Jupiter at different longitudes will enable MWR, the Microwave Radiometer (Janssen et al.,
2017), to sample deep composition in and out of discrete features such as the Great Red
Spot and 5-pm hot spots. Horizontal wind fields from HST observations will complement
the inferences on vertical motions derived from these MWR measurements. Ground-based
stratospheric temperatures retrieved during the mission can be used to derive stratospheric
winds via the thermal wind equation (Fletcher et al., 2016), using contemporaneous wind
profiles as a lower boundary condition rather than wind fields measured over a decade before.
Both the wind profiles and the optical maps themselves are also useful for comparison with
spectrally-resolved microwave maps to be obtained during the Juno mission. These maps
measure variability in NH3 concentration, a tracer of vertical motion (de Pater et al., 2016).

Year-to-year differences

Figure 2.11 plots our calculated year-to-year differences of Jupiter’s equatorial jet peaks,
including Cassini (Porco et al. (2003)) and HST WFPC2 data (Asay-Davis et al. (2011)). The
long-term trend confirms that the jet peaks are stable (although they may vary significantly
year-to-year). The most activity is seen at Jupiter’s strong eastward jet at 24°N. This jet has
been intensely studied over several decades and with a variety of instruments, including: the
Voyager era (Maxworthy (1984)), ground based CCD and HST/WFPC2 images (Garcia-
Melendo et al. (2000)) and most recently, from JunoCam and ground-based observations
(Sdnchez-Lavega et al. (2017)). However, predicting the amplitude and period of variations

6See https://photojournal.jpl.nasa.gov/catalog/PIA21036



CHAPTER 2. CHANGES IN JUPITER’S ZONAL WIND PROFILE DURING AND

PRECEDING THE JUNO MISSION 33

—_ ————————————————————————1.10
0 . . ] _
e % 237N =
g L I/F Contrast N T
> 160 4 UF Contras 11.00 8
'G +~ (N
o c -
ey o
) 1 o2
> 140t 1090 L m
© ] =
C oN
o : : Lo ~
N } N N N N } N N . . } . +—0.80

160F 4
v 140} .
£
e 120+ 4
E 100}
< sot .
2 60 i
(@]
N 40t -

20k L 1 1 7

2000 2005 2010 2015

Figure 2.11: Bottom: Equatorial jet peak velocities (m s™!) vs. year. Top: 24N jet peak
velocities (solid red line) and I/F contrast (dashed black line) vs. year. Vertical dashed lines
indicate the time of an NTB plume outbreak.

in this jet peak has remained elusive to date. Figure 2.12 plots the ZWP around the Northern
Temperate Belt (NTB) jet peak for each epoch. The biggest decreases in jet speed follow
eruptions of massive convective outbreaks, which result in a decrease from about 160 m
s to 147 m s7! (Sénchez-Lavega et al. (2008)). The jet peak also appeared to widen
and slow by 50 m s™! between the Voyager era and the period 1994-1997, which may be
a result of 1990 disturbance in the NTB (Garcia-Melendo et al. (2000)). These outbreaks
imply significant vertical wind shear between the visible cloud deck and deeper levels, with
sporadic coupling of the layers driven by convective release of internal heat. Three such drops
in the jet speed are shown in the top panel of Figure 2.11: in 2007 after a well-documented
convective outbreak in the North Temperate Belt (NTB), in 2012, and at the end of 2016.
The 2012 speed drop followed another such outbreak that was very poorly imaged because it
happened near solar conjunction (Rogers and Adamoli (2012)). The roughly 5-year interval
between these events suggested a third possible event in 2017, but an outbreak was observed
slightly earlier in October 2016 in infrared imaging by the NASA IRTF, shown in Figure 2.13
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Figure 2.12: Zoomed in ZWPs highlighting the changes in the NTB jet peak speed over the
past decade. 2008-2012 data are shown in black lines and 2015-2016 data with red lines.
The points from the 2007 plume outbreak come from Sanchez-Lavega et al. (2008).

and available for view at http://junoirtf.space.swri.edu (Rogers (2016)). The 2016.95
ZWP, acquired roughly two months after the onset of this latest outbreak, show another
dramatic drop in jet speed, from 160 m s™! to 144 m s~!. The difference in the latitude of
the NTB jet peaks in 2008 and 2016.11 are also modestly significant based on estimates of
the uncertainty in the navigation procedure (o ~ 0.10° per frame).

The dissipation of NTB outbreaks is also associated with albedo changes in this region.
The top panel of Figure 2.11 shows the I/F contrast between the jet peak and the region
directly to the north. There is a correlation between this contrast and the zonal veloc-
ity, with the 2012 jet speed drop correlated with a darkening of the NTB near 28°N. The
darkening is also apparent comparing Fig. 2 to e.g., Fig. 1. This pattern is consistent
with neutral, pre-plume conditions where the region is bright (seen from Voyager), followed
by a chaotic disturbance and rapid darkening during and shortly after plume eruption ob-
served via ground-based telescopes and HST (Sanchez-Lavega et al. (1991, 2008, 2017)).
Barrado-Izagirre et al. (2009) also monitored the brightness distribution as the 2007 NTB
disturbance developed, verifying changes in the slope of the brightness power spectra as
well as an increase in dark cloud patches post-plume that may be consistent with Rossby
wave dispersion. However, the I/F contrast following the October 2016 plume outbreak
only modestly decreased, suggesting that the response to the outbreak is more rapid in the
velocity field than in the cloud albedo. An unprecedented high cadence of microwave obser-
vations, with Juno’s Microwave Radiometer (Janssen et al. (2017)) and ground-based VLA
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Figure 2.13: Left: Image corrected for limb darkening shows area used to calculate the I/F
contrast in Figure 2.11; the red region is centered around 28.3°N and the blue around 23.5°N.
Right: Near-infrared image of the NTB plume outbreak on 19 Oct 2016, taken with SpeX
(Rayner et al. (2003)) at the NASA IRTF. Plumes are indicated with arrows.
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Figure 2.14: As figure 2.12 but zoomed over the STB.

data (de Pater et al. (2016)), will help determine whether there are also sub-cloud changes
in volatile concentrations before and after the 2016 outbreak.

The South Temperate Belt (STB) also exhibits significant ZWP variations between some
epochs. Figure 2.14 plots the STB ZWP for each epoch. The variation in this region
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consists mainly in the presence or absence of a sub-peak at 29°S, and we find that it appears
to correlate with the presence of a dark STB segment at 29-32°S. The 29°S sub-peak was
present in 2008, 2009, and 2012 (hemisphere A), where such a STB segment was present, and
not in 2012 (hemisphere B) nor 2016, where the STB segment was absent. In 2015, the 29°S
sub-peak was not visible in the global ZWP, despite the presence of a short STB segment 19
degrees long just west of oval BA; however, the map of residuals (see Supplemental Materials
Figures S3, velocity residuals for 2015, in Tollefson et al. (2017)) shows a strong eastward
anomaly at 29°S precisely alongside this segment (and indeed, rapid circulation around the
segment). These results confirm the report of Rogers et al. (2013), who likewise inferred
that the 29°S sub-peak was conspicuous only in sectors containing a dark STB segment,
from both HST and ground-based data in 2009 and 2012. Methods which do not smear
the longitudinal velocity should be considered when determining the true flow in the STB
region.

2.6 Conclusion

We present five epochs of WFC3 HST Jupiter observations and zonal wind analysis from
2009-2016. We used the 1D correlation method for velocity extraction (Asay-Davis et al.
(2011)). The derived 2016 zonal wind fields are the most timely for comparison to NASA
Juno observations in late 2016 (PJ1 and PJ3).

We find that the zonal winds are globally stable on Jupiter throughout these epochs with
some exceptions. The largest uncertainty in the wind field is found to be when vortices or hot
spots are present. These phenomena do not follow the background flow, and thus increase
the uncertainty of the extracted zonal velocity. This agrees with analysis from Asay-Davis
et al. (2011). Vortices with the strongest deviations from the mean flow can be identified
in our residual maps (Fig. 2.6) as paired N/S or E/W velocities. Future studies of Jupiter’s
zonal winds may construct similar maps to identify vortex features, including global Rossby
waves resulting from vortex dynamics.

By deriving zonal winds from subsets of data—interleaved or covering only single hemi-
spheres rather than all longitudes—we are able to isolate longitudinal variability as the
dominant source of uncertainty in zonal wind retrievals. WFC3’s slightly finer pixel scale
and larger field of view, compared to WFPC2, result in a roughly factor of two reduction
(from 10 m s™! to 56 m s!) in uncertainty over our previous HST-based wind profile
calculated with the same methods from Asay-Davis et al. (2011).

We also find variations in the 24°N jet peak velocity from 2009-2012. Specifically, the
2012 jet peak velocity is about 10 m s™! slower than the 2009 and 2015 velocities. A 2012
plume outbreak, while not directly observed, is consistent with global changes to the albedo
in the NTB. Brightness and velocity variations pre- and post-plume outbreak were also seen
during other plume outbreaks on Jupiter (Sanchez-Lavega et al. (1991, 2008)). A recent
plume outbreak was observed in late 2016 with IRTF. Continued monitoring of the NTB
with Juno’s Microwave Radiometer, ground-based telescopes, and amateur observations will



CHAPTER 2. CHANGES IN JUPITER’S ZONAL WIND PROFILE DURING AND
PRECEDING THE JUNO MISSION 37

be crucial for understanding the workings of these highly energetic storms, and their role in
coupling the visible cloud deck with deeper atmospheric layers.

2.7 Acknowledgements

Based on observations made with the NASA/ESA Hubble Space Telescope, obtained
from the Data Archive at the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc., under NASA contract NAS 5-
26555. These observations are associated with programs listed in Table 2.2. Support for
programs 11559, 13937, 14334, and 14661 was provided by NASA through a grant from the
Space Telescope Science Institute. This work has also been supported in part by NASA
under the NASA Earth and Space Science Fellowship program Grant NNX16AP12H to UC
Berkeley. For observations shown in Fig. 2.13, the authors thank Tom Momary, Tommy
Greathouse, and Leigh Fletcher, Visiting Astronomers at the Infrared Telescope Facility,
which is operated by the University of Hawaii under contract NNH14CK55B with NASA. The
authors wish to recognize and acknowledge the very significant cultural role and reverence
that the summit of Mauna Kea has always had within the indigenous Hawaiian community.
We are most fortunate to have the opportunity to conduct observations from this mountain.



CHAPTER 2. CHANGES IN JUPITER’S ZONAL WIND PROFILE DURING AND

PRECEDING THE JUNO MISSION

38

"SUIYDORI) 9INJRJ SOQLIISOP [RIOT, S[IYM ‘SpOjoul
UOTIR[OLIOND (Tg 10 (T 92 IOYID SOqLISOP [RQO[Y), Ioyidnf I0J So[JoIq PUIA\ [RUOZ POALIOp Jo uonerduo)) :1°7 9[qR],

IOM STUT, - [BAOTD 0€T €OdM LSH 91-600¢
(€10¢) ‘Te 90 "N ‘oirgez[-opelreq  [eqO[D) 08¢ MdOI/TOAd 1T0¢
(T102) Te 10 sieq-Lesy  [eqorD) 091 ¢OdAM LSH 800¢
(8002) 'Te 0 Sudy)  [eqOD) 091 ¢OdAM LSH L00¢

(900Z) T8 ¥ 1T @207
(700Z) Te 9 1T @207

(€00g) T8 90 02104 TeqO[D) 0eT ruisse)) 000¢
(1007) eSoaer -zoypueg pue OpudPN-eDIeD)  [eqo[) oVl ¢OddM LSH 000¢-4661
(9861) odeutT  [RqO[D)
(¢86T) 'Te 90 adewur]  [@O0T]
(I1861) 'T® 39 [oswo8u] 18207 001 SSIz 7 T W3e40A 66T
(foxtd /ury) uormjosey| (s1eok)
SOOURIROY POYRIN  JIeAlesqo-qng xddy Aypmoe uedsowl T,




CHAPTER 2. CHANGES IN JUPITER’S ZONAL WIND PROFILE DURING AND
PRECEDING THE JUNO MISSION

39

Data set

Filter

Date

UT Times

Epoch: 2009.72
PI: 1. de Pater
Proposal ID: 11559

FQ643N

09-18

09-19
09-22

09-23

13:13:10
14:49:40
22:49:13
23:35:22
02:01:02
02:46:41
11:31:52
13:07:45
14:43:39
21:07:12
21:53:22
00:18:58
01:05:08

13:16:15
14:52:45
22:52:18

02:04:07
11:34:57
13:10:50
14:46:44
21:10:17

00:22:03

13:31:45
15:08:13
23:01:37

02:13:26
11:50:25
13:26:18
15:02:12
21:19:36

00:31:22

13:55:42
15:32:07
23:04:42

02:16:31
12:14:20
13:50:14
15:26:08
21:22:41

00:34:27

13:58:47
15:35:12
23:32:17

02:43:36
12:17:25
13:53:19
15:29:13
21:50:17

01:02:03

Epoch: 2012.72
PI: G. Schneider
Proposal ID: 13067

F763M

09-19
09-20

23:43:20
00:05:17
01:41:01
03:16:44
04:52:26
06:39:07
09:17:40
11:08:02
14:12:10
15:55:13
17:38:16
19:13:59
20:49:43

23:50:39
00:23:28
01:59:12
03:34:55
05:10:37
06:46:26
09:24:59
12:29:08
14:19:29
16:02:32
17:57:00
19:32:43
21:07:54

23:57:58
01:19:04
02:54:47
04:30:29
06:06:13
07:41:57
09:32:18
12:36:27
14:27:21
17:16:19
18:52:02
20:27:46

01:26:23 01:33:42

03:02:06 03:09:25

04:37:48 04:45:07
06:13:32 06:20:51
07:49:16 07:56:35
10:53:24 11:00:43
12:43:46 14:04:51
15:40:35 15:47:54
17:23:38 17:30:57
18:59:21 19:06:40
20:35:05 20:42:24

Epoch: 2015.05
PI: A. Simon
Proposal ID: 13937

F631N

01-19

02:16:48
06:07:56
10:14:19
15:41:02
19:47:22
23:38:34

02:56:55
07:03:19
10:54:26
16:36:21
20:27:34

03:52:18
07:43:26
11:49:50
17:16:33
21:22:56

04:32:25
08:38:49
12:29:57
18:11:51
22:03:08

05:27:49
09:18:56
15:00:50
18:52:03
22:58:22

Epoch: 2016.11
PI: A. Simon
Proposal ID: 14334

F631N

02-09

02-10

09:41:57
13:18:26
17:39:32
21:15:32
00:01:08
03:36:32

10:07:03
14:28:43
18:04:38
22:25:45
00:26:19
04:46:45

11:17:21
14:53:49
19:14:56
22:50:56
01:36:32
05:11:56

11:42:27
16:04:07
19:40:02

02:01:43

12:53:20
16:29:13
20:50:21

03:11:21

Epoch: 2016.95"
Pl: M.H. Wong
Proposal ID: 14661

F631N

12-11

12-12

08:01:08
13:11:17
18:47:00
00:18:26
07:53:12

08:24:51
14:01:29
21:02:21
01:11:57
09:05:55

10:50:45
14:46:39
21:57:44
02:52:12

11:35:55
15:36:51
22:43:03
04:42:53

12:26:07
16:22:04
23:33:07
06:29:57

Table 2.2: The epochs and filters used to derive Jupiter’s ZWP in this study.
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Year | 2016.95 | 2016.11 | 2015 | 2012 | 2009 | 2008

01695 | () =57 | () 730 | (&) 2301 () =32 | (&)~ | &) =59
2016.11 (o) = 4.9 <<§>> : ? g’ <<§>> _ ?2 <<§>> _ sf <<UA>>:152 é
2015 (o) =5.0 <<§>> - ?72 <<§>> _ 923 <<JA>>=:12%
2012 (0) =538 <<§>> “or <<(;A)>::15217
2009 (o) =16 <<UA>>:1§%
5008 (0) =112

Table 2.3: Year-to-year comparisons of the mean ZWPs. (o) is the average uncertainty, equal
to the latitudinal-average RM S, if the comparison is between two different years (values
off the main diagonal). Along the diagonal, the reported (o) is the average uncertainty for
that year (equal to RMS;). Similarly, (A) is the average difference between two years. The

units are m s~1.
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Year \ 2012 \ 2012A | 2012B | 2009 | 2009A | 20098
B =19](A)=17](A)=35
2012 1{o) =58 | 1oy g4 | (o) =77 | (o) = 9.7
N (A)=3.1
2012A =61 | /4 80
2012B ‘ | (o) =5.0 |
_ (A)=15](A) =15
2009 (o) =176 () =94 | (o) =93
N (A) =2.9
2009A (o) =54 o) =76
20098 (o) =5.1

Table 2.4: As Table 3, except comparing the 2009 and 2012 averaged ZWPs with those
derived from the individual hemispheres A and B (defined in Figure 1 and 2).

Year | 2012 | 2012i1 | 20122 | 2012i3

012 | (o) =58 | 0T TR Z e
2012i1 (o) =56 <<§>> :33 <<§>> :gf
2012i2 (o) = 5.6 <<§>> _ g?f
2012i3 (o) =58

Table 2.5: As Table 3, except comparing the 2012 averaged ZWP with each individual
interleaved set (il,i2,i3).
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Chapter 3

Vertical Wind Shear in Neptune’s
Upper Atmosphere Explained with a
Modified Thermal Wind Equation

We present observations of Neptune taken in H-(1.4-1.8 pm) and K’-(2.0-2.4 ym) bands
on the nights of July 3, 2013 and August 20, 2014 from the 10-m W.M. Keck II Telescope
using NIRC2 coupled to the Adaptive Optics (AO) system. We track the positions of ~ 100
bright atmospheric features over a 4-5 hour window on each night to derive zonal velocities
and wind profiles.

Our results deviate from the smooth Voyager zonal wind profile from Sromovsky et al.
(1993), often by 100-200 m/s, and often by 3-10 times their estimated uncertainties. Besides
what appears to be a random dispersion, probably due to a mix of unaccounted for mea-
surement errors, eddy motions, vertical wind shear, and wave-generated features that don’t
follow the mass flow, there is also a systematic deviation that is wavelength dependent. The
H-band profile is best described with a 73-106 m/s shift towards the east for a retrograde
flow (i.e., a lessening of the retrograding velocities) from the Voyager profile at the equator.
The K’-band profile is consistent with Voyager on both nights.

Comparing H and K’ contribution functions and K’/H intensities suggests equatorial
H-band features are, on average, deeper than K’-band features. The H-band equatorial fea-
tures also have greater eastward (less negative) velocities than K’-band features. Differences
in zonal wind speed with depth at constant latitude and time imply vertical wind shear.
Assuming the average variations in the zonal wind profiles result from wind shear over 3-5
scale heights, we predict vertical wind shears between -1.0 and -2.2 m/(s-km) at the equator
(increasing with height).

The standard thermal wind equation and meridional thermal profile for Neptune given
by Voyager/IRIS spectra predict wind shear of the wrong sign relative to the observations.
We consider two effects that reconcile this inconsistency. First, we calculate the meridional
temperature gradients at pressures outside the Voyager/IRIS narrow sensitivity window re-
quired to match our predicted wind shears. Second, we generalize to a thermal wind equation
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that considers global methane variations and re-derive the temperature structure needed to
match the observed wind shear. If methane is uniformly distributed or weakly-varying, the
equator must be 2-15 K cooler than the mid latitudes below 1 bar. If methane is strongly-
varying, the equator can be 2-3K warmer than the mid latitudes below 1 bar, qualitatively
consistent with observed temperature contrasts. These findings may imply a stacked-celled
circulation pattern in Neptune’s troposphere and lower stratosphere.!

3.1 Introduction

The zonal wind velocities of the giant planets are obtained by tracking bright cloud fea-
tures in their atmospheres. Sromovsky et al. (1993) created a zonal wind profile for Neptune
by constructing a fit to measurements of position and velocity of discrete cloud features by
Limaye and Sromovsky (1991) from Voyager 2 images taken in visible wavelengths. Derived
velocities were averaged in latitudinal bins and fit to a fourth-order polynomial to create
a smooth zonal wind profile, also referred to as the canonical profile. This profile revealed
Neptune’s atmospheric winds are extremely strong, despite Neptune receiving minimal solar
insolation. Equatorial wind speeds reach up to 400 m/s, some of the fastest in the solar
system.

Cloud tracking studies have shown significant deviations from Neptune’s canonical wind
profile. Limaye and Sromovsky (1991) saw deviations on the order of 50 m/s, particularly in
clouds around the vicinity of a Great Dark Spot (GDS) and at Northern latitudes between 25°
- 30° N. Sromovsky et al. (1993) found dispersion in cloud velocities from their constructed
canonical profile. Hammel and Lockwood (1997) also saw dispersion of velocities in narrow
latitude strips from 1995 HST maps. Sromovsky et al. (2001b,c) tracked features in 1996
data and found general agreement with the canonical profile apart from features close to
a dark spot. These findings suggest Neptune’s clouds are not all passive tracers for the
background winds, but may also be evidence of wind shear, wave propagation from the
presence of vortices, such as the GDS, or other local phenomena.

Recent fits to the zonal wind profile using near-infrared imaging data show shifts relative
to the canonical profile, in addition to the dispersion of clouds at a given latitude noted by
earlier studies. Fitzpatrick et al. (2014) tracked dozens of bright atmospheric features using
Keck AO images in the H-band and found that a profile with a ~ 180 m/s eastward shift
from the canonical profile at the equator best matched the data. Martin et al. (2012) also
observed many cloud features in the H-band (1.6um) that appeared to not move with the
canonical profile, with differences reaching as large as 500 m/s. Interestingly, Fitzpatrick
et al. (2014) also tracked features in K’-band (2.2um) images and found that the derived
profile was consistent with the Voyager profile. They suggested that the eastward shift in
the H-band profile from the K’-band and Voyager profiles could be due to temporal changes
or a wavelength/depth effect.

!This work has been previously published in Icarus (Tollefson et al., 2018) and has been reproduced with
permission from all co-authors.
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However, the exact mechanisms that drive the dispersion and profile shifts in the zonal
winds of Neptune remain largely unresolved. Martin et al. (2012) observed wave-like behavior
in the east-west motions of several cloud features with periods close to the 7.2 hr period of
the principal semi-diurnal tides from Triton. They suggested that future observations look at
the effect of tidal forcing from Triton on the velocities of Neptune’s cloud features. Recent
Kepler observations did not find signals in photometric light curves corresponding to the
periods of Neptune’s major moons, disproving this idea (Simon et al. (2016)). Fitzpatrick
et al. (2014) used radiative transfer models to determine the approximate altitudes of clouds
and concluded that the differences between their observed wind profiles in H- and K’-bands
were too large in magnitude and in the opposite direction than what could be explained
by vertical wind shear. Evidence of large north-south velocities in feature motions may be
due to vortices or various wave mechanisms but the exact cause of zonal wind variability is
unknown.

A major drawback to the studies conducted by Martin et al. (2012) and Fitzpatrick et al.
(2014) is that they either: imaged at one wavelength, so that differences in wind speed
versus atmospheric depth cannot be seen; or performed cloud tracking at two wavelengths
on different nights so that the two can not be directly compared. With these issues in mind,
we perform analyses similar to Martin et al. (2012) and Fitzpatrick et al. (2014) to test
the vertical wind shear hypothesis for zonal wind dispersion on Neptune. We first present
observations of Neptune taken in the H-(1.4-1.8 pm) and K’-(2.0-2.4 pm) bands on each
of the nights of July 3, 2013 and August 20, 2014 and derive zonal wind profiles for each
band by tracking the motions of bright cloud features. We remark on observed differences
between the H- and K’-band profiles in the equatorial region, leading us to reconsider vertical
wind shear as being important, as we observe differences in speeds for features at the same
latitudes and time. We then discuss the applicability of the thermal wind equation to model
vertical wind shear in Neptune’s troposphere and lower stratosphere from the equator to
mid-latitudes. Finally, we examine the physical consequences of vertical wind shear in terms
of Neptune’s global circulation.

