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Abstract

The impressive sensitivity of the James Webb Space Telescope has made it possible to
study the atmospheres of planets beyond the solar system. It will soon be followed by space
missions aiming specifically at this goal, such as the Ariel mission, Twinkle, and the Habitable
Worlds Observatory. One category of exoplanet has drawn interest because of its potential
to harbour temperate climates with liquid surface water—and therefore potentially life. These
are rocky planets orbiting cool M-class stars, or "M-Earths." Stellar population trends and
observing biases lead to a high proportion of potentially habitable, terrestrial planets falling
into this category. Because of the low temperatures of their host stars, however, habitable
worlds of this type are found in close orbits where they are likely to be tidally locked. As the
solar system has no tidally locked planets, our knowledge of their atmospheric circulation is
currently limited to theoretical modelling.

Past modelling work has shown that the asymmetrical irradiation of tidally locked planets
results in characteristic circulation regimes which have profound consequences for obser-
vations. Atmospheric retrievals, which use statistical methods to fit 1-D atmospheric models
to observational data and quantify the confidence of the fit, are not yet able to account for
the 3-D nature of this circulation. For planets with large spatial variation in environmental
conditions caused by tidal locking, 1-D models are not able to capture the differences and
interconnections between planetary regions such as the dayside, nightside, and planetary
limb or terminator. In addition, planetary atmospheres exhibit variation over time, potentially
resulting in differences in retrieved properties between observing visits or even between
different phases of a planet’s orbit. Accounting for 4-D circulation effects in atmospheric
retrievals first requires a theoretical understanding of the impact of global-scale phenomena
such as atmospheric waves and horizontal transport on conditions at the planetary limb, and
then requires incorporation of this knowledge into the retrieval pipeline in the form of, for
example, parameterisations.

In this thesis, | address the first requirement: the theoretical understanding of the effects
of fully modelled 4-D atmospheric circulation on the planetary limb, the region probed by
transmission spectroscopy, on tidally locked planets. | focus in particular on effects caused by
the global propagation of atmospheric waves and by horizontal transport of clouds and hazes.

In Chapter 2, | show that that the atmospheric dynamics on the tidally locked Proxima Centauri
b support a longitudinally asymmetric stratospheric wind oscillation (LASO), analogous to
Earth’s quasi-biennial oscillation (QBO). The LASO has a vertical extent of 35-55 km, a
period of 5-6.5 months, and a peak-to-peak wind speed amplitude of -70 to +130 ms™!

with a maximum at an altitude of 41 km. Unlike the QBO, the LASO displays longitudinal



asymmetries related to the asymmetric thermal forcing of the planet and to interactions with
the resulting stationary Rossby waves. The equatorial gravity wave sources driving the LASO
are localised in the deep convection region at the substellar point and in a jet exit region
near the western terminator, unlike the QBO, for which these sources are distributed uniformly
around the planet. Longitudinally, the western terminator experiences the highest wind speeds
and undergoes reversals earlier than other longitudes. The antistellar point only experiences a
weak oscillation with a very brief, low-speed westward phase. The QBO on Earth is associated
with fluctuations in the abundances of water vapour and trace gases such as ozone which
are also likely to occur on exoplanets if these gases are present. Strong fluctuations in
temperature and the abundance of atmospheric species at the terminators will need to be
considered when interpreting atmospheric observations of tidally locked exoplanets.

In Chapter 3, | investigate the presence of cloud cover at the planetary limb of water-rich Earth-
like planets, which is likely to weaken chemical signatures in transmission spectra and impede
attempts to characterise these atmospheres. Based on observations of Earth and solar sys-
tem worlds, exoplanets with atmospheres should have both short-term weather and long-term
climate variability, implying that cloud cover may be less during some observing periods. |
identify and describe a mechanism driving periodic clear sky events at the terminators in
simulations of tidally locked Earth-like planets. A feedback between dayside cloud radiative
effects, incoming stellar radiation and heating, and the dynamical state of the atmosphere,
especially the zonal wavenumber-1 Rossby wave identified in past work on tidally locked
planets, leads to oscillations in Rossby wave phase speeds and in the position of Rossby
gyres and results in advection of clouds to or away from the planet’s eastern terminator. |
study this oscillation in simulations of Proxima Centauri b, TRAPPIST 1-e, and rapidly rotating
versions of these worlds located at the inner edge of their stars’ habitable zones. | simulate
time series of the transit depths of the 1.4 um water feature and 2.7 um carbon dioxide
feature. The impact of atmospheric variability on the transmission spectra is sensitive to the
structure of the dayside cloud cover and the location of the Rossby gyres, but none of my
simulations have variability significant enough to be detectable with current methods.

In Chapter 4, | study the interaction between the atmospheric circulation and photochemical
hazes and describe the resulting haze abundances at the terminator. Transmission spec-
troscopy supports the presence of unknown, light-scattering aerosols in the atmospheres
of many exoplanets. The complexity of factors influencing the formation, 3-D transport, ra-
diative impact, and removal of aerosols makes it challenging to match theoretical models
to the existing data. My study simplifies these factors to focus on the interaction between
planetary general circulation and haze distribution at the planetary limb. | use an intermediate
complexity general circulation model, ExoPlaSim, to simulate idealised organic haze particles
as radiatively active tracers in the atmospheres of tidally locked terrestrial planets for a range
of rotation rates. | find three distinct 3-D spatial haze distributions, corresponding to three



circulation regimes, each with a different haze profile at the limb. All regimes display significant
terminator asymmetry. In my parameter space, super-Earth-sized planets with rotation periods
greater than 13 days have the lowest haze optical depths at the terminator, supporting the
choice of slower rotators as observing targets.

My thesis supports the existence of characteristic forms of temporal and spatial variability on
tidally locked planets which will undoubtedly impact observations and inform our understand-
ing of climate conditions on the surface. Overall, the effects of purely dynamical variability may
be too small to be detected for Earth-like planets (but potentially detectable for larger ones).
The impact of the atmospheric circulation on the distribution of clouds and hazes, on the other
hand, is likely to affect even observations of terrestrial planets due to the highly scattering
nature of these aerosols and will need to be accounted for in atmospheric retrievals.



Lay Summary

Powerful new telescopes and sophisticated data processing techniques have made it possible
to study the atmospheres of planets outside our solar system (“exoplanets”). The emerging
field of exoplanet science will continue to grow rapidly in the coming decades, with obser-
vations coming in from the James Webb Space Telescope and the commissioning of further
missions such as the Extremely Large Telescope, ARIEL (Atmospheric Remote-sensing In-
frared Exoplanet Large-survey), and eventually the Habitable Worlds Observatory. Observing
exoplanets will give us context for the history and evolution of the Earth and the solar system
—and, of course, help us in the search for life on other worlds.

Some of the best candidates for planets that could support life are rocky worlds orbiting cool
red dwarf stars. These stars make up the majority of the stellar population of the galaxy
because they have long lifetimes, allowing them to outlast their larger and hotter burning
neighbours. Many of them also host rocky planets. Because these stars are so cool, any
planets that are around the right temperature to host life —the temperature range within which
liquid water can exist on the planet’s surface — are found orbiting close to the star, so close
that the gravitational pull of the star eventually slows the planet’s rotation until its day is the
same length as its year. As a result, these close-in rocky worlds always present the same face
to the star: they have a permanent day side, a permanent night side, and a permanent zone
of twilight between the two, known as the terminator. This state is known as a tidally locked
orbit.

Whether or not planets in this type of orbit can maintain atmospheres or a habitable region
on their surfaces is the subject of many theoretical studies. Yet tidally locked planets pose
additional challenges before the question of habitability is even broached. Their atmospheres
can be observed when the planet eclipses the host star, whose light is filtered through the
planetary atmosphere on its way to Earth. This type of observation thus captures light that
has passed through the ring of atmosphere around the planet’s silhouette: the region of the
terminator, the dividing line between day and night. Telescopes are observing a special part of
the planet whose climate and atmospheric physics are known only from theoretical modelling,
as our own solar system has no examples we could turn to as analogues.

To understand how tidally locked planets may appear in telescope observations, scientists
use three-dimensional global models of the atmosphere and climate. In this thesis, | use two
such models to study the terminator region of tidally locked planets, and specifically how
phenomena that can only be represented in a full 3-D global climate model could affect the
climate at the terminator and our observations.

Vi



In my first research chapter, | describe how winds in the upper atmosphere of my model
periodically change direction, from eastward-flowing to westward-flowing, and how the amount
of water vapour in the upper atmosphere of the terminator varies on the same timescale.
This periodic variation in wind and water vapour is analogous to phenomena seen on Earth,
Jupiter, and Saturn, and occurs when atmospheric waves transport momentum to the upper
atmosphere and deposit it at different locations, causing winds at different levels to accelerate
in opposite directions. Although the variations are too small for present telescopes to observe
for Earth-like planets, the physical mechanism and the resulting oscillation could be present
and observable on many types of larger planets.