3.2 Data

Observations and Data Reduction

We observed Neptune’s atmosphere on July 3, 2013 and August 20, 2014 UT from the
Keck IT Telescope on Mauna Kea, Hawaii at Near-Infrared (NIR) wavelengths. H- (1.4-1.8
um) and K’- (2.0-2.4 pm) band images were taken on both nights with the narrow camera
of the NIRC2 instrument coupled to the Adaptive Optics (AO) system. The detector is a
1024%x 1024 array with a scale of 0.009942 arcsec/pixel in this view (de Pater et al. (2006)).

A total of 75 images were taken in each band on July 3, 2013 from 10:48 - 15:09 (UT); 100
images were taken in each band on August 20, 2014 from 08:13 - 13:30 (UT). An integration
time of 60 seconds was used for all images. This provides the best compromise of high
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signal to noise while minimizing feature smearing and avoiding over-saturating the detector.
Moreover, short integration times allow many images to be taken over the observation period
and ensure the identification of the same features in successive images. Images were taken
in sets of five and alternated between the H- and K’-bands, corresponding to a ~ 15 minute
separation between image sets in a single band.

Images were reduced using standard infrared reduction techniques of sky subtraction,
flat fielding, and median-value masking to remove bad pixels. We estimate < 1% of the
total number of pixels are bad, more than half of which are confined to one quadrant of
the detector. Care was taken to image Neptune away from this quadrant. Each image was
corrected for the geometric distortion of the array using the ‘dewarp’ routines provided by
P. Brian Cameron?, who estimates residual errors at < 0.1 pixels.

We photometrically calibrated images using the Elias standard stars (Elias et al. (1982))
HD162208 on July 3, 2013 and HD1160 on August 20, 2014 and converted them to units of
I/F, defined as (Hammel et al. (1989)):

I rF
-y (3.1)
F QF;
Here, 7 is the ratio of Neptune’s to Earth’s heliocentric distance in A.U., mF is the Sun’s
flux density at Earth’s orbit, Fiy is Neptune’s observed flux density, and €2 is the solid angle

subtended by a pixel on the detector.

Imaging Results

Figure 3.1 shows calibrated images of Neptune at the beginning and end of each observing
night and in each band. Because there were problems in the optical alignment of the AO
system on the night of August 20, 2014, we did not achieve expected (diffraction-limited)
resolution. This resulted in limited feature tracking capabilities for these images. Our
viewing is limited to latitudes south of +50° due to the sub-Earth latitude of -27 deg..

Cloud features can be seen in both bands on both nights and their general character-
istics agree with previous observations (e.g. Sromovsky et al. (2001a); Max et al. (2003);
Martin et al. (2012); Fitzpatrick et al. (2014)). The brightest clouds stretch along several
constant latitude bands centered at the mid-latitudes. On July 3, 2013, we see the largest
bright feature centered at about 40°N . By August 20, 2014, this feature had disappeared or
migrated to the dark side of the planet. Instead, we see two bright features in the Southern
hemisphere centered at roughly 40°S. In the H-band, we also see a feature at Neptune’s south
pole, seen since the Voyager era (e.g. Smith et al. (1989); Limaye and Sromovsky (1991);
Luszcz-Cook et al. (2010); Fitzpatrick et al. (2014); de Pater et al. (2014)). No features are
seen immediately south of the equator.

Figures 3.2a and ¢ show single images of Neptune that have been produced by combining
the set of July 3, 2013 H- and K’-band images, respectively, using a procedure described in

http://www2.keck.hawaii.edu/inst /nirc2 /forReDoc/postobserving/dewarp /nirc2dewarp.pro
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Figure 3.1: Images of Neptune taken in the H- (left columns) and K’- (right columns) taken
on July 3, 2013 (top) and August 20, 2014 (bottom). The first and last images taken of
Neptune on a given night are shown for each band. Images are in units of I/F with a
colorbar given on the right of each image set.
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Figure 3.2: Images of Neptune in the H-band (top row) and K’-band (bottom row) on July
3, 2013 using the image combination method described in Fry et al. (2012). Figures a) and
c¢) show the unaltered image while b) and d) show an enhanced, high-pass filtered version.
Subtle equatorial features and banding can be made out due to the increased S/N ratio.

Fry et al. (2012). The image combination increases the S/N ratio of the images by employing
a pixel brightness averaging method and correcting for feature motions induced by rotation
and the canonical zonal wind profile. We did not make such images for August 20, 2014
due to the poor AO performance. Figures 3.2b and d are Figures 3.2a and ¢ passed through
a high-pass filter by subtracting a median-smoothed image. Banding at the equator can
be made out as well as several subtle features. More features can be identified around the
equator in the H-band compared to the K’-band.

Image Navigation and Projection

Accurate navigation and feature tracking requires precise determinations of Neptune’s
center in each image. An offset of even one pixel in the image centering can dramatically
alter an image’s projection and the determination of feature locations. This is seen in Figure
4 of Martin et al. (2012), which shows the errors due to a shift in the center of the disk in a
map projection. We derive image centers by fitting the observed positions of three moons to
their orbits as generated by the Rings Node of NASA’s Planetary Data System (http://pds-
rings.seti.org/) with a x? minimization routine using a method developed by Luszcz-Cook
et al. (2010) and used by Fitzpatrick et al. (2014). The error in image center was estimated
by the variance in observed orbit to modeled orbit modified by a factor of the reduced y?2.
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The estimated mean uncertainty of the center in both the H- and K’-band images on each
night is between 0.1 - 0.2 pixels in x and y coordinates.

The accuracy of this procedure can be judged in Figure 3.3. Shown are the mean images
of the aligned image stacks in each band on July 3, 2013. Each averaged image was passed
through a high-pass filter by subtracting a median-smoothed image. This allows the individ-
ual orbits of Despina, Galatea, and Larissa to be resolved. Overlain on each image are the
Rings Node moon orbits, which align well with the observed orbits after image alignment
and navigation.

Images are then projected onto a rectangular grid and averaged over the five frames
within each image set, with the rotation rate of the planet removed (about 16.11 hr, or
1.86°/5 min). Generally, the zonal drift rates are smaller (< 0.65°/5 min) than the angular
resolution at disk center (~ 2.4°). Hence, averaging images does not significantly smear
features, but increases the signal-to-noise and allows fainter features to be distinguished.
Averaging sets of data yielded 15 images in both bands on July 3, 2013 and 20 images in
both bands on August 20, 2014.

3.3 Atmospheric Feature Tracking

The velocities of cloud features act as tracers for atmospheric wind velocities. Figure 3.4
is a rectangular projection of Figures 3.2a and ¢ and shows candidate features identified for
tracking. Features which are bright and morphologically stable over ~ 1 hour are candidates
for tracking. Moreover, a feature must be distinct in longitude and latitude to be considered
for tracking. In both bands, trackable features are most common at the mid-latitudes. Near
the equator, both bands are relatively dark, with slightly more trackable features in H-band
compared to K’-band.

The procedure for extracting wind velocities from feature positions is described in detail
in Sromovsky et al. (2012). To summarize, from the projected, averaged images we produce
strips of images in a fixed latitude range stacked in a vertical time series. An example of this
image stack is given in Figure 3.5. For each visible feature, a reference image is chosen and
centered around a target box containing the feature and a region outside it. Target boxes
are placed in all other image strips based on the Voyager canonical longitudinal drift rates
for Neptune and their positions are adjusted to maximize the cross-correlation between the
feature signals in the reference target box and those in the other images. The centers of
each box are the predicted longitude and latitude of the feature in each image. Figure 3.6
gives an example output of this method, which plots the predicted centers and correlation
for each time slice of one feature.

Measured longitudes and latitudes vs. time were fit to straight lines with weighted
regressions. Errors in position are given as the RMS deviation from a straight line. We
repeat this procedure for dozens of features. In Figures 3.7 and 3.8 we plot the longitude
position of selected tracked features versus time. Plots for all features can be found in
the online Supplementary Materials 2 (Tollefson et al., 2018). While most features, within
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H-band: July 3, 2013 10:48-15:09 (UT)

—_— -

Larissa

Figure 3.3: Mean averaged, high-pass filtered images of the aligned image stacks taken on
July 3, 2013 in the H- (top) and K’- (bottom) bands. The colored dashed lines are the Ring
Nodes orbits of three Neptunian moons (Despina, Galatea, and Larissa) and were used to
determine the center of Neptune for navigation purposes. The path of each moon is seen
as faint gray ellipses in these combined image stacks. The NASA orbits overlay the moon
positions in the aligned images nicely, suggesting adequate navigation.
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Figure 3.4: Rectangular projections of Figures 3.2a (H-band; top) and 3.2¢ (K’-band; bot-
tom). Red circles are potential trackable features.

their estimated error, follow the drift rates expected by the canonical profile, many deviate
significantly. Differences from the anticipated drift rate could be real or due to measurement
errors and will be further discussed in later sections. Tables 1-4 in the online Supplementary
Materials 1 summarize all tracked feature information.

3.4 Results
Zonal Wind Profiles

Longitudinal and latitudinal drift rates are transformed into zonal and meridional veloc-
ities by the following equations for planetocentric latitudes (Sromovsky et al. (2001b)):
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Figure 3.5: Example deprojected image strips at a fixed latitude range (20° 4+ 7.5°N) stacked
vertically by time since the initial observation. Each image strip is an average of a set of five
images. Vertical white lines mark 30° increments in longitude. An example target feature
of the tracking method is outlined in each box and its center is the result of maximizing the
cross-correlation between image sets.
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Here, V' is the wind speed in m/s, Req and R, are the equatorial and polar radii of
Neptune, equal to 2.4766 x 107 m and 2.4342 x 107 m respectively (Lindal (1992)). df/dt
and d¢/dt are the derived zonal and meridional drift rates (rad/s). Velocities for each feature
are then plotted as a function of latitude and fit to a fourth-order polynomial symmetric
about the equator. Neptune rotates from west to east, in the same direction as Earth,
and eastward winds are taken to be positive. Thus the equatorial winds on Neptune are
retrograde, blowing opposite to the direction of the planet’s rotation, unlike Jupiter and
Saturn, where equatorial winds are eastward and prograde. Comparisons to our profiles in
both bands and the canonical profile are shown in Figures 3.9 and 3.10. Table 1 lists the
parameters of each fitted polynomial and their widths of uncertainty.
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Figure 3.6: The output of the feature tracking method showing the predicted longitude
positions (right) from maximizing the cross-correlation between image slices (left) for one
particular feature (see Figure 3.5). Left: The solid lines are the correlation between longitu-
dinal positions and the dashed lines are the correlation between latitudinal positions. Right:
the black dots are the predicted longitude based on maximizing the correlation between im-
age slices. The dash-dot line is a line of best fit through the black (correlation) points. The
selected feature at the initial and end frames is shown in the center.

Poly. Profile a (m/s) b c

Voyager -398 £+ 12 1.88E-1 + 1.40E-2 -1.20E-5 + 3.00E-6
H-band 2013 -325 £ 16 1.58E-1 £ 2.20E-2 -1.21E-5 + 4.67E-6
K’-band 2013 -415 + 42 2.35E-1 4+ 5.34E-2 -2.23E-5 + 1.14E-5
H-band 2014 -292 4+ 29 1.45E-1 + 4.91E-2 -1.18E-5 + 1.11E-5
K’-band 2014 -433 £ 56 2.40E-1 £ 7.88E-2 -2.73E-5 £ 1.90E-5
Leg. Profile a b c

H-band 2013 -159 462 37

K’-band 2013 -134 601 -127

H-band 2014 -95 359 76

K’-band 2014 -147 474 13

Table 3.1: Parameters in the fits to tracked zonal wind velocities. The fits are 4"-order
polynomials given by: V = a+ b6* + cf* (top half). For comparison, profiles generated from
4%™_order Legendre polynomial fits given by: V = a + b(3u? — 1)/2 + ¢(35u* — 30)/8 where
i = sin @, are also shown (bottom half). The equatorial velocities derived from the Legendre
polynomials are all well within the 2-sigma uncertainty given by the generic polynomial fits.
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Figure 3.7: Selected feature tracking results in the H-band from July 3, 2013. Each data
point is a feature’s derived longitude since the initial observation. The blue lines are lines of
best fit to the data. The blue shaded region is the 1o error in the fit. The dashed black line is
the longitude path the feature would follow according to the canonical profile. The majority
of tracked features follow the canonical profile (left figure), but some deviate significantly
(right figure). Plots for all features can be found in Supplementary Materials 2.

A significant, large spread in the individual derived zonal velocities is observed at constant
latitudes on both nights. This is most prominent at the equator and mid-latitudes in both
bands, with differences in feature velocities reaching as high as 500-600 m/s. Moreover,
there is a pronounced difference between the derived H and K’ zonal wind profiles near the
equator. At the equator on July 3, 2013, the deviation in the H-band wind speeds compared
to those derived by the Voyager fit is 73 £ 16 m/s. The difference between the H- and K’-
bands on this night at the equator is 90 445 m/s. This shift persists in the August 20, 2014
observations. There is a 934+29 m/s deviation between the H-band and canonical profile and
a 141+ 63 m/s difference between the H- and K’-bands on this night. There is no significant
difference between the K’-band and Voyager profile on either night. The difference between
the H-band and Voyager profiles qualitatively agree with Fitzpatrick et al. (2014), although
their H-band velocities are best described by a profile shifted toward positive velocities by
180 £+ 50 m/s. The dispersion of our new results falls within the wide range seen in previous
publications. Spreads in feature velocity were first seen in measurements of the motions
of small clouds in Voyager 2 data, particularly around the GDS and Dark Spot 2 (Smith
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Figure 3.8: As figure 5 except for the K’-band. The red lines are lines of best fit to the data.
The red shaded region is the 1o error in the fit. The dashed black line is the longitude path
the feature would follow according to the canonical profile. The majority of tracked features
follow the canonical profile (left figure), but some deviate significantly (right figure).

et al. (1989); Limaye and Sromovsky (1991)). Martin et al. (2012) found large spreads in
zonal velocities at constant latitudes in Keck AO H-band observations. Comparatively, at
the southern low- and mid-latitudes, the Voyager data show much less dispersion from the
canonical profile than the results of Martin et al. (2012). Fitzpatrick et al. (2014) also
observed significant deviation in H-band features at the equator and southern-mid latitudes
compared to the Voyager profile, with differences reaching as high as ~ 500 m/s.

Spurious data affect the fit. Such data could be due to a number of factors including fea-
tures near the edge of Neptune’s circumference becoming smeared from projection, changes
in cloud morphology, limb-brightening, navigation errors, and errors in the position extrac-
tion procedure. Several features also move in oscillatory patterns (as in Martin et al. (2012))
and limited tracking times may not capture a feature’s full period of motion. Similar effects
were seen on Uranus due to inertial oscillations (Sromovsky and Fry (2005)). Figures 3.9
and 3.10 show the individual feature velocities and their 1o errors alongside the zonal wind
profiles. Each feature’s plot symbol is proportional to its tracking time. Features tracked
over the entire observing period generally have smaller errors than those tracked in only
a few images and tend to lie closer to their band’s zonal wind profile. Thus, the spread
in feature velocities at a fixed latitude is partially a result of their limited tracking time
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Figure 3.9: Eastward zonal wind velocities of tracked features in the H- and K’-band on July
3, 2013. Individual features are plotted as circles with their marker size proportional to the
length of time the feature was tracked. The shortest and longest times are given in the top
right corner. The Voyager profile is shown in a dotted black line with the width of uncertainty
in a dot-dash black line. Our polynomial fit to the H-band is shown with a blue solid line
(left image) while the fit to the K’-band is in red (right image). Their widths of uncertainty
are in dashed blue and red lines respectively. Their is significant positive deviation in the
H-band wind speeds at the equator compared to those derived by the Voyager fit by 73416
m/s. The K’-band velocities agree well with the Voyager profile.
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Figure 3.10: Same as figure 3.9 except for August 20, 2014. The Voyager profile is shown in
a solid black line with the width of uncertainty in a dashed black line. Our polynomial fit
to the H-band is shown with a blue solid line while the fit to the K’-band is in red. Again,
there is a significant positive shift in the H-band zonal velocities at the equator compared
to those derived by Voyager by 93+29 m/s.

and measurement errors. Figures 3.11 and 3.12 show features which have velocity errors
less than 30 m/s and were tracked in at least 10 images (~ 2.5 hours). These features are
usually bright and morphologically stable and are likely to follow the zonal flow. Spreads
in feature velocities up to ~ 200 m/s at constant latitudes are still seen on both nights and
both bands, although this is far less than the spread of 500-600 m/s seen with the full set of
tracked features. This suggests that large, bright features are less dispersed from the derived
zonal profile. It is also true that such features are less susceptible to tracking errors, which
might also account for much of their reduced dispersion. This is consistent with Martin et al.
(2012), who also found that the brightest features usually agreed with the canonical profile.
However, we still find that the H- and K’-bands zonal wind profiles still differ by more than
1o at the equator. The H-band and canonical profiles also differ by 20 at the equator.

The meridional wind velocities for each tracked feature are plotted in Figures 3.13
and 3.14. Globally, the latitudinal velocities are consistent with zero. But, a few features
have latitudinal velocities as large as 100-200 m/s. The zonal velocity of these features tend
to significantly deviate from the canonical profile, suggesting they are driven by mechanisms
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Figure 3.11: Same as figure 3.9 but only including features tracked in at least 10 images and
with errors < 30 m/s.

that produce motion in both directions, such as vortices or wave mechanisms. This behavior
was found by Sromovsky et al. (2001) in HST observations, where several features near the
same longitude as a dark spot, but widely scattered in latitude, were accurately measured
(within 10-20 m/s) to have meridional wind speeds around 100 m/s, and zonal winds that
deviated from the canonical profile by over 200 m/s, while the vast majority of their tracked
clouds had insignificant meridional motions and very small deviations from the canonical
profile. However, our features with this behavior also have large errors and are not tracked
for very long. As previously mentioned, the centers and velocities of features that are faint,
ephemeral, or close to the limb, are difficult to constrain.

Trends in Feature Depth and Velocity

The derived H and K’ profiles give a crude 3D look into Neptune’s upper atmosphere since
these bands probe different altitudes. We hypothesize that the equatorial shift in the H-band
profile is due to deep features. Our data are spectrally limited so accurate cloud top pressures
can not be determined. However, the K’-to-H I/F ratio indicates whether features are deeper
or shallower relative to one-another: the deeper a cloud is in the atmosphere, the greater
the expected H-band intensity relative to the K’-band intensity. We compute the maximum
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Figure 3.12: Same as figure 3.12 but only including features tracked in at least 10 images
and with errors < 30 m/s.

allowed K’-to-H I/F ratio for each 2013 H-band feature and compare this to their latitude and
zonal velocity (see Table 5 in Supplementary Materials 1). Uncertainties are estimated as
20% of I/F, from the uncertainty in the photometry. Figure 3.15 plots the maximum K’-to-H
I/F ratio vs. latitude of each H-band feature. We find equatorial features (£20°) have smaller
K’/H intensities than those at mid-latitudes, suggesting they are deeper. This is consistent
with Fitzpatrick et al. (2014), who found that clouds at equatorial latitudes are uniformly
deeper (~ 0.5 bar) than those at northern mid-latitudes (~ 0.1 bar). Numerous authors
also find northern features at the highest altitudes (Sromovsky et al. (2001b); Gibbard et al.
(2003); Luszcz-Cook (2012); de Pater et al. (2014)), generally in the stratosphere at the ~ 10
mbar level, although exact pressures vary due to spectral limitations, instrument sensitivity
at different altitudes, and model assumptions. Luszcz-Cook et al. (2010) compared observed
and modeled K’/H and K’/J intensities to determine upper altitudes for south polar features
and found that a K’/H ratio of 10% gave a minimum cloud top pressure of 0.4 bar. Features
seen in H but not K’ may also be deep, with pressures greater than 1 bar. A notable
example of this is the south polar feature, observed in H-band but not in K’, located at 1.6
bar (de Pater et al. (2014)). We tracked 29 and 20 H-band features in our 2013 and 2014
observations, respectively, that were equatorward of 20° N/S; but only 10 (in 2013) and 11
(in 2014) K’-band features in this same region. Taken altogether, we argue that the H-band
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Figure 3.13: Meridional velocities of tracked features on July 3, 2013 with the H-band in
blue on the left and the K’-band in red on the right. Circle size is proportional to tracked
time with the shortest and longest times in the bottom left corners. The black dashed line
marks zero and visually shows that the velocities are not too different from zero.

zonal wind profile represents features which are, on average, deeper than those given in the
K’-band profile at low latitudes.

Figure 3.15 plots the zonal velocity difference from the derived K’-profile vs. latitude
for each 2013 H-band features. The difference between the H- and K’-band profiles (from
Fig. 3.9) is overplotted. Positive values indicate velocities eastward (less negative) relative
to the K’-profile. The largest deviations from the K’ profile are around the equator, where
features have low K’/H intensities and are probably deep. The deviations in zonal velocity of
features at the southern midlatitudes lie closer to zero and are mostly within the uncertainty
of the K’ profile fit. This is consistent with our hypothesis: the shift in H-band profile may
be driven by a handful of deep features around the equator.

Previous studies have also shown that the brightest H-band features are typically at
greater depths (pressures) than the brightest K’-band features (Gibbard et al. (2003); Luszcz-
Cook (2012); de Pater et al. (2014)). This is consistent with our expectations from radiative
transfer modeling. Figure 3.16 shows the contribution functions for each filter in three
different atmospheric models, illustrating the range of depths from which the H- and K’-
reflectivity may arise. In all three cases, the gas opacity is dominated by Hjy collision-
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Figure 3.14: As figure 3.13 except for August 20, 2014.

induced absorption and CHy absorption. All models include a vertically thin cloud at 3 bar
with a 1.6 pum optical depth of 0.5; models b) and c) contain additional aerosols in the upper
troposphere/stratosphere, as described in the figure caption. For the purposes of our models
in the following sections, we assume that the H-band features are located at 1-2 bar, while
K’-band features are located between 10-100 mbar.

3.5 Interpreting Differences in The H and K’ Zonal
Wind Profiles

The major caveat to current and past zonal wind profiles is that they are merely best fits
to the data. These fits do not pick up any fine scale structure in the zonal winds. Moreover,
the profiles represent features driven by a number of possible mechanisms, including shear,
wave phenomena, or other local dynamics. Dispersion is partly due to faint, ephemeral
features, whose exact centers and velocities may be difficult to pinpoint. Thus, explaining
all variations in zonal velocity from these profiles is difficult, if not impossible, to do.