In my second research chapter, | study another climate oscillation specific to tidally locked
Earth-like planets, in which global-scale atmospheric waves shift gigantic vortices eastward
and westward, sometimes carrying clouds towards the terminator and sometimes away from
it. The presence of clouds inhibits observations, so if such an oscillation were to occur on a
real planet, there might be better or worse days for observing, as there are for observation
of Earth from space based on the daily weather. My study finds the cause of the oscillation
in a complex feedback loop between clouds, heat, wind, and atmospheric waves not present
on Earth or other known planets. The periodic variation in cloud cover at the terminator has
a consistent effect on how difficult it is to observe water vapour there, but the difference does
not appear to be large enough to be significant.

In the final research chapter, | use a simpler and faster climate model to simulate how the
3-D wind structure of planets with 32 different rotation rates results in a predictable 3-D
distribution of photochemical haze, another atmospheric component that inhibits observations.
The simulations fall into four distinct types, each with its own pattern of winds and haze. The
outcome is that planets with rotation periods that fall into certain ranges may have less haze
and atmospheres that are easier to observe. In particular, | find that slower rotation periods
result in less hazy terminators and that there is an unusual “valley” at periods of around 2 or
3 days for which the simulations predict comparatively clear atmospheres.

My thesis demonstrates the importance of two three-dimensional phenomena that significantly
affect the terminator on tidally locked planets: atmospheric waves and horizontal transport of
these waves, as well as of clouds and photochemical hazes, by the global winds. These
factors cannot be represented in the fast one-dimensional atmospheric models used to com-
pare to observational data, but are too significant to be ignored. Future work should look at
incorporating the insights from theoretical studies like those in this thesis into interpretations
of telescope data. In the meantime, the results can already inform qualitative understandings
of observations and potentially the choice of observing targets.

Vi
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Chapter 1

Introduction

1.1 Exploring tidally locked exoplanets

Exoplanets are planets orbiting stars other than the Sun. In a foretaste of the diversity and
exoticism of planetary discoveries to come, the first confirmed exoplanet was detected in 1992
around a pulsar (Wolszczan & Frail, 1992). Since then, exoplanet science has continued to
challenge existing theories of planetary formation, possible planetary system architectures,
and habitability.

What does it mean for a planet to be habitable? J. F. Kasting, Whitmire, and Reynolds (1993)
established a widely used definition of the “circumstellar habitable zone”. The habitable zone
refers to the range of distances from a star at which a planet is temperate enough to support
liquid water on its surface. The inner edge of the habitable zone is the orbital distance at which
all a planet’s water would exist in vapour form, and water photolysis and hydrogen escape
would cause gradual water loss. The outer edge of the habitable zone is the condensation
line for CO, (J. F. Kasting et al., 1993). A “habitable” planet does not necessarily harbour life,
only liquid water. This definition does not account for forms of life that might not require water
as a solvent, but it is a reasonable starting point in the search for habitable worlds.

We are interested in habitable exoplanets for several reasons. One is the search for Earth-like
life—life we can recognise by analogy to that on our own planet. The search for chemical
signatures of life on other planets, or “biosignatures,” makes up a respectable portion of
exoplanet literature (see Schwieterman et al. (2018) for a review). A second is comparative
climatology: exoplanets can show us what the Earth may have been like in earlier periods
of its history, when it may have been covered by photochemical haze (G. Arney et al., 2016;
G. N. Arney et al., 2017; Trainer et al., 2004) or in a snowball state (Lucarini, Pascale, Boschi,
Kirk, & Iro, 2013; Wordsworth, 2021), as well as how our climate might develop in the future
(Popp, Schmidt, & Marotzke, 2016; Rushby, Johnson, Mills, Watson, & Claire, 2018). From a
methodological perspective, adapting Earth system models for exoplanets allows us to test
how these models perform when basic assumptions like the stellar spectrum or planetary
rotation period are varied and deepen our theoretical understanding of habitability (Abbot
et al.,, 2018; Hochman, Luca, & Komacek, 2022; Leconte, Forget, Charnay, Wordsworth,
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& Pottier, 2013; Wordsworth, 2021). For example, simulations of the water cycle on tidally
locked habitable planets have paralleled the intensification of precipitation patterns caused
by anthropogenic climate change, motivating the search for underlying physical mechanisms
(Labonté & Merlis, 2020; Seeley & Wordsworth, 2021). Finally, understanding the formation,
development, prevalence, and characteristics of Earth-like planets is intrinsically useful to
astronomers and astrophysicists seeking to understand topics like circumstellar disc evolution
and the history of the solar system.