We also note that our following models assume that the derived zonal flow is set at a
constant pressure level. However, tracked features are not necessarily at the same altitude.
For instance, northern mid-latitude features appear at the highest altitudes on Neptune (Sro-



CHAPTER 3. VERTICAL WIND SHEAR IN NEPTUNE’S UPPER ATMOSPHERE
EXPLAINED WITH A MODIFIED THERMAL WIND EQUATION 61

0.8 . . ‘ . . 300

4200

4100

Kp-to-H Ratio (I/F values)
[=]

4-100

Difference from Kp Profile (m/s)

=200

Latitude

Figure 3.15: Derived K’-to-H I/F ratios vs. latitude (red) and zonal velocity deviation from
the K’ profile vs. latitude (blue) for 2013 H-band features. Shown are features between
+45°. Positive values in velocity variation are eastward (less negative) relative to the K’-
profile Overplotted is the difference between the H and K’ profiles (solid blue line) and the
zero velocity difference (dashed blue line). Features in the equatorial region (425°) have
smaller K’/H intensities and larger velocity variations than those at mid-latitudes. This
suggests that the shift in the H profile from the K’ and canonical profiles is partly due to
deep features.

movsky et al. (2001b); Gibbard et al. (2003); Luszcz-Cook (2012); Fitzpatrick et al. (2014);
de Pater et al. (2014)). Irwin et al. (2016) analyzed VLT /SINFONI H-band observations
made in 2013 and found bright, deep seated clouds (P > 1 bar) in the southern mid-latitudes
and ‘intermediate’ clouds (300 < P < 400 mbar) in the near-equatorial region. Moreover,
features at constant latitudes may have different altitudes. de Pater et al. 2014 saw NIR
clouds in the southern mid-latitudes at two levels: in the stratosphere from 0.02 — 0.03 bar
and at altitudes below 0.3 bar (P > 0.3 bar). Luszcz-Cook (2012) observed similar altitude
variations in Keck OSIRIS data.

With these limitations in mind, we only attempt to explain the mean ~ 100 m/s eastward
offset in the equatorial region in the H profile from the canonical and K’ profiles. This
difference seems real (greater than 20) and persistent, seen in 2009 (Fitzpatrick et al. (2014))
and now in both our 2013 and 2014 observations. Fry and Sromovsky (2004) also show that
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Figure 3.16: Normalized H-band (solid orange line) and K-band (green dashed line) contri-
bution functions for three different model atmospheres, illustrating the range of depths from
which the H- and K’- reflectivity may arise. In all three cases, gas opacity is contributed by
collision-induced absorption of Hy with Hy, He, and CHy; and by CH,4 absorption. Details of
the atmosphere models may be found in Luszcz-Cook et al. (2015). The three models differ
only in the assumed distribution of aerosols: all three models include a vertically thin cloud
at 3 bar with a 1.6-micron optical depth of 0.5. In model (a), the atmosphere is clear aside
from this 3-bar cloud. In model (b), there is an additional haze (scale height equal to that
of the gas) between 1 bar and 1 mbar, with total 1.6-micron optical depth of 0.5. Model (c)
includes the 3-bar cloud and an additional vertically thin cloud at 0.1 bar, also with a 1.6
micron optical depth of 0.5. Single scattering albedo and asymmetry factors are 0.75 and
0.7, respectively for all aerosol particles.

H-band wind results from 202 cloud measurements taken in 2003 and 2004 images also fall
below the canonical profile at low latitudes. Based on the K’/H intensity trends and previous
NIR studies, we interpret the H-band profile in the equatorial region as the “average” zonal
velocity of features which are mostly: 1) deep (greater than 1 bar), and 2) have velocities
shifted ~ +100 m/s from the K’-profile. Likewise, we interpret the K’-band profile in the
equatorial region as the “average” zonal velocity of features which are mostly: 1) located in
stratosphere (around ~ 10 mbar), and 2) have velocities shifted ~ —100 m/s from the H-
profile. Differences in the zonal winds with depth at constant latitude and time is evidence of
vertical wind shear in Neptune’s troposphere and stratosphere. Our derived profiles suggest
a wind shear around -100 m/s over several scale heights at the equator (increasing with
height).

The Voyager results of Sromovsky et al. (1993) also provide evidence of vertical wind
shear. Their Figure 15 shows that three major long-lived cloud features, including the GDS,
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Scooter, and the Second Dark Spot, all move in the same direction as the canonical profile,
but with reduced speed. If these major features are more deeply rooted than the small clouds
on which the canonical profile is based, and there is spectral evidence that this is true for
Scooter, then it would appear that this is another example of the magnitude of wind speeds
increasing (becoming more westward) with altitude. Based on Voyager 2/IRIS temperature
retrievals alone, this produces the wrong sign of vertical wind shear in the thermal wind
equation, as explained below.

Modeling Vertical Wind Shear at the Equator with the Thermal
Wind Equation

In this section, we will examine the plausibility of vertical wind shear modeled with
the thermal wind equation as an explanation for the observations. The largest and most
meaningful differences (i.e. smallest uncertainty) between the H- and K’-band zonal wind
profiles occur at the equator. In the following text, we discuss the applicability of the
thermal wind equation to Neptune and how it may be extended to the equator under certain
conditions, despite the Coriolis force vanishing there. Using plausible depths for the H-
and K’-band profiles, discussed in the previous section, we then show that integrating the
thermal wind equation does not reproduce the predicted vertical wind shear at the equator.
Finally, we discuss the importance of methane variability in modeling the vertical wind shear
and how it can reconcile the inconsistency between the observed wind shear and the thermal
wind equation. We stress that these results are speculative since they rely on assumptions
about the symmetric structure of the zonal wind and temperature fields as well as the exact
pressures of H- and K’-band features.

The standard thermal wind equation is:

ou oT
fosin QE = —TOLT%, (3.4)
where fy = 2() is the Coriolis parameter at the North Pole, rather than the local Coriolis
parameter. We define: rq as the radius of the planet, T as the temperature, 9T/00 as the
latitudinal-temperature gradient as constant pressure P, g as the gravity in the 7 direction,
and wu is the zonal (longitudinal) velocity. Table 2 lists the relevant values for these variables
Although the standard thermal wind equation is used in many planetary atmospheric
applications and is derived in many texts, c.f., Pedlosky (1987), it is limited in its use due to
the divergence of the Coriolis force near the equator. Marcus et al. (2019) derive an equatorial
thermal wind equation (EQTWE) which provides a relationship between the vertical wind
shear and the horizontal temperature gradients that is valid at and near the equator:
2
R A 35
r rol 00
A similar result was noted as equation 8.2.2 in Andrews et al. (1987). This equation is
derived by assuming 07'/00 = 0 and taking L’Hospital’s rule of the standard thermal wind
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Variable Description Value
Q Rotation rate of Neptune (rad/s) 1.09E-4
g Gravitational acceleration (m/s?) 11.15
o Neptune’s equatorial radius (m) 2.4766E7

19.1 below 500 mbar

Scale height (km) 51.8 above 500 mbar

Zonal velocity (m/s)
Latitude (rad)

H

T Temperature (K)

u

0

z Radial distance into atmosphere (m)

Table 3.2: List of variables and their values (if constant) used in the thermal wind equation.

equation in the limit as # — 0. One problem with using L’Hospital’s rule in this fashion
is that it creates a singularity at the equator if 07/00 # 0 there. The EQTWE derived
by Marcus et al. (2019) does not require mirror-symmetric flow and does not produce this
singularity.

It is seen by inspection that integrating both (3.4) and (3.5) upward will not reproduce
the observed H and K’-band equatorial differences. As the zonal winds become more neg-
ative (westward) with altitude (H-band to K’-band), du/dr < 0. This implies that the
meridional temperature gradient and its second derivative at the equator to mid latitudes
must be positive. However, this is inconsistent with derived temperature profiles of Nep-
tune’s troposphere from Voyager/IRIS spectra in Figure 3.17, which show that the equator
and poles are warm and the mid-latitude are cool and 9*T'/96? < 0 at the equator. (Fletcher
et al. (2014)).

In the next two sections, we discuss two reasons that could reconcile the inconsistency
between the derived zonal wind profiles and temperature profile. First, we discuss whether
the assumed temperature profile is correct. Second, we examine the impact non-ideal gas
behavior has on the thermal wind equation. In particular, we focus on the latter (our
preferred) explanation in the subsequent discussion.

Temperature Profile Incorrect?

Our temperature data come from inbound Voyager/IRIS maps, which are only sensitive
to the 70-800 mbar range ((Conrath et al., 1991; Fletcher et al., 2014)). Temperatures above
and below these pressures are smooth relaxations to an a priori profile based on the mean
stratospheric temperature and the profile from Moses et al. (2005). So, while average global
temperatures are known throughout the upper atmosphere, the meridional trends are more
uncertain outside 70-800 mbar. This can be seen in the data itself. In Figure 3.18 we
plot sample inbound temperature data with error bars inside and outside the 70-800 mbar
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Figure 3.17: Temperature contours from inbound Voyager/IRIS spectra Conrath et al.
(1991); Fletcher et al. (2014). This profile was used to determine the meridional temperature
gradient.

range. At pressures outside this range, the uncertainties become larger, approaching the
temperature difference between the equator and mid-latitudes. We can not confidently infer
whether the equator is warmer or colder than the mid-latitudes outside 70-800 mbar from
the current data alone.

We now explore whether meridional variations in temperature outside the well-constrained
70-800 mbar pressure range could cause wind shear consistent with the difference between
our H and K’ observations. We break this calculation into two steps.

First, we calculate the wind shear du/dr between the depth of the K’-band profile down
to 1 bar. We do this by using the temperature profile given by the Voyager/IRIS spectra
(Fig. 3.17) to determine the expected zonal wind profile at 1 bar assuming the K’-profile
is at a set pressure level. Since the depth of the K’ features are not precisely constrained,
we test a range of pressures from 10 to 100 mbar. The value du/dr is the difference in the
zonal winds between the extrapolated profile at 1 bar and the H-band, which we also set
to a variety of pressures between 1.0 - 2.4 bar, 2.4 bar being the location of a commonly
assumed optically thick bottom cloud (Irwin et al. (2011)). Altitude changes are calculated
assuming hydrostatic equilibrium with a scale height of 19.1 km in the troposphere and lower
stratosphere, a value obtained from de Pater et al. (2014). Voyager/IRIS derived meridional
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Figure 3.18: Meridional temperatures and errors at constant pressure from Fletcher et al.
(2014). The first two images show Voyager/IRIS temperature retrievals that are within its
sensitivity range (70 - 800 mbar). The latter figure is a temperature profile extrapolated
from Voyager/IRIS results by the application of the smooth relaxation to an a priori profile.
In this case, the uncertainty is substantial.

temperatures are sampled every 5° latitude, which is too sparse to reliably numerically
differentiate. To circumvent this issue, we fit a symmetric profile to the temperature data:

T(0) = Z a,, cos(nd) (3.6)

n=0

One problem with this assumption is evidence of seasonal variations in Neptune’s at-
mospheric brightness that could cause differences in hemispheric temperatures (Sromovsky
et al. (2003); Hammel and Lockwood (2007)). Fletcher et al. (2014) and de Pater et al.
(2014) estimate random uncertainty in the Voyager/IRIS temperatures to be 1-2 K in the
troposphere, increasing to 2-4 K in the mid-stratosphere. The temperature difference pre-
dicted from Voyager/IRIS between hemispheres at constant latitude is close to or within this
error, so our chosen temperature profile is consistent with meridional symmetry. We now
evaluate the derivative of (3.6) divided by sin 6:

1 aT - ,
090~ smo Znan sin(nd) (3.7)
n=1

= — Z na, [sin(nh)/ sin 0] (3.8)

n=1

It can be shown that the ratio of sines in the summation is:
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Pressure (bar) N ['-norm [*-norm

0.1 2 16.6724 14.4143

0.1 4 11.3805 8.1870
0.1 6 10.8843 7.0204
0.1 8§ 14.1867 10.2813
0.01 2 41.0348 81.8547
0.01 4 26.0158 39.5551
0.01 6 25.6478 37.7382
0.01 8 28.2277 39.3755

Table 3.3: Examples of the errors in the temperature fit to that derived from Voyager/IRIS
spectra as a function of pressure and fit degree N. The ['-norm is the sum of the absolute
difference between the observed and modeled data and the [2-norm is the sum of the squares
of these differences.

2[cos((n — 1)8) + cos((n — 3)8) + ... + cos(360) + cos(6)] :n even

sin(nf)/sinf =
2[cos((n —1)8) + cos((n — 3)8) + ...+ cos(46) + cos(260) + 1/2]  :n odd

We substitute the above expression and equations (3.6) and (3.7) into equation (3.4) to
obtain a numeric thermal wind equation.

One problem with this formulation is that the coefficient ay with the highest order will
contribute the most to the derivative at lower latitudes. To mitigate this effect, we must fit
the temperature to as low an order as possible while maintaining a reasonable fit. Table 3
compares various errors of the fit to the observed temperature data as a function of pressure
and fitting degree. We choose to use N = 4 which is the lowest order that provides a
reasonable fit to the temperature data.

Second, we solve for the meridional temperature structure needed to reproduce the verti-
cal wind shear between the 1 bar zonal wind profile (calculated in the first step) and that at
the pressure of the H-band profile. This is done by integrating (3.4) and (3.5) and solving for
T(0, P). We choose 1 bar as the upper limit to the constructed temperature profiles for two
reasons: 1) From de Pater et al. (2014), the equatorial H-band features not seen in K’ must
be below 1 bar; 2) If we placed our limit at the edge of the Voyager/IRIS range, unphysical
discontinuities in the temperature structure would arise. Placing the limit at 1 bar allows
reasonable ‘smoothing’ in the temperature structure between 800 mbar and 1 bar.

Away from the equator, we solve for the meridional temperature structure with the
standard thermal wind equation where we integrate this equation with respect to a reference
latitude 0y at a particular pressure P:
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0 /
. du(0', P) g 1
2Q) O ————=db = —= aT 3.9
/90 S dr ro) T(O,P) "’ (3.9)
and then solve for T'(6, P):

T(Q,P)) 207 /9 . du(@,P)
lo = — sin ' ———=d#'. 3.10
g ( To(P) g Jeo dr ( )

Here, Ty(P) is the temperature at 6. The extrapolated zonal wind profile at 1 bar from
the K’-band profile can be fit to a fourth-order polynomial in degrees latitude, as was done
with the H- and K’-band profiles. So, the total vertical wind shear can be written as®:

@:Po+p1'92+p2'94 (3.11)
or
Note that € is converted from degrees to radians for the purposes of integration. Further-
more, this procedure assumes du/dr is constant with pressure (although still a function of
latitude) so the resultant temperature structure will represent an ‘average’ profile. pg, p1, and
p2 do not depend on latitude (though they depend on the pressure the K’-band is placed).
Equation (9) becomes:

T(@,P)) 200 /9 . du(8,P)
lo = — sin ' ———=d#f 3.12
s ( To(P) g 0o dr ( )
0
= — 2§;T0 / sin 0’ (po —i—p19/2 +p29’4) do’ (313)
)

The integral on the right-hand side of can be solved analytically via repeated integration-
by-parts. The final solution, written for brevity, is:

T, P 20,
log( YSO(P))> = - go(pO'to +p1-ti+p2-ta) (3.14)
29’/’0
T(,P) = To(P)-exp |- (po-to+pi-ti+pa2-ta) (3.15)

3We use fourth-order polynomial fits in latitude to the vertical wind shear, instead of Legendre polyno-
mials in sin @ for two reasons. First, while the solution to Laplace’s equation on a sphere are expressed in
terms of Legendre polynomials in sinf (and are used to fit the zonal wind profile for Uranus in Sromovsky
et al. (2009)), this is only especially necessary close to the poles, whereas we are doing a local expansion near
the equator. Second, we feel it best to use fourth-order fits in latitude since this is the most common fit in the
literature to the zonal wind profiles for Neptune. In the Appendix 3.8, we show an example demonstrating
that using a Legendre expansion does not change the qualitative interpretation of the temperature profile
from the equator to mid-latitudes.
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where:
to = — cosf
t; =20sinf — (0> — 2) cos
ty =460(0% — 6)sin 6 — (6* — 120% + 24) cos 0
At and near the equator, we use the EQTWE to solve for the thermal profile. Assuming

the same model for the vertical wind shear (3.35), the EQTWE becomes a second-order
differential equation in 6:

T"=c-pO)T, (3.16)
where p(6) = py + p16* + p20* and ¢ = —fyry/g. Letting T to be symmetric about the
equator:

T =) at™ (3.17)
n=0

Then: .
T" =" am(2n)(2n — 1)6°" (3.18)

n=1

Change the limits on (3.18):
T" = " asn42(2n + 2)(2n + 1)6°". (3.19)
n=0

Plug these expansions into (3.16):

D s (20 +2)2n+ 1) = c-p(0) ) az,6™ (3.20)
n=0 n=0
D (azns2(2n +2)(2n + 1) — azae- p(0))6™" = 0 (3.21)
n=0

The above implies that the relation within the parentheses equals zero for all powers of
0. The only complication is that p(#) also include powers of §. The recurrence relation for
the constants are below:

C-Po

Ao = Qo 9 (322)

0 = afigl (3.23)

ag = a4cé§2 (324)
C

Aop+2 = (325)

" (2n42)(2n + 1)



CHAPTER 3. VERTICAL WIND SHEAR IN NEPTUNE’S UPPER ATMOSPHERE
EXPLAINED WITH A MODIFIED THERMAL WIND EQUATION 70

ag is the equatorial temperature. As an example, set ayp = 80K and plug in relevant
values of the constants for Neptune. Then (4) becomes:

T =80 + 28.760% — 13.40* — 0.16° + ... (3.26)

To summarize, we have calculated the thermal structure below 1 bar by solving both the
standard and equatorial thermal wind equations. The later is valid at and near the equator
while the former is valid away from it. Assuming an equatorial temperature of 80K, we find
that the difference between the modeled temperatures resulting from these two models is
0.5K at £20° and 0.2 K at +£15°. The reason the temperature solution given in (3.15) is
almost equal to the solution given by (3.26) near the equator is that (3.15) is symmetric
about the equator (ty,t;, and to are all even functions). Thus, in the limit as 6 goes to 0,
the solutions appear similar near the equator due to L’Hospital’s rule.

Figure 3.19 shows a contour plot of a temperature profile in Neptune’s troposphere that
matches the observed H- and K’-band wind profiles through the thermal wind equation.
The Voyager/IRIS temperature retrievals are plotted for pressures less than 800 mbar. The
temperature solution required to match the observed equatorial vertical wind shear is shown
for pressures greater than 1 bar. We choose the reference latitude 6, to be the equator and
To(P) to be the mean global temperature (given by the smooth relaxation to the a priori) at
P. In this example, we assumed the K’-band profile corresponds to 10 mbar and the H-band
profile represents the 1.3 bar layer. This solution predicts 10-15 K temperature differences
between the equator and mid-latitudes below 1 bar. In cases where the H- and K’-band
features are further apart in altitude, we predict amplitudes of around 5-10 K at P > 1 bar.
Requiring these large temperature contrasts has an effect on the IRIS flux and will worsen
the quality of the spectral fits. This can be avoided if the H-band profile is moved further
outside the IRIS sensitivity window, say P > 2 bar. In this case, the quality of the spectral
fit is unaffected, but this may result in unrealistic depths for H-band features.

The predicted temperature profile is largely a function of the expected wind shear. Fig-
ure 3.19 represents an altitude change over 4 scale heights. In cases where the H- and
K’-band features are further apart, the temperature contrasts are decreased. If the zonal
winds change more rapidly with increasing altitude, larger meridional temperature gradients
are needed to match the predicted vertical wind shear. If vertical wind shear is not uniform
throughout the atmosphere, then the amplitude of temperature variability will change. For
instance, if du/dr changes more rapidly below 1 bar than above it, then there is a larger
total integral of dT'/df between the H-band and 1 bar. This would decrease the latitudinal
gradient needed to produce the expected vertical wind shear and could result in temperature
contrasts more compatible with expected IRIS spectral fits.

Revisiting the Thermal Wind Equation

The standard thermal wind equation is derived from the vorticity equation in part by
assuming the ideal gas law for a single-component gas: P = pRT. This involves replacing
the horizontal gradient of the density with the horizontal temperature gradient. Therefore in
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Figure 3.19: An example of the derived temperature profiles below 1 bar needed to produce
the expected zonal wind differences between the H-and K’-bands. At a given pressure, the
temperature at the equator was set to the mean global temperature. This is superimposed
with the Voyager/IRIS temperature retrievals above 800 mbar. The region between 800
mbar to 1 bar region is left blank (without a temperature solution) to emphasize that a
smooth transition between the the solution profile and the Voyager /IRIS profile is needed to
avoid nonphysical boundaries. For this example, the H-band profile was set at 1.3 bar and
the K’-band profile at 10 mbar. In all tested solutions, the required difference between the
equatorial and mid-latitude temperatures falls between 5-15 K.

a multi-component atmosphere, the thermal wind equation is not correct because the atmo-
sphere’s density gradient is due to spatial variations in temperature and in the composition.
The later no longer makes the gas constant ‘constant’ spatially, but turns it into a function
of the densities of the components. Generally, in the Earth’s atmosphere, the correction to
the thermal wind equation is not large because the molar mass of water (the most significant
contributor to density variations in the atmosphere) is small compared to the atmosphere’s
mean molar mass. However the mean molar mass of the atmosphere of Neptune (and the
other giant gas planets) is small compared to the molar mass of gases such as methane that
cause spatial density variations. If this effect is large enough to produce significant variations
in the meridional density, the thermal wind equation (3.4) will be altered. We define the
virtual temperature T, as the temperature at which a dry atmosphere has the same density
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and total pressure as an atmosphere with an additional component (Sun et al. (1991)):

1—€ ¢ 1—e€
T,=11 — | T= (1 T 3.27
() e () 521

Here, ¢ = p./pq is the mass mixing ratio between the extra constituent and dry air and
€ = m./my is the ratio of the molar mass of methane to the molar mass of dry air. For
Neptune with methane as the main trace gas, m./mg ~ 6.96 and the virtual temperature is:

T, = (1—0.856¢) T (3.28)

Contrast this with Earth, where water vapor is the main condensible; m./mg ~ 0.622
and the virtual temperature is:

T, = (14 0.608¢) T (3.29)

The atomic mass of methane is larger than that of dry air on Neptune, while the atomic
mass of water vapor is smaller than dry air on Earth. Thus, the virtual temperature will
be smaller than the actual temperature on Neptune, while the virtual temperature is larger
on Earth. An equator enhanced in methane (and with larger ¢) compared to mid-latitudes
will, therefore, have a cold virtual temperature relative to the mid-latitudes. If the density
gradient induced by methane abundance variations is large enough, it may explain the sign
of Neptune’s apparent vertical wind shear.

Sun et al. (1991) use the concept of virtual temperature to derive a more general thermal
wind equation. We similarly generalize equation (3.4) by using virtual temperature:

ou g J0T,
- s =

Defining C' = (1 — €) /€, Sun et al. (1991) shows that:

ou g or g C Jq

&_ ToTae r01+0q%

Equation (3.31) is identical to equation (7) of Sun et al. (1991), which we refer to as the
thermal and compositional wind equation. Their study investigated the effect of horizontal
variations in molar mass on vertical wind shear in Neptune and Uranus. They found that
methane depletion at high latitudes compared to low latitudes produced vertical wind shear
with opposite sign to vertical wind shear produced by thermal gradients. If the gradient in
molar mass is large enough to overcome the thermal term, the zonal wind speed will become
more negative with increasing altitude, consistent with our observations.

Similar to the previous section, we ask what temperature gradient is needed below 1
bar if molar mass gradients also contribute to the vertical wind shear. Karkoschka and

(3.31)
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Figure 3.20: Plot of our methane model, given by equations (22) and (23).