Early exoplanet catalogues were dominated by “hot Jupiters,” “very hot Jupiters,” and a few
“ultra-short-period hot Jupiters” (Perryman, 2018). These terms describe gas giants roughly
the size of Jupiter that orbit very close to their host star and, as a result, are strongly irradiated.
Hot Jupiters overturned expectations in the astronomical community because theories of
protoplanetary disc evolution and planet formation predicted that gas giants should form
further from the star. According to this line of thought, more elements can condense into
liquid or solid phases further from the star where temperatures are lower, providing more
material for accretion of a planetary core, which can then capture hydrogen and helium from
the disc due to its large mass and gravity. A leading theory for the existence of hot Jupiters
is that these planets originally form far from the star and migrate inward over time through a
variety of potential mechanisms. Their large mass and proximity to their host star made them
the first to be detected due to their strong gravitational pull on the star. The star and planet
orbit a common centre of gravity, causing the star to move slightly backward and forward in
the line of sight from Earth and resulting in a Doppler shift of the stellar spectrum. Newer
detection methods, however, have expanded the exoplanet bestiary far beyond planets of this
size. Figure 1.1 lists the terms commonly used to classify exoplanets by size, with examples
from the Solar System where available.

Earth-sized planets (0.1 to 2 Earth masses) and “Super-Earths” (2 to 10 Earth masses, the
most common sub-type) now make up a substantial enough portion of known exoplanets
to allow for prevalence estimates. Catanzarite and Shao (2011) calculated that 1 — 3% of
Sun-like stars have Earth-analogue planets, while Petigura, Howard, and Marcy (2013) put
the figure at 22%. Kunimoto and Matthews (2020) used data from NASA’s Kepler mission to
estimate that F-, G-, and K-type stars have an average of 0.18 potentially habitable, terrestrial
planets per star.

Impressive as these figures for Sun-like stars are, the expected prevalence of Earth-like plan-
ets around the far more abundant M-class stars (“M-dwarfs” or “red dwarfs”) is even higher.
In a search for terrestrial planets in the habitable zones of M-class stars, R. K. Kopparapu
(2013) estimated 0.48 to 0.53 such planets per star based on Kepler data, depending on the
definition of the habitable zone. Bonfils et al. (2013) came to a similar figure of 0.41 planets
per star using the European Southern Observatory HARPS spectrograph. An analysis by
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Figure 1.1: Types of exoplanets by size in masses (Perryman, 2018)

Dressing and Charbonneau (2015) found 0.24 Earth-sized planets and 0.21 super-Earths
per M-dwarf. Hardegree-Ullman, Cushing, Muirhead, and Christiansen (2019) found a value
of 1.19 planets per mid-M-class star based on data from Kepler. J.-Y. Yang, Xie, and Zhou
(2020) estimated 2.8 planets per star in the M, K, G, and F classes.

Given that M-dwarf stars make up about 70 — 75% (Heath, Doyle, Joshi, & Haberle, 1999;
Henry et al., 2006) of the stellar population, these high prevalences indicate that a large
percentage of habitable Earth-like planets may be found in the habitable zones of M-dwarfs
(Heath et al., 1999; Scalo et al., 2007; Tarter et al., 2007; Wandel, 2018). As a result, M-
class stars have become prime observational targets in the search for Earth-like and habitable
exoplanets.

One reason even small rocky planets are comparatively easy to observe around M stars is
their closer orbits and larger sizes relative to the host star (Catling & Kasting, 2017). These
two characteristics make them amenable to detection by the transit method (see Section 1.2
for a description). In addition, closely orbiting stars will take less time to complete an orbit,
passing in front of the star more often in a given observing period and allowing more data
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to be gathered (Catling & Kasting, 2017). Transit surveys—past, present, and future—yield
a continuous stream of rocky planet detections around M-class stars from missions such as
TESS (Barclay, Pepper, & Quintana, 2018), SPECULOQOS (Sebastian et al., 2020), and Kepler
(Feliz et al., 2021).