Tomasko (2011) found evidence of methane depletion between 1.2 and 3.3 bar at the mid-
latitudes in data acquired by the Hubble STIS spectrograph. They derived a methane
molar mixing ratio of 0.04 (0.28 mass mixing ratio) at the equator and a ~ 3x depletion
at mid-latitudes. Luszcz-Cook et al. (2013) found brightness variations in spatially-resolved
millimeter maps of Neptune, suggestive of meridional opacity variations. Their models were
consistent with mmassesethane from 1-4 bar depleted by 2x at mid-latitudes and by 8x at
the poles compared to nominal values at the equator (0.044 molar mixing ratio). Luszcz-
Cook et al. (2016) also find methane variations consistent with Karkoschka and Tomasko
(2011). We assume methane is the major source of molar mass variations and that these
variations are confined to altitudes below 1 bar but do not otherwise depend on the pressure.
We also assume the variation is hemispherically symmetric in order to extend the general
thermal wind equation to the equator. Our model reflects the findings of Karkoschka and
Tomasko (2011) and is similar to their Figure 8: methane is enriched at the equator, smoothly
decreasing to 45°S and remaining constant out to the poles. The model for the methane
mass mixing ratio is expressed below:*

460 10l <4
4(0) = gocos(40) +q1 = |0 <45
G1—qo: 0] > 45

4Among many functions we could choose to represent the methane gradient, we picked cos(46) since its
derivative is zero at 45°. This produces a smooth transition in the methane abundance from low-latitudes
and high-latitudes, where methane abundance is constant as in Karkoschka and Tomasko (2011).
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Figure 3.21: As Figure 3.17, except plotting the virtual temperature below 1 bar, assuming
x2 depletion in methane at mid-latitudes and the poles. The virtual temperature is given
by equation (3.28) and demonstrates the impact of methane gradients. A cold virtual tem-
perature at the equator is produced, which is consistent with the expected sign of vertical
wind shear.

Figure 3.20 plots our methane model assuming x2 and x4 depletion at the mid-latitudes
to poles assuming an equator with a molar mixing ratio of 0.04. Figure 3.21 plots the
virtual temperature assuming this model for the methane mixing ratio. The molecular mass
variation due to methane will change the thermal contribution to the observed vertical wind
shear. The new equation to solve is:

. ou g 0T g C 0Oq
20sinf)— = ———| — = — 3.32
or T T RT 00|, rol+Cqdb|, (332)
where we integrate this equation to solve for T'(6, P):
g 1 Py fdu®.P) g C 9 .,
—= dT" =22 0| ————+ = — | df 3.33
ro) T, P) /(, . { S e e (3.33)

T(0, P) 20 /9 o fduw@, Py g C 0q] .,
log [ === ) =— ket Sl TN S 34
Og(%(P)) o L e Tt oqon) (3.34)
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Like before, we assume the vertical wind shear and molar mass term can be fit to fourth-
degree polynomials:

%+%1+00q%:p +p1-92+p2-94 (335)

Integrate as before to solve for the temperature profile below 1 bar. The derived temper-
ature profile taking methane variations into account is shown in Figure 3.22. Our examples
illustrate how important the meridional methane distribution is on the derived temperature
solutions. In the first case, where methane is depleted by 2x at mid-latitudes and poles
compared to the equator, we obtain an equator 2—3K colder than the mid-latitudes. In the
second case, where methane is depleted by 4x at the mid-latitudes compared to the equator
and poles, we obtain an equator 2-3K warmer than the mid-latitudes. This is qualitatively
consistent with the warmer equatorial temperatures observed at P < 1 bar by Voyager/IRIS
(e.g. Conrath et al. (1998)) and ground-based observations (Fletcher et al. (2014)).

An important caveat to this analysis is that it assumes methane does not condense. Ices
are 1000-fold denser than gases and the ideal gas law is no longer applicable. Our model
occurs in the heart of methane’s condensation region so these results should be viewed with
caution. Nonetheless, the above work demonstrates the necessity of including compositional
gradients in models of Neptune’s winds. Future models will need to consider all phases of
methane and other heavy species deeper down to accurately calculate Neptune’s density
profile.

In summary, the meridional temperature structure needed to replicate Neptune’s equa-
torial zonal wind shear depends heavily on the gaseous methane distribution below 1 bar.
If methane abundance is globally uniform or weakly varying, then a cold equator relative
to the mid-latitudes is needed to explain the vertical wind shear. If methane abundance
changes greatly, then a warm equator is permitted.

Thermal infrared spectra from Cassini/CIRS observations have been used to derive tem-
perature fields for the stratosphere and troposphere of Jupiter and Saturn and allow us to
compare our derived temperatures for Neptune’s troposphere. Below ~ 100-700 mbar, both
planets have a cool equator with peak meridional contrasts ~2-10 K (see Fig. 2 of Simon-
Miller et al. (2006) and Fig. 2 of Fletcher et al. (2010)). Zonal wind speeds of Jupiter’s
deep troposphere were extracted from the Doppler Wind Experiment at 6°N and show an
increase in the velocity with depth below 1 bar (Atkinson et al. (1998)). This is consistent
with a positive latitudinal temperature gradient (i.e. cool equator) since the wind shear is
negative. Numerical simulations of off-equatorial jets in Jupiter’s and Saturn’s upper at-
mosphere reproduce similar results (Fig. 1 of Liu and Schneider (2015)). However, wind
shear near 5-micron hotspots is likely to be complex, because dynamics are affected by a
planetary-scale wave in addition to zonal-mean gradients (Showman and Dowling (2000)).
Neptune’s measured tropospheric temperatures are the opposite to that described on Jupiter
and Saturn (i.e., a warm equator instead), but this work could hint at a cool ‘Jupiter-like’
equator at depths > 1 bar provided a flatter methane distribution. More precise constraints
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Figure 3.22: As Figure 3.19, but considering meridional methane variations in the thermal
wind equation. a) Methane abundance depleted by 2x at mid-latitudes and poles (molar
mixing ratio 0.02) compared to the equator (molar mixing ratio 0.04). b) Methane abundance
depleted by 4x at mid-latitudes and poles (molar mixing ratio 0.01) compared to the equator
and (molar mixing ratio 0.04). c¢) and d) show how the derived meridional temperatures
deviate from the equatorial temperature along isobars, between 1-3 bar. ¢) corresponds to
a) and d) to b). The low methane depletion (2x) case predicts an equator 2-3K cooler
than the mid-latitudes. Higher depletion (4x) yields an equator 2-3K warmer than the mid-
latitudes. These examples highlight how the meridional methane distribution affects the
temperature gradient. In both cases, the H-band profile was set at 1.3 bar and the K’-band
profile at 10 mbar.
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on Neptune’s methane profile and extent of zonal flow are needed to determine if Neptune’s
temperature field is similar to the other jovian planets. Considering the energetics of flow in
future models will also be important for relating Neptune’s zonal winds, temperature field,
and composition.

Global Circulation

Multi-wavelength observations have been crucial for determining Neptune’s global cir-
culation pattern. De Pater et al. 2014 analyzed near-infrared cloud activity, temperature
patterns, ortho/para Hs ratios, and measurements of mid-infrared and radio temperature
brightness to construct a hemispherically symmetric circulation pattern where air rises above
the mid-latitudes and sinks at the equator and poles. Their single-layer circulation is broadly
extended, ranging from the stratosphere down to ~ 40 bar, and could explain most, though
not all, observations at wavelengths spanning a range from the visible to 6 cm. If methane
abundances are uniform or weakly varying, our data are indicative of a more complicated
circulation between the equator and mid-latitudes. Below 1 bar, an equator colder than the
mid-latitudes is needed to produce the predicted vertical wind shear. This scenario is consis-
tent with air rising and cooling as it adiabatically expands at the equator while air subsides
and warms due to adiabatic compression at the mid-latitudes. Such a circulation pattern
is consistent with data that do not agree with the single-cell circulation in de Pater et al.
(2014). Butler et al. (2012) constructed 1-cm radio maps of Neptune from data obtained
with the Expanded Very Large Array (EVLA) and found weak brightness enhancements
at the southern mid-latitudes, as well as strong enhancements over the pole and equator.
Karkoschka and Tomasko (2011) found evidence of methane depletion between 1.2 and 3.3
bar at mid-latitudes in data acquired by the Hubble STIS spectrograph. Regions of low
methane abundance and opacity indicate downwelling. Conversely, high abundances and
opacities suggest upwelling. Moreover, methane-rich air will cool and condense as it rises at
the equator. This may explain the presence of deep-seated H-band features. An example
two-celled model that is consistent with these observations is given in Figure 3.23. This
modifies the model given by de Pater et al. (2014) below 1 bar to an unknown depth. A
three-cell circulation pattern has been proposed for Uranus to explain polar methane deple-
tion and cloud activity at the mid-latitudes (Sromovsky et al. (2014)). Stacked circulation
cells above and below the clouds of Saturn may explain spatial distributions of chemical
tracers measured by Cassini/VIMS (Fletcher et al. (2011)). Neptune’s atmosphere may be
similarly complex.

On the other hand, if methane abundances vary significantly, a warm equator can still
reproduce our observed vertical wind shear. Such a temperature profile would be consistent
with both: 1) the single-cell circulation model suggested by de Pater et al. (2014), and 2)
direct measurements of the temperature field. Although the de Pater et al. (2014) model
explained a broad range of observations, observed variations in methane abundance are not
explained by this circulation model. It is likely that an elaborate circulation model is needed
to explain all known observations of Neptune’s upper atmosphere. Neptune’s circulation
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Figure 3.23: Schematic of our proposed circulation model between 10 mbar and 3 bar from the
equator to mid-latitudes. The colored bands and arrows indicate the direction of circulation,
blue indicating cool, rising air, and red warm, sinking air. Each cell forms a closed loop,
continuing outside the range shown in the figure. The depth of circulation below 1 bar is
unknown. The yellow band highlights the range of Voyager/IRIS sensitivity. The equatorial
clouds seen in the H-band but not the K’-band are indicated as a gray circle. The mid-
latitude region of methane depletion and weak brightening from Karkoschka and Tomasko
(2011) and Butler et al. (2012) is represented by a gray rectangle.
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pattern may contain finer latitudinal and vertical structure than we can determine from
currently available data.

3.6 Conclusion

We tracked the longitude-latitude positions of dozens of bright features in Neptune’s
atmosphere from Keck AO images on July 3, 2013 and August 20, 2014 in the H- and K’-
bands. From their positions and length of time tracked, we derived zonal and meridional
velocities and constructed zonal wind profiles for each band and night.

Our main conclusions are:

1. The motions of many individually tracked cloud features are significantly different than
the zonal wind speeds predicted by the canonical profile from Sromovsky et al. (1993). This
dispersion is most prominent from the equator to mid-latitudes, reaching as high as 500-600
m/s, and is seen on both nights. A few features have meridional velocities as large as 100-200
m/s. These features also tend to have the largest zonal velocity deviations from the canonical
profile, suggesting they are driven by mechanisms like vortices or wave phenomena as these
produce motion in both directions. Generally, features with the largest velocity variations
(in both directions) have large RMS errors and are tracked for a short time. These features
are usually ephemeral, faint, or near the planetary limb, meaning their centers are hard to
constrain. Velocity variations also persist in low-error, long-tracked features, although the
magnitude of variability is muted.

2. There are significant differences in the zonal wind profiles between the H-band and
K’-band on both nights. This is most prominent at the equator, where the H profile is best
described by a profile shifted eastward by 904+45 m/s on July 3, 2013 and 141+63 m/s on
August 20, 2014. There is little difference between the K’-band zonal wind profiles and the
canonical profile. 2013 H band features have smaller Kp/H I/F ratios at the equator than the
mid-latitudes. The exquisite quality of our July 3, 2013 images reveal numerous equatorial
features in the H-band that are not present in K’-band. This suggests those features are
located below 1 bar. Taken all together, this is consistent with the idea that the mean
eastward velocity shifts in the H profile are driven by deep-seated features. Differences in
velocity with depth are evidence of vertical wind shear.

3. If the shift in the H profile is real and indicative of vertical wind shear, we predict
shears between -1.0 to -2.2 m/(s-km) at the equator, assuming H and K’ features typically
differ in altitude by 3-5 scale heights. Previous studies have dismissed vertical wind shear
as an explanation for the variability between the H-band and canonical profile, claiming
that thermal winds would decay (be less negative) with increasing altitude and produce the
opposite of what is observed. However, this analysis relied on Voyager/IRIS temperature
retrievals that are only sensitive between 70-800 mbar, outside the pressures we expect the
H-band to see at the equator. Using a formulation that extends the thermal wind equation
to the equator (Marcus et al. (2019)), we derived the meridional temperature profiles that
are needed below 1 bar to match our predicted vertical wind shear. Neglecting density effects
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due to variation in methane concentration, we find that the equator must be colder than
the midlatitudes by 5-15 K to explain the observations, although this range can be lowered
if wind shear is not uniform throughout the atmosphere. This is similar to tropospheric
temperature profiles derived from mid-infrared observations and numerical simulations of
Jupiter’ and Saturn’s atmosphere. Colder temperatures at the equator are consistent with
upwelling and are not consistent with the de Pater et al. (2014) single-layer model’s equatorial
downwelling.

4. We used the generalized thermal-compositional wind equation (Sun et al. (1991)) to
account for density variations that result from latitudinally fluctuating methane abundances.
We used this equation to re-derive the temperature structure below 1 bar needed to match
expected methane variations and vertical wind shear. If methane is weakly-depleted at the
mid-latitudes (2x depletion), an equator 2-3 K colder than the mid-latitudes is consistent
with our inferred wind shear. This could be explained by adiabatic cooling and methane
enrichment at the equator due to upwelling, but it is inconsistent with the de Pater et al.
(2014) single-layer circulation with equatorial downwelling. If methane is strongly-depleted
at mid-latitudes (4x depletion), an equator 2-3K warmer than the mid-latitudes is consistent
with our inferred wind shear. Equatorial warming combined with methane enrichment is not
consistent with either the single-layer de Pater et al. (2014) model, or the double-layer model
in Fig. 23. It is, however, consistent with observed measurements of Neptune’s temperature
field. We emphasize the importance of including these density variations future models, as
condensation regions or phase changes result in large density changes.

5. Our results suggest a global circulation pattern more complicated than the single-
celled, vertically broad model described by de Pater et al. (2014). Stacked circulation cells
may explain observed methane variations and our derived temperature profiles. However,
we can not reconcile all observations of Neptune’s upper atmosphere with this model. Lati-
tudinally and vertically complex circulation cells may be needed to explain the dynamics of
Neptune’s atmosphere.

Multi-wavelength observations of Neptune are required to fully understand the degree
of vertical wind shear and true circulation pattern in the troposphere. Cloud tracking with
spectral information would verify whether features with different speeds are in fact at differ-
ent depths. Radio wavelengths are sensitive to HyS variations in Neptune’s atmosphere below
1 bar. Longitudinally-resolved radio maps of Jupiter have recently been produced with the
upgraded VLA (de Pater et al. (2016)). Similar maps of Neptune’s deep atmosphere would
trace variations in the HyS abundance and determine regions of sinking (low H,S) and rising
(high H5S) air. This would provide a check for the stacked-celled circulation hypothesis.
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3.8 Appendix

In this appendix, we show an alternate model for the vertical wind shear: du/dr used in
Section 5.1.1 equation (3.35). We assume that the vertical shear can be expanded in even
4th-order Legendre polynomials:

ou 1 1

5y Do +]91§(3M2 - 1)+ p2§(35ﬂ4 —30p° +3), (3.36)
where ;1 = sinf. Legendre polynomials may be preferred to the 4th-order polynomials

used in Section 5.1.1 since the former are solutions to Laplace’s equation on the sphere and

are valid expansions at the poles. Now solve for the temperature profile:
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The integral on the right-hand side of can be solved analytically via repeated integration-
by-parts. The final solution, written for brevity, is:

T, P 2Qr
log(jgo(P>)):—To(po-to+p1-t1+p2-t2) (3.39)
QQ’I“O
T(Q, P) ZT()(P) - exp [— (p() ~to+p1-t1 + pay tg) (340)

where:
to = — cosb

1
t =3 (cos(36) — 5cosh)

1
to =381 (—21 cos(58) + 55 cos(30) — 114 cosh)
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As before, this result be easily extended to the equator. In the following table, we
compare the latitudes of the local maximal/minimal temperatures using this model and the

model given in Section 5.1.1; we assume, for sake of example, an equatorial temperature of
80K.

Sect. 5.1.1 model Appendix model
0 deg - 80.0K 0 deg - 8OK

38.3 deg - 85.9K 33.5 deg - 84.4K
78.2 deg - 72.2K 70.5 deg - 76.0K

The qualitative analysis is the same between these models - the equator is colder than
the mid-latitudes. The peak mid-latitude temperatures differ by 1.5K. While the model
in Section 5.1.1 has a more extreme temperature change and is probably less accurate at
high-latitudes, we do not consider this region in our analysis of Neptune’s tropospheric
temperature profiles since the zonal wind profile is wildly uncertain there - very few features
are tracked in this region. Thus, the model presented in Section 5.1.1 is good enough as
a base analysis - future work may explore better methods to model vertical wind shear on
Neptune. We point out that analogous calculations can be used in the model presented in
Section 5.1.2.
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Chapter 4

Neptune’s Latitudinal Variations
Viewed with ALMA

We present spatially resolved millimeter maps of Neptune between 95 and 242 GHz taken
with the Atacama Large Millimeter/submillimeter Array (ALMA) in 2016 — 2017. The
millimeter weighting functions peak between 1 and 10 bar on Neptune, lying in between the
altitudes probed at visible/infrared and centimeter wavelengths. Thus, these observations
provide important constraints on the atmospheric structure and dynamics of Neptune.

We identify seven well-resolved latitudinal bands of discrete brightness temperature vari-
ations, on the order of 0.5 — 3K in all three observed ALMA spectral bands. We model
Neptune’s brightness temperature using the radiative transfer code Radio-BEAR and com-
pare how various HsS, CHy, and ortho/para Hy abundance profiles can fit the observed
temperature variations across the disk. We find that observed variations in brightness tem-
perature with latitude can be explained by variations in the HyS profile that range from
sub- to super-saturations at altitudes above the 10-bar pressure level, while variations in
CH, improve the quality of fit near the equator. At the south polar cap, our best fit model
has a depleted deep atmospheric abundance of HyS from 30 to only 1.5 times the protosolar
value, while simultaneously depleting the CH, abundance. This pattern of enhancement
and depletion of condensable species is consistent with a global circulation structure where
enriched air rises at the mid-latitudes (32° — 12°S) and north of the equator (2° — 20°N),
and dry air descends at the poles (90° — 66°S) and just south of the equator (12°S—2°N).
Our analysis finds more complex structure near the equator than accounted for in previous
circulation models.

4.1 Introduction

Millimeter continuum observations of Neptune provide a valuable bridge between visi-
ble/infrared studies of the cloud tops and above (P < 1 bar) and deeply probing centimeter
maps (10 < P < 40 bar). Visible and near-infrared (NIR) imaging from Voyager, the Hubble
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Space Telescope (HST), and Keck have shown bright methane cloud activity at Neptune’s
mid-latitudes and comparatively dark regions and /or hazes at the equator and poles (Limaye
and Sromovsky, 1991; Sromovsky et al., 2001b; Martin et al., 2012; Fitzpatrick et al., 2014;
Tollefson et al., 2018). Mid-infrared (MIR) images and spectra have been used to obtain
zonal-mean temperature profiles which show that the equator and south pole are warmer
than the southern mid-latitudes in the upper troposphere and stratosphere (Conrath et al.,
1991; Orton et al., 2007; Fletcher et al., 2014). Centimeter maps obtained with the Very
Large Array (VLA) probe well below Neptune’s cloud deck and indicate the presence of
dry (low-opacity) air at the south pole (e.g., Butler et al., 2012; de Pater et al., 2014).
Taken together, observations of the deep troposphere and upper atmosphere are broadly
consistent with a global circulation pattern where air enriched with trace gases rises at the
mid-latitudes, adiabatically cools and condenses to form clouds, dries out, and descends at
the poles and equator (Conrath et al., 1991; de Pater et al., 2014). Millimeter observations
probe altitudes in between those seen in the above maps, 1 < P < 10 bar, making such ob-
servations vital for bridging the pressures viewed in the visible/infrared and centimeter, and
for improving our overall understanding of Neptune’s atmospheric structure and dynamics.
In particular, millimeter continuum observations are sensitive to variations in composition,
including variations in trace condensable species such as H,S and CHy. Like the centimeter,
millimeter observed variations in these trace gases reflect atmospheric motions; depleted,
low-opacity regions (enriched, high-opacity) are consistent with downwelling (upwelling) air.

The opacity of Neptune’s continuum at millimeter observations is dominated by collision-
induced absorption of Hy (CIA) with hydrogen, helium, and methane. Trace gases, such as
H,S, PH3, and NHj also contribute to the overall opacity. Since millimeter observations of
these gases probe Neptune’s troposphere between 1 and 10 bar, individual lines are highly
pressure-broadened, appearing as broad ‘continuum’ bands in the millimeter spectrum. As
a result, it is difficult to differentiate between these opacity sources since clear line features
cannot be detected.

On previous millimeter maps, Neptune’s disk was spatially resolved and regions of en-
hanced or diminished brightness temperatures could be distinguished. Using the Combined
Array for Research in Millimeter-wave Astronomy (CARMA), Luszcz-Cook et al. (2013) im-
aged Neptune in the far wings of the CO (2 —1) line (230.538 GHz). In their longitudinally-
averaged maps, they found brightness temperatures increased by 2 — 3 K from 40°N to the
south pole. Since their observations were taken far (~ 5 GHz) from the CO (2 — 1) line
center, this emission is primarily from sources forming the ’quasi-continuum’. Assuming an
adiabat in the troposphere, the authors showed that variations in the brightness temperature
at the south pole could be explained by a 30% decrease in opacity at P > 1 bar. If variations
in opacity would occur at altitudes only below 4 bar, the opacity needed to be decreased by
a factor of 50. Hence, brightness variations at a particular wavelength are coupled to the
pressure at which the opacity changes, itself dependent on the opacity source. Luszcz-Cook
et al. (2013) could explain the latitudinal variations in brightness temperature as latitudinal
gradients in any or all of: HsS, CHy, and/or ortho/para Hy. However, due to their limited
wavelength coverage, they were unable to disentangle the true contribution to the brightness
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Table 4.1: Summary of observations.

ALMA Band Configuration UT Date  Flux Calibrator Bandpass Calibrator T§

Source
Band 3 C40-8 2017-07-27  J0006-0623 J2246-1206 726
Band 4 C40-7 2016-10-07 J2258-2758 J2246-1206 1701
Band 6 C40-7 2016-10-24 J2258-2758 J2246-1206 1032

¢ Total science time on Neptune, in seconds

from each candidate source.

In this paper, we present millimeter maps of Neptune taken with the Atacama Large
Millimeter /Submillimeter Array (ALMA). ALMA provides the wavelength coverage, sensi-
tivity, and resolution needed to constrain Neptune’s opacity sources accurately across the
disk. In Section 2, we present ALMA observations taken in three bands over the millimeter
wavelength range (1—3 mm). The observed brightness temperature distribution is compared
to model maps produced with the radiative-transfer code Radio-BEAR, described in Section
3. We generate a model for the latitudinally-varying HoS and CH, abundance profiles that
agree with the observations in each band in Section 4. In Section 5, we compare these re-
sults to other profiles of Neptune’s trace gases and summarize how our findings impact our
understanding of the dynamics and evolution of Neptune’s upper atmosphere.

4.2 Observations

Data

We observed Neptune with ALMA, which is an interferometer located in the Atacama
desert in northern Chile. A total of 66 high-precision antennas form the array: fifty-four
12m and twelve 7m. The arrangement of these antennas defines the angular resolution and
maximum resolvable angular scale of the data. The tightest packed configuration, where
the antennas are up to 150 m apart, allow large, faint objects to be observed. Extended
arrangements, where the antennas are 16 km apart, provide a more detailed look. Our
Neptune observations were taken between 2016 — 2017 in Bands 3, 4, and 6, between 95 —
250 GHz (1-3 mm). For each band, we selected the antenna configuration which allowed
us to resolve Neptune and simultaneously see Neptune’s entire (2.3” diameter) disk. A
typical resolution was 0.3” using ~ 40 12-m antennas. We observed in four spectral windows
in continuum mode covering Neptune’s continuum spectra within each band. Table 4.1
summarizes the observations while Table 4.2 outlines the correlator and spectral setup.

Calibration and Imaging

The obtained visibility data were reduced and calibrated in the Common Astronomical
Software Application (CASA) version 5.1. We applied the standard ALMA pipeline to
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perform flagging (bad edge channels, shadowed antennas, and poor quality data), bandpass
and flux calibration, and gain-time solutions. Table 4.1 lists our calibrator sources. Finally,
we applied three iterations of self calibration on our Neptune data to remove short-term
phase variability caused by fast atmospheric fluctuations (Brogan et al., 2014). The first
iteration used the entire observation range while the second and third used 350-second and
60-second intervals.

The multi-frequency synthesis mode in CASA tclean was used to transform the visibility
data into image maps. We used natural weighting and restricted clean to a circular mask that
is roughly the size of Neptune’s diameter plus twice the beam size. The natural weighting
scheme gives equal weight to all baseline samples while the uniform weighting scheme gives
equal weight to each spatial frequency. Since there are ‘naturally’ more short baselines
than long baselines, natural weighting preserves the peak sensitivity while uniform weighting
reduces the peak sensitivity as the short baselines have been weighted less. In our testing, we
found that uniform and intermediate weightings produced artificial speckles on the disk and
large scale structures in the sky. Natural weighting limits these artifacts since the sensitivity
is highest, but sacrifices some angular resolution since the long-baselines are under-weighted
relative to the uniform scheme. Despite this, we still resolve roughly one-seventh of Neptune’s
disk. We also subtracted a limb-darkened model from the data to speed up the deconvolution
process and reduce imaging artifacts. The number of clean iterations varied from 1000-2000,
stopping once the noise within the planetary disk reached the noise in the sky.

Our resulting maps are 512x512 pixels? with a cell size of 0.02”. This cell size follows
a common rule-of-thumb, which is to make the cell size roughly 1/10 the size of the syn-
thesized beam. The planetary disk appears elliptically elongated due to convolution with
the synthesized beam. This beam resembles a Gaussian with full-width at half maxima and
position angles given in Table 4.2.

Error estimation

The error in our maps is calculated by averaging over four regions of the sky with boxes
equal to the diameter of Neptune and taking the root-mean-square (RMS). RMS values
range from 0.1 — 0.6K. Table 4.3 lists our estimated errors in each band. This RMS does not
include systematic effects, such as errors in the bandpass or flux calibration. The ALMA
Calibrator Source Catalogue lists errors in the calibrator’s flux estimate being about 5% or
less in each band so we use this as an estimate for the absolute error in our disk-averaged
temperature data (Section 5.1).

4.3 Models

2D model maps of Neptune’s disk were created using our radiative transfer (RT) code
Radio-BEAR described in de Pater et al. (2019)'. Given an atmospheric composition and

IThis code is available at: https://github.com/david-deboer/radiobear .
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thermal structure (described below), we calculate the RT-derived brightness temperatures
of the planet on each location on the planet.

Radio-BEAR assumes that the atmosphere is in local thermodynamic equilibrium, where
the temperature is calculated from deep in the atmosphere upwards assuming a dry or wet
adiabat such that the temperature at 1 bar matches 71.5 K, that derived by Voyager radio
occultation measurements (Lindal, 1992). At altitudes above 1 bar, we use the temperature
profile from Fletcher et al. (2010). The temperature, pressure, and altitudes are related to
each other through hydrostatic equilibrium. In all of our latitude-varying models (Sections
4.2 and 4.3), we assume that the temperature-pressure profile follows a dry adiabat in the
troposphere. Cases of a wet adiabat are presented in the context of the disk-averaged bright-
ness temperature in section 4.1. Our models also allow the abundance profiles of HyS, CHy
and ortho/para Hy to vary, as discussed below.

Neptune’s trace gases HyoS, CH4, H,O, and NHj in the deep atmosphere are assumed to be
enhanced by 30x their protosolar values? in our nominal model, apart from ammonia gas as
30x protosolar values for NH3 are inconsistent with previous microwave disk-averaged tem-
peratures (de Pater and Massie, 1985; de Pater et al., 2014). At higher altitudes, these gases
follow the saturated vapor pressure curve with 100% relative humidity. Clouds expected to
form under thermochemical equilibrium on Neptune include: an aqueous ammonia solution
(HyO-NH3-H,S) topped with water ice, ammonium-hydrosulfide (NH4SH), and HsS- and
CHy-ice (Weidenschilling and Lewis, 1973). To form the NH4SH cloud, HyS and NHj are
reduced in equal molar quantities until the product of their partial pressures reaches the
equilibrium constant of the reaction forming NH,SH. Once equilibrium is reached, only HyS
will remain to form clouds since there is practically no NH3 gas remaining above the NH,SH
cloud. A tentative detection of HsS spectral features near 1.58 ym in Neptune’s troposphere
implies that the deep bulk S/N ratio is greater than one (Irwin et al., 2019). The cloud
density might affect microwave measurements (de Pater et al., 1991; de Pater and Mitchell,
1993). However, little is known about the cloud density on Neptune and the millimeter
weighting functions peak at altitudes above the aqueous and ammonium-hydrosulfide clouds
(see Fig. 4.1). Clouds have also been shown to not affect the microwave opacity on Jupiter
(de Pater et al., 2019). Therefore, we ignore the effect of cloud opacity and focus on the gas
opacity in our models.

The gas opacity of Neptune’s millimeter spectrum is dominated by HyS and the collision-
induced absorption (CIA) of Hy (we include: Hy-Hy, Ho-He, Ho-CH,). NH3 and HyO affect
the spectra at wavelengths longer than 10 cm; NH3 would have a larger impact at millimeter
wavelengths if its abundance within Neptune were larger (see Fig. 4 of Luszcz-Cook and
de Pater (2013)). The effect of PH; in the millimeter is most prominent at the (1 — 0)
absorption line at 266.9 GHz. The width of this line is ~ 20 GHz due to pressure broadening,
meaning the wings of this absorption feature will have a small effect on the highest frequency
data. However, this effect is well within the estimated noise of the maps so we do not add

2We use the protosolar values from Asplund et al. (2009): C/Hs = 5.90E-4; N/Hy = 1.48E-4; O/Hy =
1.07E-3; S/H,; = 2.89E-5.
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this gas in our models.

The ortho/para Hy fraction also influences Neptune’s millimeter brightness temperature,
by modifying both the adiabatic lapse rate and the gas opacity (Trafton, 1967; Wallace,
1980; de Pater and Massie, 1985; de Pater and Mitchell, 1993). The ratio of ortho to
para hydrogen in equilibrium depends on temperature; however, fast vertical mixing could
bring the ratio of ortho and para states of hydrogen away from equilibrium and towards a
“normal” ratio of 3 parts ortho to 1 part para. In this paper, we assume “intermediate” H,
proposed by Trafton (1967) and used by e.g., Luszcz-Cook et al. (2013): the ortho and para
states of hydrogen (which define the CIA opacities) are set to the equilibrium value at the
local temperature, while the specific heat is set to that of 'normal’ hydrogen. For further
explanation of intermediate hydrogen, see e.g., Massie and Hunten (1982). Luszcz-Cook
et al. (2013) find that assuming a normal hydrogen fraction rather than equilibrium fraction
significantly increases the opacity and lowers the brightness temperature by 5 — 6K in their
1.2-mm model maps.

We generate 2D model maps of Neptune as follows: at the center frequencies of each
spectral window, we calculate the RT-derived brightness temperatures of the planet on 9455
points on the disk and interpolate between these points to obtain the same resolution as
our CASA imaged maps (0.02”). We then convolve each RT-map with an elliptical gaussian
model of the synthesized beam. Our nominal model can be summarized as follows: 1)
Neptune’s trace gases are enhanced to 30x their protosolar value, except NH3 which is 1x
protosolar; 2) ‘intermediate’ ortho/para Hy (i.e., equilibrium ortho/para Hs; specific heat
close to that of normal Hy); 3) the temperature-pressure profile follows a dry adiabat in
the troposphere. Figure 4.2 plots the temperature-pressure and abundance profiles for the
nominal model. In the following section, we compare these beam-convolved model maps to
the observed disk-averaged brightness temperatures and latitudinal brightness variations.

4.4 Results

In the following subsections, we investigate the distribution of Neptune’s observed bright-
ness temperature. First, we look at the disk-averaged brightness temperature and compute
a variety of RT models using dry and wet adiabats and different enhancements of the deep
abundance of trace gases. From these results, we present our nominal model (the same as
that described at the end of Section 3), which fits both our ALMA and 2003 VLA disk-
averaged temperatures simultaneously. Second, we subtract our nominal model from the
data to produce residual maps. These maps show seven distinct latitudinal bands across
Neptune’s disk. In the final subsections, we find abundance profiles of HyS, CHy, and or-
tho/para Hy which fit the observed brightness variations in each latitudinal band. As an
example of how we do this, we first look at Neptune’s south polar cap, where previous VLA
studies constrained the deep abundance of HyS. This provides a good litmus test for our
model and fitting routine. We then move on to the rest of Neptune’s disk and show that we
can fit the observed brightness temperature distribution at all latitude bands by varying the
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Figure 4.1: Normalized weighting functions at: a) nadir and b) the south pole, compared to
the expected clouds expected to form on Neptune (c). The weighting functions at nadir and
the south pole are both computed using the nominal abundance profile depicted in Figure
4.2. Weighting functions are shown for representative frequencies in each ALMA band: 95
GHz (3.155 mm, Band 3), 136 GHz (2.205 mm, Band 4), and 224 GHz (1.338 mm, Band
6), as well as selected VLA frequencies: 4 and 43 GHz (6.2 cm and 0.7 cm, respectively).
Note that the VLA frequencies probe significantly deeper into Neptune’s atmosphere than
the ALMA frequencies. The rightmost plot shows the density of different clouds expect to
form on Neptune under thermochemical equilibrium.

abundances of the aforementioned species.

Disk-Averaged Brightness Temperatures

We calculate Neptune’s disk-averaged brightness temperature from the ALMA data in
two ways. First, we sum the flux density contained within the planetary disk convolved with
the model beam. Second, we fit the u-v short-spacing amplitude with a Bessel function and
obtain an estimate of the zero-spacing flux density. Both results agree to well within the
absolute calibration errors. We report the average of these two methods in Table 4.3. Since
Neptune blocks the cosmic microwave background (CMB), its true brightness temperature
is higher than observed in the radio. In all of our millimeter observations, we correct for the
CMB by following the procedure laid out in Appendix A of de Pater et al. (2014).

Figure 4.3 plots our observed radio disk-averaged brightness temperatures on top of RT
model spectra. In this plot, we show the effect of varying the deep abundance enhancement
of trace gases (HsS, CHy, HoO, and NHj3) relative to their protosolar values and consider
both wet and dry lapse rates. We find that the nominal model: 30x enhancement with a dry
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Figure 4.2: Temperature and abundance profiles of trace gases whose deep atmospheric
abundances are enhanced by 30x their protosolar value, apart from NHjz which is 1x (solid
lines). In the troposphere, the temperature follows a dry adiabat. These profiles define the
nominal model. The dashed line is the HyS depleted profile that that best fits Neptune’s
south pole from 2003 VLA data (de Pater et al., 2014).

lapse rate, agrees very well with both the ALMA millimeter and the 2003 VLA centimeter
data from de Pater et al. (2014). Models with temperatures following wet lapse rates are
too cold relative to these data. We acknowledge, though, the following shortcomings in our
models. First, these models are highly degenerate. Gas abundances are seldom at 100%
humidity and so a profile with a wet adiabat where the gases are sub-saturated may result
in high enough brightness temperatures to match the data. Second, our models do not
account for the cooling (heating) of the atmosphere from adiabatic expansion (compression)
at latitudes where the air is rising (sinking). Finally, apart from the dry and wet adiabat,
we do not consider latitudinal variations in temperature. Conrath et al. (1998) and Orton
et al. (2007) see 2 — 3 K latitudinal temperature variations between 50 — 100 mbar. These
temperature variations are similar in strength to those we see in our residual maps (Fig. 4.4),
particularly in Band 6. Luszcz-Cook et al. (2013) created temperature profiles matching the
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2 — 3 K variations described in Conrath et al. (1998) and Orton et al. (2007) at altitudes
above 1 bar. These temperature-varying models reduced the overall x? in their fit to 1.2
mm continuum data. However, we expect similar profiles to have only a modest effect in
Band 6, where the contribution functions peak at the highest altitudes (but still below 1
bar, see Fig. 4.1), and little effect in Bands 3 and 4, which probe pressures much higher
than where temperature variations are seen in the infrared. Below 1 bar, the temperature
profile should strictly follow an adiabat, regardless of latitude. In summary, while we do not
consider temperature variations in our analysis, we do not expect them to be the primary
cause of the observed brightness temperature distribution.

Latitudinal Brightness Temperature Variations

In Figure 4.4, we show residual maps of Neptune in the first spectral window of each
ALMA band. Since the absolute calibration is imperfect, each map is scaled by a factor such
that the observed disk-averaged temperature matches the nominal model (see Table 3). As
a result, our main assumption in this analysis is that Neptune’s disk-average matches the
nominal model. Deviations from this model result in the latitudinal structure evident in the
residuals. This structure is due to changes in the brightness temperature that we assume
to be due to variations in the opacity. The dark areas at the southern mid-latitudes and
in the northern equatorial region are interpreted as probing higher, colder altitudes due to
enhancements in absorbers. Conversely, the south pole appears bright in the radio due to
opacity depletions, allowing the deeper, warmer layers to be probed.

Planetary coordinates are computed for each pixel on the disk using ephemeris data
from JPL Horizons, with the center pixel equaling the sub-observer latitude and longitude.
Latitudes are reported in planetographic coordinates. We identify seven bands on Neptune
that correspond to discrete changes in the temperature structure: 90°S—66°S, 66°S—55°S,
55°S—32°S, 32°S—12°S, 12°S—2°N, 2°N—20°N, northward of 20°N. Each latitude bin is well-
resolved, covering at least the total area of the ALMA beam, and is in planetographic
coordinates. In Figure 4.5, we plot the average temperature difference between the data and
nominal model per spectral window and band. Differences that are twice the RMS noise
reported in Table 3 are significant.

Neptune’s South Polar Cap

The ALMA residual maps show clear warming on Neptune at latitudes southward of -66°.
This region is Neptune’s south polar cap and has been detected as a hot spot in the radio
(Butler et al., 2012; Luszcz-Cook et al., 2013; de Pater et al., 2014) and in the mid-infrared
(Hammel et al., 2007; Orton et al., 2007). de Pater et al. (2014) found a best fit to their VLA
data to the hot spot by defining a ‘plateau’ of constant low opacity from 66°S to the south
pole, depleting HyS to 1.5x the protosolar value (or 5% their nominal 50x model) above
43 bar (i.e., above the NH4SH cloud). The deep CH4 abundance is also depleted to 1.5x
the protosolar value in their model (equivalently, a 0.072% volume mixing ratio), but itself
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Figure 4.3: Disk-averaged brightness temperatures of Neptune. The ALMA data are plotted
as orange points, with 5% absolute errors estimated from the calibrators. In addition, VLA
2003 data are plotted in red (de Pater et al., 2014), along with older VLA data in gray
(de Pater et al., 1991) and older single dish radio data in open circles (de Pater and Richmond,
1989). Overplotted are model spectra which vary the deep abundance of HyS, CHy4, and HO
(30x and 50x their protosolar values in black and light blue respectively), and compare dry
and wet lapse rates (solid and dashed lines, respectively). A model for Neptune’s south polar
hot spot which depletes HyS above 43 bar is also shown in the dot-dash green line (de Pater
et al., 2014).
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Figure 4.4: ALMA residual maps where the beam-convolved nominal model has been sub-
tracted from the data. Contour lines delineate the latitude transitions between bands. Dark
bands represent cold brightness temperatures relative to the model, while bright bands are
warmer than the model. The FWHM of the beam is indicated in white in the bottom left
of each map.

2.5

25 2.5
20 N Band 3 (95-109 GHz) 20 T! Band 4 (136-150 GHz) 20 Band 6 (224-242 GHz)
04 .04 3 .04
N g N \
1.5 NN .54 R 1.5 AN
A\ ¢ R N
1.09 X 07 //} ECE I AN
\ © SN
0.5 \ 4 .5 0.5 NS
QQ:\\ ”,/;;r g N NN
W 7’ :
‘\\“\ 1/ ) Sy’ ’/;/ o} |
W % % 0.
i 3
N

"N\ ,’&\;‘l’ /:’;:: 00 N /4::“1 =
',*Q{{\: 4{,’/,'/}\\*/ 051 K\\;F;Mﬁ%

¥
-1.04

0.0

-0.57
-1.09
-1.59

Data - Model Temperature (K)
Data - Model Temperature (K)

-1.59
-2.09

-2.09

-2.5 T T T T -2.5 T T T T -2.5 T
-90 -60 30 -90 -60 0 30 -90 -60

30 30 30 30
Latitude Latitude Latitude

Figure 4.5: Residual temperatures comparing the data to the beam-convolved nominal model
versus latitude (Band 3 left, Band 4 middle, Band 6 right). Points are plotted at the central
latitude in the seven identified bins. The four gray dashed lines are the residual temperatures
for each of the four spectral windows in a band. Red triangles are the average residual over
each spectral window. The residuals in each latitude bin are calculated by averaging over
each pixel within 60° of the sub-observer longitude. Error bars are the image noise divided
by the square-root of the number of ALMA beams that fit into the corresponding bin.
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is not a source of opacity at cm-wavelengths and so this study did not attempt to constrain
the south pole CH, content (although methane does affect the adiabat and opacity due to
CIA). Luszcz-Cook et al. (2013) found that the high southern latitudes in their CARMA
1.3-mm map were consistent with the VLA model. In Figure 4.2, we show this depleted
profile and in Figure 4.6 we compare the bin-averaged residual brightness temperatures for
the ALMA observations and the de Pater VLA depleted model. We find good agreement in
Band 6, which covers the frequency of the CARMA map, however the model is too bright
at lower frequencies. Luszcz-Cook et al. (2013) found that the high southern latitudes in
their CARMA data could be matched if CH4 were depleted to 0.55%, while keeping HyS at
the nominal value. A comparison of our data with this CH4 depleted model is also shown in
Figure 4.6. Once again, the Band 6 data agree with the 1.3-mm map of Neptune presented
in Luszcz-Cook et al. (2013) to within their estimated uncertainties. However, the model is
too cold to match the new low frequency data.

A better fit at low frequencies is obtained by setting the deep atmospheric CH, abundance
to 0.55% and by depleting HyS to 1.5x protosolar from 43 bar up to the saturated vapor
pressure curve. The HyS abundance follows the saturated vapor pressure curve below 4.5
bar; for P < 4.5 bar, H,S is subsaturated down to 5% of the saturated vapor curve. This
adjusted profile is plotted in Figure 4.7 and the temperature residuals are shown in Figure
4.6. We emphasize that some subsaturation is needed in order to fit the data well. Since the
millimeter is most sensitive to the pressures where HyS saturation occurs, all models in which
HyS profiles follow the saturated vapor pressure curve appear indistinguishable in terms of
their contributions to the overall opacity and all under-predict the brightness temperatures
in this region. Therefore, even models significantly depleting the deep abundance of HyS
will have temperatures that are too cold at the south pole and will resemble the residuals in
Figure 4.5.

With this new depleted model for Neptune’s south polar hot spot, we can fit the VLA,
CARMA, and ALMA data simultaneously. This is because the VLA cm-data probe pres-
sures deeper than our alterations at the HyS saturation curve and we have not changed the
deep HyS abundance estimated from de Pater et al. (2014) nor the deep CH4 abundance de-
termined by Luszcz-Cook et al. (2013). The CARMA maps have larger uncertainties (2 — 4
K) than our maps presented here, and so depleting both HsS and CHy is consistent with
those data.

Constraining Neptune’s Variations with Latitude

From Figures 4.4 and 4.5, it is clear that the magnitude of temperature variations across
Neptune’s disk varies with wavelength. In the millimeter, these variations are caused by
altering the abundance of trace gases: HoS and CHy, or changing the fraction of ortho/para
Hy. Figure 4.8 compares the millimeter-spectrum of the nominal model to that of models
depleted in trace gases. These plots show that the spectral shape varies with both wave-
length and composition. Models where the HsS profile follows the saturated vapor pressure
curve differ little from the nominal model, no matter the abundance alterations in the deep
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Figure 4.6: Residuals of the south polar data minus each of three different models, as de-
scribed in Section 4.3. The dashed green line represents the residuals for the data compared
with the model assuming H,S subsaturation to 5% of its nominal value, as suggested by the
VLA cm data in de Pater et al. (2014). The orange dashed line and orange triangles are
residuals to the south pole region in a model which only depletes CHy4 to 0.55%, holding the
other trace gases to their nominal values. The solid green line represents the residuals for the
data compared with a model in which HsS is partially subsaturated. This model depletes
HsS to 1.5xS above 43 bar before following the saturation vapor pressure curve up to 4.5
bar and becoming subsaturated at higher altitudes (see Figure 4.7 for a plot of this profile).
Simultaneously, CHy is depleted to 0.55% in the deep atmosphere. This is our preferred
model and is consistent with the observations of de Pater et al. (2014) and Luszcz-Cook
et al. (2013).
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Figure 4.7: HsS (green) and CH4 (orange) abundance profiles. Models depleting one or
both of these gases are used to explain radio brightness enhancements at Neptune’s South
Pole. The 30xS nominal profiles are shown as solid lines. The H,S model fitting VLA
measurements depletes HaS down to 5% (1.5xS) of the nominal profile at P < 43 bar; this
profile is plotted as a dot-dash green line (de Pater et al., 2014). Our models for the HyS and
CHy profile, which simultaneously fits the ALMA, CARMA, and VLA measurements, are
plotted as dashed lines. Note that in our HyS profile, HyS partially follows the saturation
pressure curve, and follows the subsaturated profile of de Pater et al., 2014 higher than 4.5
bar.
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troposphere. This is because the ALMA bands probe altitudes above 10 bar, where HyS
saturation begins, meaning changes in the constant deep abundance profile are undetected.
On the other hand, models which subsaturate H,S significantly increase the brightness tem-
perature at short frequencies. The Band 6 (high frequencies) contribution functions peak
between 1 — 5 bar while Band 3 (low frequencies) probes between 5 — 10 bar, altitudes close
to where HyS begins saturation. Thus, subsaturating HyS results in a larger loss of opacity
at low frequencies than the frequencies which probe higher altitudes, meaning low frequen-
cies are able to probe deeper, warmer layers. In contrast, depleting CHy results in uniform
increases across the millimeter. Substituting normal hydrogen for equilibrium hydrogen de-
creases the brightness temperature by 4K in Band 6 and less than 2K in Band 3. These
differences with wavelength enable us to disentangle the effect of each constituent on the
observed brightness temperatures in each spectral band.

In the following subsections, we present models where we vary a single constituent: HsS,
CHy, or ortho/para Hs, while holding the others at their nominal value. We find the profiles
which best match the data in each latitude bin for a single band. Then, we compare how well
this matches the data in the other spectral bands. This gives a sense of how important the
varied constituent is in producing model temperatures for each observation. Following this
procedure, we present our best model fits to all three spectral bands where every parameter
is allowed to vary. Table 4.4 describes how the constituent profiles change over all latitude
and models.

The significance of our results within a particular latitude bin is computed with the

reduced
M-1

1 6T?
2: m 4.1
X M—Nzag’ (4.1)

m=0

where 07, is the difference between the data and model brightness temperature at each
spectral window m, o, is the image noise (see Table 3) divided by the square root of the
number of beams that fit within the particular latitude bin. M — N is the number of degrees
of freedom in the model. We calculate the probability p that this value of the reduced x?,
or a larger one, could arise by chance given M — N. We take the number of degrees of
freedom to be eight: twelve spectral windows (M) minus four free parameters (N): the deep
abundances of HyS and CHy, the ortho/para Hy fraction, and the scaling factor assumption.
For eight degrees of freedom, p < 0.05 when the reduced y? > 15.5. Therefore, models with
reduced x? > 15.5 are unlikely to occur due to random chance and are inconsistent with the
observations. Table 4.5 summarizes the various fits to the data across each latitude range.

Varying H,S

We first consider variations in HyS that best match the Band 3 latitude variations. For
each latitude band other than the south pole, we produce a grid of models in which the HyS
mixing ratio above 43 bar (the NH4SH cloud) is set from 5 — 30x solar in 5xS steps. The
profile then follows the saturation curve up to 4.5 bar, and is either depleted above 4.5 bar
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Figure 4.8: A comparison of models of Neptune’s spectrum to gauge how different opacity
sources affect the brightness temperature across millimeter wavelengths. Plotted is the disk-
averaged brightness temperatures for various models with the nominal model subtracted.
The orange model depletes CHy to 15 the protosolar value (0.72%) below saturation and the
follows saturated vapor pressure curve above (as in the dashed-orange line in Fig. 4.7). The
solid green model depletes HyS to 15x the protosolar value (3.52E-4 mixing ratio) in the deep
atmosphere, but follows the saturation curve. The dashed green model depletes H,S similarly,
but subsaturates HyS by the same fraction (similar to the dashed green profile in Figure 4.2).
The black dot-dash model substitutes opacity by normal hydrogen for equilibrium hydrogen.
Gray rectangles indicate the ALMA bands (Bands 3, 4, and 6 left-to-right).
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or supersaturated to a higher altitude. We choose 4.5 bar as this transition pressure as this
matches the data at the south pole best. For supersaturated models, the HyS abundance is
set to the constant deep atmospheric value until 5 — 7 bar, testing a grid of models in 0.25
bar steps. At altitudes above 3 bar (the high-altitude limit of HsS cloud formation), the
HyS profile follows the saturation curve. At pressures in between 3 bar and 5 — 7 bar, the
abundance is assumed to be linear in log-log space. For the south pole, we do not produce
new model fits but continue to use the model from Section 4.3, which is depleted to a much
higher depth to be consistent with VLA observations. The deep CH4 abundance is held to
its nominal value of 1.44% (30x S) and equilibrium Hs is assumed. Figure 4.9 plots example
HyS profiles used in these fits.

From the residuals plotted in Figure 4.10, there is general good agreement between the
data and model in each band, apart from 12°S—2°N where the model in Bands 4 and 6 is
too warm compared to the data. This suggests the need to enhance CH4 or add normal H,
in this area.

Varying CH,4

In order to determine if variations in CH, may effect the brightness temperature, we find
CH, profiles which fit Band 6 to within the error bars of the average residual of the four
spectral windows. The HyS abundance is held at the nominal 30xS profile and equilibrium
Hs is assumed. CHy is either enhanced or depleted from the nominal volume mixing ratio
(1.44% or 30xS), below the saturation curve. We create a grid of models in mixing ratio
step-sizes of 0.36% (or 7.5xS), testing deep abundances between 0.55 — 4.4%, the limits
considered in Luszcz-Cook et al., 2013.

The residuals in each band are plotted in Figure 4.11. Bands 3 and 4 do not fit a
CHy-varying only model well, implying HyS must vary as well.

Varying ortho/para H,

In these fits, we consider the fraction of equilibrium H, to normal Hy needed to match
the Band 6 brightness temperatures. Since normal Hy decreases the brightness temperature,
adding normal Hy to latitudes with positive temperature residuals (like the south pole) is
implausible. Figure 4.12 plots the temperature residuals in each band. We find that a
hydrogen mixture of 90% equilibrium hydrogen and 10% normal hydrogen can explain the
Band 6 data between 32°S—12°S, with equilibrium Hs used everywhere else. However, the
other ALMA spectral bands fail to fit the data from 32°S—12°S. This result is expected
based on the spectral analysis in figure 4.8, showing the minimal effect normal hydrogen
has in Band 3. For the best fit model, we therefore do not consider normal hydrogen. We
emphasize however that our results do not preclude a small fraction of normal H,, on the
order of < 10%, existing at the pressures probed by ALMA. This is consistent with findings
from Voyager TRIS measurements (Conrath et al., 1998; Fletcher et al., 2014. These studies
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Figure 4.9: Examples of HyS abundance profiles used to best fit the ALMA data. The light
green dashed line and solid green line are the same profiles as depicted in Fig. 4.7. The
dark green and black dashed and dot-dashed lines are supersaturated profiles (abbreviated
supersat-vl and supersat-v2).
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Figure 4.10: Residual temperatures comparing the data to the beam-convolved nominal

model versus latitude, as in Fig. 4.5, allowing HsS (only) to vary with latitude to best-
match the Band 3 data.
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Figure 4.11: As Fig. 4.10, but allowing only CHy4 to vary with latitude. We find CH, profiles
that match the Band 6 data and compare these with the Band 3 and Band 4 data.
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Figure 4.12: As Fig. 4.10, but allowing only the fraction of equilibrium Hy to vary with
latitude. We find H, profiles that match the Band 6 data and compare these with the Band
3 and Band 4 data.

find that the para H, fraction deviates from its expected equilibrium values on the order of
2 — 5% between 0.01 — 1 bar.

Best Fit Model

The first row in Table 4.4 describes the HoS and CHy profiles that provide a best fit to
the data in all ALMA bands in each latitudinal bin. Figure 4.13 plots colormaps of the best
fit profiles versus latitude. Figure 4.14 plots the temperature residuals in each band, showing
that an excellent fit is obtained at all latitudes. In general, we find that bright regions in the
residual maps require depleting H,S and sometimes CH, (down to ~ 0.6 — 1.1%), while dark
regions require supersaturing HoS and enhancing the deep CH4 abundance (~ 2.2 — 2.9%)
to fit the data in every band.

Comparison to Karkoschka and Tomasko, 2011

Karkoschka and Tomasko (2011) determined methane mixing ratios from the HST/STIS
spectrograph data between 300 — 1000 nm across Neptune’s disk. Their results are consistent
with a constant deep methane mixing ratio of 4 + 1% at P > 3.3 bar. However, between
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1.2 — 3.3 bar, they argued that the methane mixing ratio was depressed by a factor of ~ 3
at Neptune’s mid-latitudes compared to the equator. Not only is their deep methane mixing
ratio significantly higher than our best fit models (ranging between 0.6 —2.9%), but their ob-
served trend in the methane abundance across Neptune’s disk differs from ours. We find high
methane mixing ratios relative to the nominal model between 32°S—12°S and 2°N—20°N,
and low abundances from 90°S—66°S and 12°S—2°N. The ALMA Band 6 contribution func-
tions peak at P < 4 bar, so we expect some signature of the opacity from 1.2 — 3.3 bar to
appear in our results.

In order to test the models presented in Karkoschka and Tomasko (2011) to our data,
we compare how the HyS abundance must change to fit the data in every band. Between
32°S—20°N, we use the Karkoschka and Tomasko (2011) methane profile at 6°S; elsewhere,
we use their 45°S model (see their Figs. 10 and 14)3. The one exception is at the south pole
cap, 90°S—66°S, where we use our best fitting profile since the deep H,S abundance is fairly
well constrained in VLA data.

Since the Band 6 data have the most overlap with the analysis in Karkoschka and Tomasko
(2011) in terms of altitude, we find the HyS profiles at each latitude that fit Band 6 well,
assuming their adopted CHy profiles and equilibrium Hs. Our results are plotted in Figure
4.15 and a full description of the model and corresponding statistics is listed in Tables 4.4
and 4.5. We can find HyS profiles which result in generally good agreement between the
model and data only from 90°S—50°S and northward of 20°N. In this case, the disk-averaged
H,S abundance is ~ 10xS. Luszcz-Cook and de Pater (2013) computed the disk-averaged
brightness temperature assuming a 10xS model, showing that the brightness temperature
is too high in this case compared to most of the radio data (see also Fig. 4.3). Therefore,
our data are not consistent with the Karkoschka and Tomasko (2011) methane profiles. We
address this in the following section.

4.5 Discussion

Neptune’s South Polar Cap

Our ALMA millimeter observations provide a glimpse of Neptune’s atmosphere situated
between the deep troposphere in centimeter maps (P > 10 bar) and the upper troposphere
and stratosphere in the visible and infrared. The constraints on the trace gases are useful to
infer the dynamics of Neptune’s atmosphere. Of particular interest is Neptune’s south pole,
whose high temperatures were first published by Hammel et al. (2007) with images taken with
the Gemini north telescope at 7.7um and 11.7um. They suggested these bright regions are
due to enhancements in ethane and methane. Orton et al. (2007) imaged atmospheric line-

3The methane profiles in Karkoschka and Tomasko (2011) are constructed by increasing the methane
mixing ratio at a constant rate below 1.2 bar: ~ 0.15 bar/% at 6°S and ~ 0.6 bar/% at 45°S. There is a
transition region using intermediate rates from 20°S—45°S. A 4% deep mixing ratio is assumed. For P < 1.2
bar, methane follows the saturation vapor pressure curve.
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Figure 4.13: Left: Best fit HyS vertical profiles versus latitude. Right: Best fit CH, vertical
profiles versus latitude. These profiles are the same as those listed in the first row of Table 4.4.
The colors represent volume mixing ratios, with high abundances in red and low abundances

in blue. Note the different pressure and mixing ratio scales between the two figures.
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Figure 4.14: As Figure 4.10, but using the best fit HoS and CH, profiles.
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Figure 4.15: As Figure 4.5, but using the CHy profiles from Karkoschka and Tomasko, 2011
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and finding the HyS profiles that best match Band 6.
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free thermal emission of Neptune with the Very Large Telescope in 2006, finding temperature
excesses of 10 — 11K and 3 — 5K near, but not at, Neptune’s south pole at 17.6um and
18.7pm respectively. These authors suggested that seasonal warming around Neptune’s south
pole could explain why the stratospheric abundance of methane is larger than expected;
cold temperatures should result in methane condensing and becoming trapped below the
tropopause. However, warm polar temperatures may allow methane gas to escape upward
into the stratosphere and diffuse across the globe.

Warm brightness temperature measurements at high-latitudes are persistent throughout
radio maps. de Pater et al. (2014) found temperature enhancements from 8—30K in VLA
1.3—6.2 cm maps, where sensitivities peak between 5 — 50 bar. EVLA 1-cm maps show
enhancements of similar magnitudes southward of 70°S (Butler et al., 2012). Luszcz-Cook
et al. (2013) see southern high-latitude enhancements of 2 — 3K compared to the northern
mid-latitudes in 1.2 mm CARMA maps. Our ALMA maps show average enhancements of
2 — 3K in Bands 3 and 4, with sensitivities peaking at P > 1 bar, and 1 — 2K in Band 6,
whose sensitivities peak at 1 bar. lino and Yamada (2018) analyzed ALMA flux calibration
data of Neptune at 646 GHz (0.46 mm), peaking at 0.6 bar, and ruled out a detection of
the south polar hot spot greater than 2.1K compared to the background. Combined, these
data suggest that the magnitude of the south polar brightness enhancements decreases with
increasing altitude. This trend is likely due to the temperature-pressure profile, which is
mostly isothermal between 0.1 — 1 bar. This picture also appears dynamically distinct from
that described in Orton et al. (2007), who predicted upwelling air to explain methane and
ethane enrichment in the stratosphere. In the radio, brightness enhancements are consistent
with low-opacity (dry) air so deeper warmer layers are probed. The air is likely subsiding,
after having been dried out at other latitudes. The subsiding air causes adiabatic warming,
which is sensed in the mid-IR (e.g., Fig. 16 in de Pater et al. (2014)). Persistent cloud
activity surrounding Neptune’s south pole may be indicative of vigorous convection and
evidence of a south polar vortex (Luszcz-Cook et al., 2010), analogous to the polar activity
seen on Saturn (Fletcher et al., 2008; Dyudina et al., 2008). Such a system could explain
the observed temperature, ethane and methane enhancements in the mid-IR, polar cloud
features seen with Voyager and Keck, and high brightness temperatures in the radio.

Recent findings by Irwin et al. (2019) find a tentative detection of an HyS spectral sig-
nature between 1.57 — 1.58um on Neptune with Gemini-North/NIRS. They find that the
signature is stronger at southern latitudes than at the equator, with HoS abundances around
3 ppm and 1 ppm respectively at the top of Neptune’s HoS cloud deck: 2.5 — 3.5 bar. This
broadly agrees with our suite of proposed HsS profiles (Fig. 9), where HsS is depleted to an
abundance of 1 ppm between ~ 2.5 — 4 bar. The exception is our model for the south polar
cap, which has less HyS at the relevant altitudes than predicted by Irwin et al. (2019). In
order to match their results, we would have to lower the altitude where HyS follows the sat-
urated vapor pressure curve (to P > 4.5 bar) so that the abundance from 2.5 — 3.5 bar could
be increased to 1 ppm. Moreover, their retrieved HyS abundances are most consistent with
models which deplete the deep abundance of CH4 at the southern high-latitudes relative to
the equator. This agrees with our results and Karkoschka and Tomasko (2011).



CHAPTER 4. NEPTUNE’S LATITUDINAL VARIATIONS VIEWED WITH ALMA 109

Neptune’s Mid-Latitudes and Equator

Moving northward, our ALMA maps show that latitudes spanning 32° — 12°S and 2° —
20°N are colder than the background by ~ 0.5 — 1.5K in all three bands. This difference
can only be explained at all wavelengths with models which both increase the deep CHy
abundance to ~ 2.2 — 2.9% and supersaturate the HyS profile. This is consistent with
upwelling, adiabatically cooling plumes, and the observed distribution of prevalent bright
cloud activity in this latitude range seen in the visible and near-IR. Karkoschka and Tomasko
(2011) find that methane is well-mixed in the deep-atmosphere, with an abundance of 4 +
1%. In addition, they find that methane is depleted by a factor of 3 at the southern mid-
latitudes compared to the equatorial region between 1.2 and 3.3 bar. This pressure range
contributes the most to the opacity in Band 6, wavelengths where we also see the lowest
temperature contrasts. If we assume their horizontal methane profiles, our models are too
cold to match the ALMA data, due to their high methane abundance. A corresponding
global decrease in the HyS abundance to ~ 10xS must be made in order to decrease the
total opacity and increase the brightness temperature so that the Band 6 data and model
agree. However, decreasing the global HoS abundance has the side effect of dramatically
increasing the brightness temperatures in Bands 3 and 4, particularly near the equator. In
Band 4, these profiles fit the equatorial regions poorly, yet agree at these latitudes in Band 3.
For Band 4 to match here, the HyS abundance would have to be increased to account for a 1
K difference. However, the Band 3 model temperatures would be decreased by at least this
same amount, putting it outside a two-sigma fit to the data. Moreover, model disk-averaged
brightness temperatures assuming a 10x S HsS abundances are too warm compared to the
ALMA and 2003 VLA data (Fig. 4.3).

Our results are more consistent with Baines et al. (1995), who predict disk-averaged deep-
atmosphere methane molar fractions of 2.210-2%. Karkoschka and Tomasko (2011) remark
that the two studies use different haze and cloud profiles and relative humidities. Correcting
for these factors lowers their deep-atmosphere methane mixing ratio to within the error bars
cited in Baines et al. (1995). In addition, Karkoschka and Tomasko (2011) note that a signif-
icant contribution to their error bars is due to systematic variations in their center-to-limb
profiles in the methane bands. Their model is too bright at disk center and too cold at the
limb. Lowering the methane mixing ratio and using different values for the (poorly known)
methane and hydrogen absorption coefficients would improve their fit. Alternatively, a high
deep methane mixing ratio may be possible if methane is subsaturated, which we did not
consider in our models. Subsaturated models will produce warmer brightness temperatures
while increasing the deep methane mixing ratio will produce colder temperatures. As a result,
these effects will partially cancel and combined may produce a more reasonable fit. There
may also be uncertainties in the millimeter spectral line parameters that are not accounted
for here. Laboratory measurements of HyS absorption in the millimeter are extremely limited
and not at Neptune’s tropospheric conditions (Joiner et al., 1992). Updated measurements
of the trace gas absorption lines under cold, ice giant conditions would improve, and perhaps
reconcile, models of these multi-wavelength observations.



CHAPTER 4. NEPTUNE’S LATITUDINAL VARIATIONS VIEWED WITH ALMA 110

While we disagree with the deep methane mixing ratio computed by Karkoschka and
Tomasko (2011), we find general agreement with their observed latitude trends. Both our
study and theirs find enhancements in trace gases from 32° — 12°S and 2° — 20°N, depletion
from 90° — 50°S and north of 20°N, and intermediate values from 50° — 32°S. Our sole incon-
sistency is from 12°S—2°N, where we also depleted trace gases. However, at these latitudes,
Karkoschka and Tomasko (2011) lowered the tropospheric haze optical depth compared to
the surrounding latitudes. If their haze optical depth was increased here, we would expect
them to need to decrease the methane abundance from 12°S—2°N to fit their data. Luszcz-
Cook et al. (2016) also investigated methane profiles in cloud free regions of Neptune with the
OSIRIS integral field spectrograph in the H and K broad bands. These data probe altitudes
higher than ALMA and HST/STIS and so are insensitive to the deep troposphere methane
abundance. These authors saw tentative evidence of meridional variations in the methane
profile, qualitatively consistent with Karkoschka and Tomasko (2011), but remarked that
their parameterizations could not fully characterize the true shape of the methane profile
since they were only sensitive to P < 2.5 bar.

In the equatorial region, our ALMA residual maps show clear latitudinal structure un-
detected in prior radio studies of Neptune. North of the equator, we detect low brightness
temperatures that are consistent with supersaturating H,S and a slight increase in the deep
CH,4 abundance. In the visible and near-IR, Neptune’s equatorial region is quiescent, lack-
ing bright cloud activity compared to the dramatic stormy mid-latitudes. However, there is
evidence of more cloudy activity just north of the equator than south of it, agreeing with
our finding of CH, enrichment from 2° — 20°N and depletion from 12°S—2°N. Figure 4.16
shows a histogram counting the number of bright cloud features versus latitude from Voy-
ager, the Hubble Space Telescope, and H-band Keck maps which were tracked in five papers:
Limaye and Sromovsky (1991); Sromovsky et al. (2001b); Martin et al. (2012); Fitzpatrick
et al. (2014); Tollefson et al. (2018). By eye, there appears to be a clear correlation between
our ALMA defined latitude bands and latitudes where the number of features transitions
from low-to-high or vice-versa, particularly in the Voyager data. This suggests that the
banded structure seen by ALMA from 1 — 10 bar exists up to the visible cloud deck. Specif-
ically, at the central latitudes within the 12°S—2°S band, there is a persistent scarcity of
activity observed over a 30 year period. In contrast, features are seen regularly between
2°S—20°N, suggesting a larger source of condensible methane. This agrees with our best fit
model which depletes CHy to ~ 1.1% in the cloud-free latitudes and enriches it to ~ 2.2%
in the cloud-prevalent latitudes. The enhancement of methane in this region is consistent
with a moist convective origin of a recently discovered large bright storm centered at 2°N
(Molter et al., 2019). Moreover, this model may explain inconsistencies between the thermal
wind equation and observed vertical wind shear measurements. Fitzpatrick et al. (2014) and
Tollefson et al. (2018) detected vertical wind shear at Neptune’s equator by tracking bright
cloud features in the H- and K’-bands with Keck, with the K’-band probing higher altitudes
with features that have, on average, stronger retrograde velocities than features seen in the
H-band. Tollefson et al. (2018) showed that the equator must be methane-rich and warm
compared to mid-latitudes if the thermal wind equation holds.



CHAPTER 4. NEPTUNE’S LATITUDINAL VARIATIONS VIEWED WITH ALMA 111

T 20
- 01

T T
i :— Mal2
35 ! mmm Tol8
i = Fil4
304 154 E mmm S0l
i
25 !
- :
S i
3 20 10 |
o
154
104 5
5]
Jmh 'mnb
04 I 0 A

T
90 -75 -60 -45 -30 -15 O 15 30 45 90 -75 -60 -45 -30 -15 O 15 30 45
Latitude Latitude

Figure 4.16: Histogram counting the number of tracked bright cloud features versus latitude.
Dashed lines delineate the latitude bands used in the modeling of the ALMA data and
correspond to variations in the residual brightness temperature. Counts are in one-degree
latitude bins and latitudes have been converted to planetographic coordinates. Since the
Voyager data would otherwise dominate the count and perceived trend, these data are split
apart, showing the Voyager counts on the left and post- Voyager counts on the right. These
data come from five papers, labeled as follows: Li91 - Limaye and Sromovsky, 1991; Mal2
- Martin et al., 2012; Tol8 - Tollefson et al., 2018; Fil4 - Fitzpatrick et al., 2014; SrO1 -
Sromovsky et al., 2001b.

The thermal profile inferred from MIR observations, the horizontal distribution of clouds,
and observed regions of enriched /depleted air all relate to vertical circulation motions. Based
on multi-wavelength observations, de Pater et al. (2014) suggest a vertically extended, hemi-
spheric symmetric double-cell pattern with upwelling at the mid-latitudes and downwelling
at the equator and poles from the stratosphere down to the deep troposphere (~40 bar).
The ALMA, HST/STIS, and OSIRIS results suggest more detailed circulation, particularly
near the equator. Our analysis is consistent with the prediction of vertically extended cells,
going from the stratosphere down to ~ 40 bar, since there is a clear alignment between the
ALMA detected latitudinal bands and the observed distribution of cloud features. However,
we argue that the equatorial region is more intricate than what was outlined by de Pater
et al. (2014), with upwelling from 2°N—20°N and downwelling from 12°S-2°N. A narrower
circulation cell than predicted by de Pater et al. (2014) centered just south of the equator
would partially explain the differing predictions between these studies. Figure 4.17 gives a
sketch of our proposed global circulation pattern.
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Figure 4.17: Schematic of Neptune’s global circulation inferred from ALMA observations,
adapted from Fig. 21 in de Pater et al. (2014). Black arrows outline the circulation pattern,
which extends from the stratosphere down to 40 bar. The biggest change from the sketch in
de Pater et al. (2014) is our circulation cells are narrowed near the equator and we prefer a
subsiding region which is just south of the equator (aligning with the 12°S—2°N range seen
in our residual map), instead of hemispheric symmetric cells. The gray rectangle between
1 — 10 bar shows the sensitivity of the ALMA spectral bands (see Fig. 1). Dark-gray (off-
white) rectangles are the latitude ranges where the residual brightness temperature is colder
(warmer) than the background (see Fig. 4.4). At these latitudes, both HyS and CHy4 are
enriched (depleted) (see Table 5). The light-gray rectangles are latitude ranges where the
residual brightness temperature is similar to the background. Here, H,S and CH,4 equal their
nominal value, or only HsS is depleted. The locations of Visible/NIR clouds are illustrated
with blue vertical patches. Most clouds are seen at the mid-latitudes (peak cloud counts
are centered near 25°S and 30°N, see Fig. 15) and are seen high in the atmosphere (e.g.,
those tracked in de Pater et al. (2014)). However, clouds just north of the equator are also
seen and are deeper in the atmosphere (de Pater et al. (2014), Tollefson et al. (2018), and
Fig. 15). Neptune’s south polar feature (SPF) and south polar (SP) cloud are also placed.
Marked cloud layers (CHy-ice, HyS-ice, NH,SH, HyO-ice, Solution Cloud) on the right are
assumed to be independent of latitude (see Fig. 1). Also indicated are where high and
low temperatures are measured in the MIR (Fletcher et al. 2014). Poleward of ~ 50°N,
seeing is cut off in all observations as Neptune’s north pole is tilted away from the observer
(rectangular diagonal hatches). Downwelling motions are assumed at Neptune’s north pole
in order to complete the circulation diagram.
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4.6 Conclusion

Spatially resolved millimeter maps of Neptune are presented in three ALMA bands,
spanning 95 — 242 GHz. These maps have unprecedented sensitivities in the millimeter,
ranging between 0.1 — 0.6K, and resolutions down to 0.3”, roughly one-eighth of Neptune’s
diameter. The observed emission is mainly modulated by the opacity due to HoS absorption,
CIA of Hy with Hy, He, and CHy, and ortho/para Hy. We used the radiative transfer code
Radio-BEAR to vary the abundance profiles of these gases in order to model the brightness
temperature across Neptune’s disk. Our main conclusions are as follows:

1. The disk-averaged brightness temperature of Neptune in the millimeter and centimeter
matches a model where: the temperature-pressure profile follows a dry adiabat; HsS,
CHy4, and H5O are enriched by 30x their protosolar values, while NHj is held at 1x
its protosolar value; intermediate Hy is assumed. This is referred to as the ‘nominal’
model.

2. Subtracting the nominal beam-convolved model from the data shows clear brightness
temperature variations across Neptune’s disk. We identify latitudes in between signif-
icant transitions in the brightness temperature: 90° — 66°S, 66° — 55°S, 55° — 32°S,
32° — 12°S, 12°S—2°N, 2° — 20°N, and northward of 20°N. These bands are at least
the size of the ALMA synthesized beam and are apparent in all maps. Relative to
the nominal model, brightness enhancements of 1 — 3K are seen at 90°S—66°S and
66°S—55°S. Negative temperature residuals between 0.5—1.5K are seen from 32° —12°S
and 2° — 20°N. These bands align with regions transitioning from high or low counts in
the number of cloud features versus latitude, suggesting that the banded structure we
see in the ALMA data exists up at the visible cloud deck. As a result, these identified
latitudinal bands may be indicative of a zonal wind profile that is more complex than
hitherto considered.

3. At the south polar cap, our best fit model depletes the deep atmospheric abundance of
both HsS to 1.5% the protosolar value and CHy to 0.55% (11.5xS). This is consistent
with models fitting VLA and CARMA data (de Pater et al., 2014; Luszcz-Cook et al.,
2013). Between 55° — 32°S and northward of 20°N, our best fit models deplete HoS
to 10xS while keeping CHy at the nominal value of 1.44% (30xS). From 32° — 12°S
and 2°N—20°N, H,S is supersaturated and the deep abundance of CH, is enriched
to 2.2 — 2.9% (45 — 60xS). From 12°S—2°N, we deplete HyS to 10x protosolar and
CHy to 1.1% (22.5xS). Warm brightness temperatures relative to the nominal model
are consistent with dry, subsiding air. Conversely, cold brightness temperatures are
consistent with moist, rising air. Our results are, therefore, consistent with an intricate
global circulation system that extends from the cloud deck to deep in the atmosphere.

These ALMA maps are evidence of a more complex zone and belt structure that may
be yet unresolved in the zonal wind field. An ice-giant probe and high-resolution spacecraft
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imaging characterizing the zonal wind structure in detail would help settle any inconsistencies
between Neptune’s velocity, thermal, and compositional profiles.
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Chapter 5

Neptune’s Latitudinal Variations
Viewed with VLA

5.1 Introduction

The millimeter images of Neptune presented in Chapter 4 are the first spatially-resolved,
high sensitivity look of the planet in the millimeter. The millimeter wavelengths are sensitive
to between 1 — 10 bar. This is in contrast to the visible and near-infrared wavelengths,
which interact with Neptune’s high-lying methane clouds and hazes, limiting the view into
the atmosphere to pressures above ~ 1 bar. Thus, ALMA observations bridge the gap
between Neptune’s stratosphere and troposphere. In particular, the latitudinal brightness
distribution seen from clouds and hazes in the visible and near-infrared was also seen in
these ALMA maps, suggesting Neptune’s vertical structure was rather extended. In the
millimeter, cold/dark regions correspond to increases in opacity sources, namely Neptune’s
trace gases: HyS and CHy. Tollefson et al. (2019) found that dark latitude bands required
super-saturating HoS and increasing the CH, abundance relative to the ‘nominal” profiles,
which assume enhancements of these species by 30x their protosolar values.

Centimeter wavelengths probe Neptune deeper than the millimeter: 100 < P < 1 bar.
de Pater et al. (2014) observed Neptune with the Very Large Array (VLA) at centimeter
wavelengths and found that the disk-average properties of their maps agreed with the nominal
profiles. In addition, they analyzed brightness enhancements at Neptune’s south polar cap,
finding that their models had to deplete the abundance of HyS down to ~ 40 bar in order
to match the observed brightness temperature. However, this study did not investigate
brightness variations at other latitudes, as the sensitivity and resolution were not good
enough to detect significant variations apart from at the south polar cap.

In 2011, plans to modernize the VLA were completed. This expansion improved the
continuum sensitivity by 5-to-20-fold and increased the wavelength converge and bandwidth.
This expansion prompted a program to re-look at Neptune with the upgraded VLA at
centimeter wavelengths. Here, we report on a preliminary analysis of these observations. In
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Table 5.1: Summary of observations.

Wavelength (cm) Frequency (GHz) Band Beam Size (arcsec?) Position Angle®

0.9 32.958 Ka 0.12 x 0.12 0.06
2.0 14.880 Ku 0.25 x 0.25 0.12
3.0 9.869 X 0.35 x 0.26 1.07
5.1 0.861 C 0.56 x 0.45 0.96
9.7 3.096 S 0.98 x 0.79 0.93

@ Defined as north through east.

Section 5.2, we present longitudinally-smeared maps of Neptune taken with the expanded
VLA in 2015 between 0.9 — 9.7 cm. Combining these data with VLA 2003 and ALMA
observations of Neptune, we then use a Markov chain Monte Carlo (MCMC) implementation
of Radio-BEAR to obtain retrievals of the abundances of Neptune’s trace gases in the deep
atmosphere. In Section 5.5, we briefly compare our findings to other results.

5.2 Observations

Data

We observed Neptune with the expanded VLA, an interferometer located in Soccoro,
New Mexico, at UTC 1 and 2 September, 2015. Maps were obtained at wavelengths of 0.9
cm (Band Ka), 2.0 cm (Band Ku), 3.0 cm (Band X), 5.1 cm (Band C), and 9.7 cm (Band
S) in the ‘A’ configuration. The VLA consists of 27 antennas grouped into three arms of
nine antennae to form a ‘Y’-shape. Every four months, the configuration is changed by
moving the antennae along tracks. The A configuration is the VLA’s most extended; the
length of each arm is ~ 21 km, forming a maximum baseline of ~ 36 km. The maximum
baseline is inversely related to the angular resolution and beam size, meaning variations
across Neptune’s disk are most pronounced in the A configuration. Neptune was observed
on two days, each for 7 hours in scans of 5 minutes per wavelength. Table 5.1 lists a summary
of our observations.

Calibration and Imaging

Data reduction was done using the VLA calibration pipeline. This initial processing flags
and removes bad data. The flux density was calibrated to the standard J2246-1206 using the
MIRIAD software package (Sault et al., 1995). In addition, self-calibration was performed to
correct for short-term variability in the phases caused by fast atmospheric fluctuations. This
was done by fitting a limb-darkened disk to Neptune that best matched the observations.
The limb-darkened temperature profile is represented by the peak brightness temperature
T;, multiplied by cos” 6, where 6 is the emission angle and % is a limb-darkening constant.



CHAPTER 5. NEPTUNE’S LATITUDINAL VARIATIONS VIEWED WITH VLA 117

Values for 7, and k were found at each wavelength such that the difference between the
limb-darkened model disk and observations were minimized.
Our final longitudinally-smeared images of Neptune are shown in Figure 5.1.

Error estimation

The error in our VLA maps is calculated by averaging over four regions of the sky with
boxes equal to the diameter of Neptune and taking the root-mean-square (RMS). RMS values
range from 0.4 — 2.0K. Table 5.2 lists our estimated errors in each band. This RMS does not
include systematic effects, such as errors in the bandpass or flux calibration. Uncertainties in
the flux density are estimated from 3 — 5% or less in each band so we use this as an estimate
for the absolute error in our disk-averaged temperature data.

5.3 Modeling

We generate models of Neptune’s brightness temperature using the radiative transfer
(RT) code Radio-BEAR described in de Pater et al. (2019)!. We use the same basic atmo-
spheric setup (temperature profiles, cloud structure, and composition) described in Chapter
4 Section 4.3. However, since centimeter wavelengths probe deeper into Neptune’s atmo-
sphere than the millimeter, our models now consider the impact of NHs. As shown in Figure
4.1, these VLA observations probe between 1 — 100 bar, meaning they are sensitive to the
NH4SH cloud. This cloud is formed by the following reaction:

The equilibrium constant K of this reaction is governed by (Lewis, 1969):

where pp,s and pnm, are the partial pressures of HoS and NHjs and 7 is the temperature
at pressure P. If the deep molar fractions of HyS and NHj3 are Xpy,s o and Xy, o, their
abundance at pressure P will be depleted by some fraction 0 < £ < 1 of the NH3 deep
abundance (assuming Xp,s o > XNm,, 0):

Xt,s = XH,8, 0 — EXNH;, 0
XNy = XnNHs, 0 — EXNH, 0

Using Eq. (5.2), we obtain the abundances of NH3 and H,S by solving the following
quadratic equation for & for given P, T', Xy,s o and Xy, o:

IThis code is available at: https://github.com/david-deboer/radiobear .
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Figure 5.1: Longitudinal-smeared maps of Neptune taken with the expanded VLA. The
color scale has been chosen to enhance the brightness contrasts across the disk. Contour
lines delineate the latitude transitions between bands, set by the ALMA maps in Chapter
4. Neptune’s disk is outlined with a white ellipse. The FWHM of the beam is indicated in
white in the bottom left of each map. Neptune has been rotated so that its north pole is
pointing up in each image.
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logyo(P? Xrt,s Xnm,) = —4715.0/T + 14.83 (5.5)
X
P2 Xy, 0 Xy, 0 (1 - gﬁ) (1—¢) = 10-4T50/T+148 (5.6)
H»S, 0

Our forward models allow the deep abundances of HyS, NH3, and CHy to vary. We define
‘deep’ as pressures below the NH,;SH and aqueous solution cloud formation (P > 100 bar).
For the purposes of these preliminary retrievals, we do not consider the effect of the aqueous
solution cloud in the forward models, but it is accounted for in the nominal models. We also
vary the relative humidities of CH; and H,S at the formation of their respective ice clouds
(see Fig. 5.2).

Retrievals

In Chapter 4, we compared the ALMA data to forward models of Neptune’s atmosphere.
From these forward models, we obtained deep abundances of HyS and CH, that fit the
latitudinally-varying brightness temperatures. A downside to this approach is that we can
only rule out models which are improbable from y2-statistics, meaning we do not retrieve
uncertainties on our final results. In order to estimate uncertainties in our model parameters,
we couple our Radio-BEAR models to Markov Chain Monte Carlo (MCMC) simulations via
a python implementation of the Goodman and Weare (2010) ensemble sampler called emcee
(Foreman-Mackey et al., 2013). emcee has been used by Luszcz-Cook et al. (2016) in near-
infrared analyses of Neptune’s hazes and its usage is described in detail therein. We use
their same log-likelihood gaussian function and uniform/log-uniform priors.

We also compare retrievals for different model atmospheres using the Deviance Infor-
mation Criterion (DIC, Spiegelhalter et al. (2002)). DIC penalizes models with both poor
goodness-of-fit and number of free parameters. The difference between DIC values can be
used to determine the more preferred model, with differences greater than 10 favoring the
model with the lower DIC score. The use of the DIC is also described in more detail in
Luszcz-Cook et al. (2016).

5.4 Results

Disk-Average Profiles

We calculate Neptune’s disk-average brightness temperature by summing over the flux
density contained within the planetary disk convolved with an area three times the size of
the model beam. Since Neptune blocks the cosmic microwave background (CMB), its true
brightness temperature is higher than observed in the radio. In all of our millimeter observa-
tions, we correct for the CMB by following the procedure laid out in Appendix A of de Pater
et al. (2014). A 5% error arising from uncertainties in the calibration is assumed. These
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Table 5.2: Summary of observed and modeled millimeter disk-averaged brightness tempera-

tures.

Center Frequency (GHz) Facility UT Date Observed T¢ (K) Nominal T} (K) Noise® (K)
3.096 VLA 02-Sep-2015 238.6 £ 11.5 233.3 1.3
4.915 VLA 28-Jun-2003 215.1 +£10.8 - —
5.861 VLA 01-Sep-2015 214.3 £10.9 197.7 0.6
8.328 VLA 27-Jun-2003 183.3 9.2 - —
9.869 VLA 01-Sep-2015 177.2+£8.9 174.9 0.4
14.880 VLA 01-Sep-2015 153.3 £ 7.7 162.9 0.7
14.990 VLA 26-Jun-2003 169.7 8.5 — —
23.061 VLA 11-Oct-2003 150.6 = 7.5 — —
32.958 VLA 01-Sep-2015 158.1+£7.9 149.1 2.0
42.827 VLA 12-Oct-2003 1474+ 7.4 — —
95.012 ALMA 07-Jul-2017 126.6 £6.3 123.1 0.1
96.970 ALMA 07-Jul-2017 126.0 £6.3 122.4 0.1
107.000 ALMA 07-Jul-2017 120.546.0 118.9 0.2
109.000 ALMA 07-Jul-2017 118.84+6.0 118.2 0.3
135.986 ALMA 08-Oct-2016 108.5+ 5.4 109.4 0.3
137.924 ALMA 08-Oct-2016 108.0 £ 5.4 108.8 0.2
147.986 ALMA 08-Oct-2016 104.3 £5.2 105.9 0.2
149.986 ALMA 08-Oct-2016 104.5+5.2 105.2 0.3
223.982 ALMA  24-Oct-2016 93.44+4.7 92.2 0.4
225.982 ALMA  24-Oct-2016 93.0 4.7 92.0 0.4
239.981 ALMA  24-Oct-2016 93.1 4.7 90.1 0.6
241.981 ALMA  24-Oct-2016 92.8 &-4.6 89.9 0.6

@ The listed errors are the absolute errors, estimated at 5% from the calibrators.

b The model brightness temperatures from the best-fitting wet adiabat MCMC retrievals.
¢ Random errors defined as the RMS on the sky.

results are combined with measurements of Neptune’s disk-average brightness temperature
from VLA 2003 (de Pater et al., 2014) and ALMA (Tollefson et al., 2019) to form our set of
data used in MCMC retrievals. A summary of this data set is given in Table 5.2.

For our retrievals, we allow the deep abundances of HyS, NHj, and the relative humidity
of HyS to vary. We do not consider CHy here as its effect on the opacity is small compared
to the other species, and in terms of brightness temperature, is smaller than the systematic
absolute calibration error. Moreover, adding additional free parameters slows the burn-in
phase of emcee. The effect of CH, will be explored when comparing variations in Neptune’s
latitudinal bands, where only the random errors (estimated by the RMS on the sky) matter.

We perform retrievals on wet and dry adiabats constructed assuming a ‘nominal’ 30X
solar deep abundance for the trace gases, apart from NH3 which is 1x solar. The temperature
profiles for both the wet and dry adiabats are plotted in Figure 5.2. Figure 5.3 plots the
abundances of Neptune’s trace gases assuming 30x enrichment for HyS and CH, and 1x
enrichment for NH;. The adiabatic profiles are affected by the composition of Neptune’s
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Figure 5.2: Normalized weighting functions at: a) nadir and b) the south pole, compared to
the expected clouds expected to form on Neptune (c). The weighting functions at nadir and
the south pole are both computed using the nominal abundance profile depicted in Figure
4.2. Weighting functions are shown for representative frequencies in each ALMA band: 95
GHz (3.155 mm, Band 3), 136 GHz (2.205 mm, Band 4), and 224 GHz (1.338 mm, Band
6), as well as selected VLA frequencies: 4 and 43 GHz (6.2 cm and 0.7 cm, respectively).
Note that the VLA frequencies probe significantly deeper into Neptune’s atmosphere than
the ALMA frequencies. The rightmost plot shows the density of different clouds expect to
form on Neptune under thermochemical equilibrium.

atmosphere due to latent heat release. However, the ultimate effect on the temperature is
not significantly changed by our retrieved abundances and does not change our conclusions.

In Figure 5.4, we show the results of the MCMC retrievals for Neptune’s disk-average
brightness temperature. Table 5.4 lists the ‘best-fitting’ parameters, defined as the 50th
percentile of the probability distribution after burnin and their uncertainties, defined as the
16th and 84th percentiles. In both the wet and dry adiabat models, there is significant
positive correlation between the deep NH3 and HyS abundances. This is expected based on
the NH4SH cloud chemistry; retrievals with larger than normal NHj require additional HyS
to be removed during the NH,SH reaction. If the HyS abundance is not larger, the model
brightness temperatures would be too cold near the NH,SH cloud layer as the additional,
unreacted NH3 would increase the opacity. At higher altitudes, the depleted HyS would result
in models which are too warm. The dry adiabat results in marginally larger abundances of
HsS throughout the upper atmosphere due to the need to increase the opacity in order to
offset the higher temperatures. However, both the HyS and NHj3 profiles are consistent to
within the retrieved uncertainties between the wet and dry models. The DIC for the wet
and dry adiabats are also quite similar, implying that neither model does a superior job at
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Figure 5.3: Temperature profiles for wet and dry adiabats assuming the ‘nominal’ abun-
dances.

Model HQS log10 NH3 HQS Rel. Hum. DIC
Wet Adiabat 1.027934  —0.7171-29 0.1075:52 135.46
Dry Adiabat 1.377048 1347162 0.387023 136.15

Table 5.3: MCMC fit results for the disk-average models. The ‘best-fit’ model is the 50th
percentile of the distribution and values given in the error bars correspond to the 16th and
84th percentiles. The HyS and log,, NH3 parameters are multipliers to their nominal deep
values. For example, a value of 1.0 for HyS corresponds to 30x the protosolar abundance
while 2.0 corresponds to 60x.

fitting the data.

Figure 5.5 plots abundance profiles based on the MCMC retrieved parameters for the
wet adiabat model. Figure 5.6 plots the brightness temperature data and the retrieved
spectrum for the wet adiabat model. This later plot verifies that our MCMC retrieved
parameters describe the data well. The retrieved profiles are consistent with the nominal
models in Figure 4.2 apart from the need to subsaturate HyS. If HyS were not subsaturated,
the spectrum between 10 — 100 GHz would be too cold. The NHj3 abundance is not well
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Figure 5.4: Corner plots of MCMC retrieved parameters for Neptune’s disk-average spectrum
assuming a wet (left) or dry (right) adiabat. The scatter plots show the sampled distribution
of each walker at each iteration after burnin for pairs of parameters. The histograms plot
the probability distribution for each parameter, labelled on the x-axis. The HyS and log;,
NH; parameters are multipliers to their nominal deep values (again, where deep is defined
as pressures below the NHySH and aqueous solution cloud formation). The dashed lines
delineate the 16th, 50th, and 84th percentiles of the distribution. Note the large degree of
correlation and deviation from a multivariate normal distribution.

constrained, as only the longest wavelengths (lowest frequencies) probe deep enough to be
sensitive to deep NHj (see Fig. 5.2).

12°S —32°S Profiles

The latitude band between 12°S —32°S is dark in both the VLA maps presented here
(Fig. 5.1) and ALMA residual maps (Fig. 4.4). Low brightness temperatures imply increased
sources of opacity from Neptune’s trace gases. Data for Neptune’s latitudinal variations are
not available in the VLA 2003 maps.

Since we are interested in brightness variations across Neptune’s disk, we ‘zero-out’ the
uncertainty in the brightness temperature due to the calibration by scaling each pixel in our
maps such that the scaled map’s disk average temperature equals that of the best-fitting
disk-average RT model. We obtain the band’s disk-average temperature by averaging over
all pixels that are within 60 degrees of the sub-observer longitude between 12°S —32°S. The
new uncertainty is therefore the RMS due to random fluctuations on the sky (see Table 5.2
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Figure 5.5: MCMC retrieved abundance profiles for the disk-average wet adiabat model. The
solid color lines are the ’best-fit’ model, representing the 50th, percentile of the retrieved
probability distribution. 100 random profiles from the retrieved distribution are also plotted
as light gray lines. The CHy profile was not varied, but is shown here for reference.
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Figure 5.6: Disk-average temperatures and MCMC retrieved spectra for the wet adiabat
model. The black scatter points are data from this work, de Pater et al. (2014), and Tollefson
et al. (2019), with assumed 5% errors due to uncertainties in the calibration. The best-fit
retrieved spectrum is the solid blue line. 100 random retrieved spectrum are also plotted as
light gray lines.
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divided by the square root of the number of beams that fit within the sampled region. We
do this for both the wet and dry models.

One issue with RT models of particular regions on Neptune is that we cannot account
for the PSF. Convolving the disk with the PSF results in a blurring of the disk, meaning
the sampled temperature within a particular latitude bin is dependent on the background
temperature and that of neighboring bins. This effect is hard to model while conducting
MCMC as convolving the whole disk with the PSF is slow and the model composition of
the surrounding latitudes must be simultaneously known. We circumvent this issue in two
steps. First, we generate RT disks of the best-fitting disk-average models and then determine
the brightness temperature within the region of interest with and without convolving the
disk with the PSF. We then scale each MCMC retrieved model by the ratio of these values
to obtain a model brightness temperature which approximates the effect of the PSF. This
model temperature is fed into the emcee likelihood function. We emphasize that this effect
is smallest near the center of the disk (i.e., the latitude bands considered in this section)
and largest near the limb. Second, we add an error term to account for the uncertainty
introduced by this approach,

03 = Ohys + Opsp (5.7)

where o is the total error term used by emcee to calculate the likelihood function, orys
is the random error on the sky divided by the square root of the number of beams that
fit within the sampled region, and opgp is the error introduced by RT-modeling for not
accounting for the PSF. In our MCMC retrievals, we define an additional free parameter, o,
that is proportional to opgp:

OpSFp = 0 - Tdata : S7 (58>

where Ty., are the data and S is the product of the beam’s semi-major and semi-minor
axes. This relation is physically reasonable since both small (large) temperatures and small
(large) beam sizes mean that there is a smaller (larger) absolute difference between the PSF-
convolved and unconvolved models. We make the prior distribution of ¢ log;,-uniform since
we do not know the magnitude of this parameter.

The other free parameters for the MCMC retrievals are the deep abundances of H,S, NHj,
and CHy, and the relative humidities of HyS and CHy4. The new uncertainties described above
are smaller than the systematic uncertainties, meaning we are potentially sensitive to CHy.

In Figures 5.7 and 5.8, we show the results of the MCMC retrievals for Neptune’s bright-
ness temperature between 12°S —32°S. Table 5.4 lists the best-fitting parameters and their
uncertainties. Like the disk-average results, neither the wet and dry models are preferred
over the other based on their DIC score. In both models, the best fits require more HyS
deep in the troposphere and at saturation than the nominal model. However, neither the
NHj; nor the CHy abundances are well-constrained. Only significant enrichment of CHy can
be ruled-out, corresponding to values greater than ~ 1.6x the nominal abundance (~ 48x
solar or 2.3% molar mixing ratio).
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Figure 5.7: As Fig. 5.4, except these retrievals are for models of Neptune’s brightness

temperature between 12°S —32°S assuming a wet adiabat.
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Figure 5.8: As Fig. 5.4, except these retrievals are for models of Neptune’s brightness

temperature between 12°S —32°S assuming a dry adiabat.
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Model H,S log1o NH3 CH, H,S Rel. Hum. CHy Rel. Hum. logio0 DIC
Wet Adiabat 1.3670% —1.431{28 0.8310:3 0.4970:0% 0.5070:32 —0.86%00s 69.77
Dry Adiabat 1.717032  —1.47735%  0.707037 0.9370:04 0.4670:32 —0.951008  65.57

Table 5.4: As Table 5.4, except these fit results are for models of Neptune’s brightness
temperature between 12°S —32°S.
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Figure 5.9: As Figure 5.5, except between 12°S —32°S. The CH,4 deep abundance and relative
humidity are also allowed to vary.

The best-fit values for opgpr are similar in magnitude to the difference, d, between the
convolved and unconvolved disk-average models within this latitude range. This suggests
that opgr is an adequate representation for the PSF in RT modeling coupled with emcee.
For example, in the wet adiabat model at 9.7 cm, the best-fitting value of opgr equals 22.2
K, compared to 6 = 29.6 K. At 0.9 cm, opgr = 0.3 K and 6 = 0.03 K. Differences between
opsr and § are due to the disk-average model not being an accurate representation of the
latitude range of interest, o psr not being a full prescription of the effect of the PSF, and/or
opsr accounting for other uncertainties not described here.

Figure 5.9 plots abundance profiles based on the MCMC retrieved parameters for the
wet adiabat model. Figure 5.10 plots the brightness temperature data and the retrieved
spectrum for the wet adiabat model. This later plot verifies that our MCMC retrieved
parameters describe the data well.
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Figure 5.10: As Figure 5.6, except between 12°S —32°S. Moreover, data from VLA 2003 are
not used here since brightness variations within this latitude bin are not reported. Error
bars are equal to op based on the best-fitting value of log,,o. The error bars are roughly
the same size as the data points at frequencies higher than 10 GHz.

5.5 Discussion and Conclusion

We present preliminary maps and analysis of spatially-resolved maps of Neptune taken
with the upgraded VLA between 0.9 — 9.7 cm on 1-2 September, 2015. At the longest
wavelengths, clear bands of brightness temperature variations can be discerned. These bands
align with those seen in 2016 — 2017 ALMA maps presented in Tollefson et al. (2019).
Cold latitudes correspond to increased sources of opacity, mainly due to the enrichment of
Neptune’s trace gases: HyS, CHy, and NH3. Conversely, warm latitudes are due to depletion
of these same gases. We couple the radiative transfer code Radio-BEAR to emcee in order to
retrieve probability distributions for Neptune’s composition profiles. Our final results are in
reference to our ‘nominal’ model: the deep abundances of Neptune’s trace gases are enhanced
by 30x their protosolar value, apart from NH3 which is 1x protosolar. The nominal model
also assumes 100% relative humidity. We consider nominal models with temperature profiles
governed by both wet and dry adiabats.

1. We combine these VLA data with that from ALMA (Tollefson et al., 2019) and VLA
2003 (de Pater et al., 2014) to analyze Neptune’s disk-average properties. The best-
fitting deep abundances are consistent with the nominal model. However, HyS is
strongly subsaturated at the formation of the HyS-ice cloud (8 < P < 3 bar). Neither
a dry not wet adiabatic profile is preferred. There is a strong correlation between the
deep HyS and NHj3 abundances when the amount of NH3 exceeds its nominal value.
This is due to the formation of the NH,SH cloud.
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2. We also use these VLA maps with the ALMA maps to model the cold brightness
temperatures between 12°S —32°S. For a wet adiabat, the best-fit for the deep HsS
abundance is about 4018 x the protosolar value and ~ 50% relative humidity. For a dry
adiabat, the best-fit for the deep H,S abundance is about 503" x the protosolar value
and ~ 93% relative humidity, meaning H,S almost exactly follows the saturation curve.
Thus, HyS is enriched relative to the nominal and disk-average models within this
latitude band. NHj is not well-constrained, but like in the disk-average results, NHj
abundances larger than 1x protosolar correlate with high amounts of HyS (greater than
60x protoslar). This enrichment is consistent with upwelling air and the circulation
sketch shown in Fig. 4.17.

The retrieved deep abundance of CHy for the wet and dry models are 257})x and

2115%x the protosolar value, respectively. In terms of the molar mixing ratio, this is
1.207023% and 1.0015:%9%. The retrieved uncertainties are within the bounds reported
in Baines et al. (1995), who obtain methane molar fractions of 2.201520%. However,
our results are lower than seen in the ALMA maps alone. This can be explained by
the the enrichment of HyS relative to the nominal model - Tollefson et al. (2019) did
not allow the deep HyS abundance to exceed 30x protosolar and only assumed a dry
adiabat. We also differ from Karkoschka and Tomasko (2011), who assume methane
abundances of 4 + 1% for P > 3.3 bar. In fact, our reported uncertainties rule out
CH, abundances larger than ~ 2.4%. For further discussion regarding the differences

between these models, revisit Chapter 4.

Since our RT models do not convolve the model disk with the PSF, we introduce an
additional ‘PSF-error’ parameter that is added to the total uncertainties. The retrieved
values for this parameter result in errors that are similar in magnitude to the difference
between convolving and not convolving a model disk assuming disk-average properties
within this latitude region. Future work will test the robustness of this approach close
to the limb, where the effect of the PSF is most prominent. We will then look at the
other latitude bins and test how deep abundance variations go.
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Chapter 6

Conclusion and Future Work

Neptune is the least well-studied planet in our Solar System, being the furthest planet
from the Sun and having only been visited up close by Voyager 2. However, advances in
ground-based instrumentation and the launch of the Hubble Space Telescope have allowed
Neptune to be regularly observed in detail. I have combined multi-wavelength observations of
Neptune to constrain the bulk properties and dynamic patterns within its upper atmosphere.
I helped develop theory that extends the thermal wind equation to the equator, connect-
ing observed wind, temperature, and composition profiles. I also used radiative transfer
code to retrieve model spectra of Neptune’s radio brightness temperature as a function of
temperature and composition.

6.1 Jupiter and Neptune in the Visible and
Near-Infrared

The zonal wind profile is one of the most important planetary properties. Through
the thermal wind equation, vertical changes in the zonal wind velocity are related to the
horizontal temperature and composition fields. Tracking the motions of bright features is one
of the ‘easier’ observations to analyze, not requiring knowledge of spectroscopy, photometry,
or radiative transfer. However, its application is powerful due to its relationship with local
density variations. This is especially useful on Neptune - no probe has plunged into its
atmosphere to extract these properties in situ and mapping its temperature field is limited
to the stratosphere and upper troposphere with mid-infrared observations. But the thermal
wind equation and zonal wind profile are used on all planets to indirectly calculate these
properties at and below the visible cloud decks.

I analyzed five epochs of WFC3 HST Jupiter observations to derive zonal wind profiles
from 2009 — 2016 (Chapter 2). Velocities were extracted using a 1D correlation method
(Asay-Davis et al. (2011)). The derived 2016 zonal wind fields are the most timely for com-
parison to NASA Juno observations in late 2016 (PJ1 and PJ3). I find that Jupiter’s zonal
winds are globally stable apart from periodic small changes on the order of 10 m/s. These
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differences are most prominent in the presence of large scale vorticies, which do not follow
the background flow and thus increase the uncertainty of the extracted velocity, and at the
Northern Temperate Belt (NTB), where the jet peak velocity varies in conjunction with peri-
odic plume outbreaks (Sénchez-Lavega et al. (1991, 2008), Chapter 2). The albedo at visible
wavelengths also darkens, suggesting that material, normally unseen, is dredged upward due
to these plumes. If plumes are a signature of deeper activity, the decrease in velocity we
see at the NTB during outbreaks may be evidence of vertical wind shear. To confirm this,
observations of plume outbreaks must be coordinated with measurements that probe deeper
into Jupiter. The high cadence of microwave observations with Juno’s Microwave Radiome-
ter (Janssen et al. (2017)) and ground-based VLA data (de Pater et al. (2016)) would help
determine the depth of the plume outbreak in late 2016, thereby constraining the extent of
vertical wind shear and changes in the volatile density in the deeper atmosphere. Recently,
ALMA maps of Jupiter show evidence of a plume at the SEB at multiple wavelength, indeed
a sign of dredged up material.

To date, only the Galileo probe has directly measured vertical wind shear on any giant
planet, when it descended into a Jupiter 5-um hot spot located just North of the equator
(Atkinson et al., 1998; Young, 2003). However, since the geostrophic balance breaks down
near the equator, the thermal wind equation can not be applied at this hot spot. I worked
with Philip J. Marcus to derive a new thermal wind equation applicable at the equator which
was used to re-analyze the Galileo probe findings (Marcus et al. (2019), Appendix A). This
new equation has wide spread applications in planetary science.

The equatorial region of Neptune is one example of the power of this new equatorial
thermal wind equation. I observed Neptune with the Keck NIRC2 instrument in the near-
infrared (NIR) H- and Kp-band filters at two epochs from 2013 to 2014 (Chapter 3). The
NIR detects reflected sunlight bouncing off cloud tops and hazes in the upper atmosphere.
I tracked the motions of hundreds of bright cloud features, deriving a zonal wind profile for
both filters and epochs. This approach is different than the Jupiter method described in
Chapter 2, as global correlations are impossible on Neptune due to worse resolution and lack
of discernible features other than the few bright clouds. The extracted velocities are highly
dispersed, meaning clouds at similar latitudes can move at dramatically different speeds.
Similar dispersion was seen in Voyager results (Limaye and Sromovsky, 1991), suggesting
Neptune’s clouds are more turbulent and not completely passive tracers of the background
dynamics. However, I found that the average equatorial velocity was about 100 m/s slower
in the H-band profile than the Kp-band profile on both epochs. This difference persisted
even when the profiles were generated by averaging over low-error, long-monitored tracked
clouds. Since the Kp-band is more sensitive to methane absorption, it probes higher in the
atmosphere than the H-band, meaning the extracted zonal wind profiles are at two different
altitudes. Fitzpatrick et al. (2014) found similar velocity differences between filters, but
could not rule out temporal variability as a cause. My images were taken in both filters on
the same night, meaning I could confirm velocity differences with depth, i.e. vertical wind
shear, at Neptune’s equator.

I then used the new equatorial thermal wind equation to reconcile the observed vertical
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wind shear with Neptune’s methane and temperature profiles. At pressures deeper than
1 bar, methane must be enriched at the equator relative to the mid-latitudes to match
the observed Voyager/IRIS temperatures (Fletcher et al., 2014). This may be evidence of
stacked circulation, Hadley-like, cells within Neptune. Below 1 bar, methane-rich air rises
at the equator (forming deep H-band clouds); above 1 bar, methane dry-air sinks (where
only a quiescent dark haze is seen in the Kp-band). This circulation disagrees with that
presented in de Pater et al. (2014), who favor a single cell, vertically extended from the
stratosphere down to 40 bar, with dry air sinking at the equator. Its likely that our simplistic
assumptions regarding Neptune’s latitudinal structure and zonal wind profile are incorrect
- in Chapters 4 and 5, I show maps of Neptune with distinct latitudinal variations in the
brightness temperature. This banding structure is prominent near the equator, challenging
the notion that the methane abundances and circulation pattern are uniform there.

Like Jupiter’s plumes and hot spots, Neptune’s dark spots are a window into the deeper
atmosphere that is normally obscured at visible and near-infrared wavelengths. Two new
dark spots have been recently spotted with HST, dubbed SDS-2015 and NDS-2018, for
‘Southern Dark Spot discovered in 2015’ and ‘Northern Dark Spot discovered in 2018’ (Wong
et al., 2018; Simon et al., 2019). Both these spots and the Voyager dark spots move eastward
relative to the background zonal wind profile, just like the H-band equatorial profile is
eastward relative to the Kp-band profile. Moreover, dark spots are believed to originate
deep in the atmosphere (similar to upwelling convective plumes on Jupiter), meaning dark
spots may be a reliable tracer of the deeper winds and therefore the deep temperature and
density structure via the thermal wind equation. Upcoming programs to look at NDS-2018
with HST, Gemini/Alopeke, Keck/OSIRIS, and ALMA have been proposed. NDS-2018 is
massive, nearly the size of the Great Dark Spot, making it a prime target for coordinated
ground-based imaging in both the radio and visible. If successful, this multi-wavelength
campaign will map out the vertical structure of this dark spot and Neptune’s surrounding
atmosphere in unprecedented detail.

6.2 Neptune in the Radio

Radio wavelengths probe pressures deeper than the methane clouds and hazes prominent
in the visible and near-infrared. As a result, millimeter and centimeter continuum observa-
tions are sensitive to the deep abundances of Neptune’s trace gases: HyS, NH3, and CHy.
Knowing their quantities is crucial, as they reveal the formation environment of Neptune
within the early outer Solar System. Moreover, abundance variations across Neptune’s disk
are related to circulation patterns, indicating how material and energy are transported and
distributed upward from the interior. This in turn relates to the thermal formation and
evolution of the planet. I used the Atacama Large Millimeter/Submillimeter Array (ALMA)
and expanded Very Large Array (VLA) to observe Neptune in the millimeter and centimeter
(Chapters 4 and 5). Prior radio observations saw brightness variations across Neptune’s disk
(Butler et al., 2012; Luszcz-Cook et al., 2013; de Pater et al., 2014). However, specific abun-



CHAPTER 6. CONCLUSION AND FUTURE WORK 134

dance profiles could not be extracted (apart from at Neptune’s bright south pole) due to the
comparatively poor sensitivity and lack of wavelength coverage. Our radio maps are the first
to achieve the sensitivity, resolution, and wavelength coverage required to simultaneously
extract the abundance profiles of HoS, CHy, and NH3 across Neptune’s disk.

I use MCMC retrievals coupled to the radiative transfer code Radio-BEAR to model
Neptune’s brightness temperature in the radio. Neptune’s disk-average temperatures from
1 mm to 10 c¢m are consistent with both dry and wet adiabats with 30x enhancements in
the deep H,S, CH4 and H,O abundances relative to their protosolar values, with deep NHj
equalling its protosolar value. I generate uniform 2D model disks (the ‘nominal’ model) of
Neptune using this disk-average profile.

In both the ALMA and VLA maps, I identified seven distinct latitudinal bands with
discrete transitions in the brightness temperature. Residual maps are formed by subtracting
the nominal model disk. Regions with negative residual temperatures are cold and enriched
in trace species, while positive residuals are warm and depleted. The most prominent en-
hancements are from 32° — 12°S, where H5S must either be enriched to 30 — 60x protosolar
and/or supersaturated in order to produce the observed brightness temperatures. The CHy
enhancements up to 60x protosolar (or 2.88% mixing ratio) are consistent with the obser-
vations, although the spread of retrieved values for CHy is large. Supersaturated HoS and
enriched CHy are also consistent with a narrow dark band from 2° — 12°N. At Neptune’s
bright south polar cap (poleward of 66°S), the best fitting model has a depleted deep atmo-
spheric abundance of HyS, down to only 1.5 times the protosolar value - simultaneously the
CH,4 abundance is depleted to 0.55%. This is consistent with findings within de Pater et al.
(2014) and Luszcz-Cook et al. (2013).

The observed pattern of enhancement (dark temperatures) and depletion (bright temper-
atures) of condensable species is consistent with a global circulation structure where enriched
air rises at the mid-latitudes (32° — 12°S) and north of the equator (2° — 20°N), and dry air
descends at the poles (90° — 66°S) and just south of the equator (12°S—2°N). I showed that
this distribution aligns with regions of cloud formation - more bright clouds have been seen
and tracked at latitudes corresponding to dark brightness temperatures in the radio. The
equator in particular is more complex than accounted for in previous circulation models.
The detection of a dark band north of the equator in the radio maps is compatible with the
conclusions reached in my zonal wind analysis.

While the general makeup of Neptune has been quantified in the 30 years since Voyager,
some basic elements like phosphorous in the form of phosphine (PH;) have not been found.
Despite not being detected in either ice giant, PHj3 is believed to be an important source
of microwave opacity. PHj is a disequilibrium species in the gas giants. In the deep atmo-
sphere, PH3 should oxidize to form P4Og and dissolve in water (Fegley and Prinn, 1986). In
the upper atmosphere, PH3 is photolyzed and subsequent photochmeical reactions may form
P, or complex polymers and compounds (Fletcher et al., 2009). Thus, phosphine must be
uplifted rapidly from deep in the atmosphere to exist, making it useful as a passive tracer
for both vertical and horizontal motions. Its use as a dynamic proxy would let us test our
hypothesized circulation schematic. ALMA has the required sensitivity and bandpass sta-
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bility needed to detect the broad PHj (1-0) rotation line from 245 — 275 GHz, allowing us
to constrain the phosphorous abundance in ice giant interiors for the first time.

The impending launch of the James Webb Space Telescope (JWST) will mark a new era
in planetary science. Spectroscopic measurements from JWST will characterize exoplanetary
atmospheres in unprecedented detail. Bridging our understanding of these objects starts with
the techniques and analysis developed to study the bodies within our own Solar System.
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Appendix A

A Derivation of the Equatorial
Thermal Wind Equation

In this section, I present a derivation of the new Equatorial Thermal Wind Equation
(EQTWE)*.

The derivation of the EQTWE begins with Euler’s equation in spherical coordinates,
rotating around the z-axis with angular velocity €2y. The first half of this derivation follows
the derivation of the usual thermal wind equation (TWE) which we briefly remind the reader
of below. We feel it is important to include this reminder as it outlines the assumptions and
fractional errors that go into the EQTWE. Taking the curl of Euler’s equation gives the
vorticity w equation. Upon taking the dot product of the vorticity equation with g;b, we
obtain the following equation (which required no assumptions to be made):

% (v-Vwg + vp(w, —wy tanb)/r
- (w- )v¢ — wy(v, — vy tanb)/r
+ (V-o)w
5 Vpx VP vy

At this point, two assumptions are made. First, hydrostatic equilibrium VP ~ —gpr, so
that Vp x Vp could be replaced with gpr x Vp, and so that the azimuthal component of
Vp x Vp could be approximated as —% ap The exact form of this approximation, including
its fractional errors, is below:

IPresented here is an adaption of the derivation of the Equatorial Thermal Wind Equation, previously
published in Icarus (Marcus et al., 2019). This has been produced with permission from all co-authors.
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dp (1_ f027"c0329>
P 19

For the giant gas planets, these fractional error terms are small because the vertical scale
height D is much smaller than the extent of the horizontal flow. Therefore, we shall drop
these fractional errors from the remainder of a derivation below.

The second assumption is that changes in the flow are slow in time so that 0/0t ~ 0. It
can be shown that using just these two assumptions, we obtain the following:

;o (A2)
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Here, we define the reduced gravity ¢’ = g[1—(f2r cos0)/4g]. For slowly rotating planets?
like Neptune, Jupiter, and Earth, the gravity and reduced gravity are the same within 10%.
The textbook TWE can be derived from the equation above by assuming the ideal gas

. ’
law and replacing — < 22
p

50| with % g—g , and showing that there is a dominant balance

P P
between the two terms on the right-hand side of equation A.3.

2 Jupiter is generally considered within the planetary community to be a “fast” rotating planet, but in
the geophysical community a slow rotator is one in which the gravity is much greater than the centrifugal
acceleration so the geopotential surfaces are nearly spherical, or where the reduced gravity ¢’ is approximately
equal to the gravity g.



APPENDIX A. A DERIVATION OF THE EQUATORIAL THERMAL WIND
EQUATION 138

The second-half of the EQTWE derivation makes use of carrying out Taylor series expan-
sions of functions that are symmetric or anti-symmetric about the equator. We assume that
T, p,vs, and v, are symmetric about the equator and that vy is anti-symmetric. Such strin-
gent requirements are too unrealistic and not necessary for the proof here, but we present
these assumptions here for ease of understanding. For symmetric functions, such as vs (which
in this section is assumed to be mirror-symmetric), we write the series in even powers of 6,

with vy = [vy] + [0%vs/06%] 6%/2 + ---, where the quantities in the square brackets are
evaluated at # = 0. For an anti-symmetric function such as vg, we write the series in odd
powers of 0, with vy = [ve/D0] 0 + [0Pv9/D0%] 63/6 + ---, where the quantities in the

square brackets are evaluated at § = 0. This means that we Taylor expand dv,/00 at the
equator in an odd series as Jvy/90 = [0%v4/D6%] 6 + O(6?). Similarly, we expand duvy/00
at the equator in an even series as duy /00 = [Ovy/00] + O(6?).

The Taylor series expansions in equation A.3 make use of expansions of the vorticity
components and the divergence. Expressed as a Taylor series in powers of 6, note that w,
and w, is an odd function of 0, and wy is an even function of 0, with:

. 1 62U¢ 62’09 3
wr—;[— 892+U¢+8¢89 6 +0(0°) (A4)
1| O, Ovg 9

Wy = r[@qﬁ Vo =T + O(67) (A.5)
S TR L el (A.6)

T T ora0 o0 o0 ’

The divergence of the velocity is an even power series:
1| ovu, Ovg  Ovy 9

= - 2 — + — A.

Vv TT8T+UT+89+8¢ + O(6%) (A7)

Below are the Taylor series expansions of each of the terms that appear in eq. A.3,
with a label assigned to each term so that we can refer to it when estimating its order of
magnitude. The notation that O(6?) means “terms of order 6* and higher”, and note that
all of the quantities and derivatives that have horizontal braces beneath them or in large
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square brackets should be evaluated at the equator.
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Note that the Taylor series for the above expression starts with the 62 term.
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We estimate the magnitude of all of the terms in expressions A.8 - A.23 in terms of the
characteristic lengths in the east-west, north-south,and vertical (i.e. radial) directions: L,
Ly, and D; and the characteristic velocities of the east-west and vertical components of the
time-averaged velocity at the equator: V,; and V,.. We define Vj such that the characteristic
value of the time-averaged Ouvy/00 at the equator is roVjy/ Ly, where rq is the characteristic
value of r in the atmosphere where we are carrying out this analysis.

From these definitions, it can be shown that terms A — N are small compared to the P
term, and the effect of terms A — N in eq. A.3 can be written as fractional error terms, so
that eq. A.3 becomes:

g T
rT 00?
P

7"

7o Vi roVy 1o DY) DVE DV DViVy Dro
L@ V¢2’L¢V¢7L¢7L9 7gL35’ ng7gL¢L9, Lg ’ ’
(A.24)
If the planet is not rapidly rotating, then ¢’ can be replaced with g.
This derivation required the modest approximations: D < O(rg), D < O(Lg), D <
O(Ly), and that the flow is sufficiently steady in time that the characteristic value of w, /0t
at the equator is less than or equal to the characteristic value of v - Vw, at the equator.
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To compare our fractional errors of the EQTWE to the reported fractional errors in the
textbook TWE, we can take a less cautious approach to estimating error size by assuming
(as many other authors have) that the horizontal divergence of the velocity is approximately
zero. Then at the equator, we would have V,,/L, ~ Vy/Ly. Using this relationship, the
fractional errors in the EQTWE are:

_ DV?2 —
RO(TOLG il D) s Dro Ro]. (A.25)

@ T2 o7 o7 |y 19 19

If we are even less cautious and adopt the traditional assumption that Vy = Vjp, then the
fractional errors in the EQTWE are:

_ DV? Dry ~
O|Ro -2, =2 20, (A.26)
Ly gLy L
Thus for a mirror-symmetric flow, the EQTWE is:
g 0*T Ovg
—_—— — pu— —_— A.-27
T 062 - Jo or ( )

with fractional errors in eq. A.24, eq. A.25, or eq. A.26.
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