M-class stars differ from our G-class Sun in ways that will affect the climate of their planets.
M-dwarfs are often highly active, especially when younger, with flares that may cause atmo-
sphere stripping in the absence of a protective planetary magnetic field due to the impact of
high-energy radiation and charged particles (Guenther et al., 2020; Tilley, Segura, Meadows,
Hawley, & Davenport, 2018; Vida et al., 2019). High amounts of extreme ultraviolet and X-ray
radiation during the hot early phase of the star may also cause a runaway greenhouse effect
and loss of water to space (Turbet & Selsis, 2021). During their stable main sequence lifetime,
these stars also emit a greater proportion of their radiation in redder parts of the spectrum.
Eager-Nash et al. (2020) found that atmospheres with an Earth-like composition absorb more
energy at these wavelengths, leading to a warmer planet than for a G-star. Turbet and Selsis
(2021) examined in detail the impact stellar flux and its variations can have on the climate
of an orbiting planet. They agree that lower-temperature stars like M-dwarfs warm Earth-
like planets more efficiently because of greater absorption of longer wavelengths of light by
the atmosphere, less Rayleigh scattering, and lower ice and snow surface albedo at longer
wavelengths, somewhat compensating for the lack of stellar energy.

Perhaps most importantly, because M-dwarfs are so much cooler than Sun-like G-class stars,
their habitable zones are far closer to the star, and any planets orbiting within the habitable
zone are likely to be either in some form of synchronous orbit or fully tidally locked (Barnes,
2017; Pierrehumbert & Hammond, 2019). Tidal locking occurs because the star’s gravitational
pull on the near side of the planet and the centrifugal force on the far side elongate the planet’s
shape. While the planet is not yet tidally locked, different areas of its body are stretched
or compressed as it moves through its orbit, dissipating energy through friction. The spin
slows down until the rotation period is equal to the orbital period and this mechanism no
longer dissipates energy (Pierrehumbert & Hammond, 2019). Despite the extreme difference
in insolation between the planet’s “dayside” and “nightside,” general circulation models of
the atmosphere have consistently shown that it can remain habitable thanks to heat re-
distribution from dayside to nightside (starting with Joshi, Haberle, and Reynolds (1997),
see also A. Showman, Cho, and Menou (2010), A. P. Showman, Wordsworth, Merlis, and
Kaspi (2013), Pierrehumbert and Hammond (2019)). Figure 1.2 shows the effect of single-
hemisphere insolation: an extreme contrast in surface temperature between dayside and
nightside, but largely equalised air temperatures, especially higher in the atmosphere.
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Figure 1.2: Atmospheric temperature cross-section of a tidally locked
terrestrial planet. Warm air at the substellar point is transported to the
antistellar point. The nightside surface is warmed only by outgoing long-
wave radiation from the air stream above it and is colder than the
atmosphere (Pierrehumbert & Hammond, 2019).

No planet in the Solar System is tidally locked, although Venus comes close with its very
slow rotation rate. Earth’s Moon and other Solar System moons like Titan are tidally locked
to their planets (Folonier & Ferraz-Mello, 2017), but they are not powerfully irradiated on one
side and in most cases (Titan excepted) lack a thick atmosphere. Not only does this orbital
configuration profoundly impact the climate, it also presents unique challenges to interpreting
the results of observations, above all of transmission spectroscopy.

1.2 Observing the terminator

The capabilities of astronomy have expanded to include detection of not only exoplanets,
but their atmospheres (Catling & Kasting, 2017). For planets that pass between their host
star and the Earth, atmospheres can be observed using phase curves, thermal emission
and reflection spectroscopy, and transmission spectroscopy. To date, most of our information
about exoplanet atmospheres comes from these transit methods, especially transmission
spectroscopy (Madhusudhan, 2018, 2019).
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If the plane of the planet’s orbit is not too strongly inclined, the planet will, at some point during
its orbit, pass in the line of sight between the Earth and the host star, causing a small drop in
the amount of light telescopes detect from the star (see Figure 1.3 for the geometry of transit
and Figure 1.4 for an example plot of the light curve). The decrease in light can be correlated
to the radius of the planet relative to the radius of the star, allowing limits to be set on the
planet’s size (Catling & Kasting, 2017; Perryman, 2018). This method, the transit method, is
used to detect the existence of exoplanets.

A telescope sensitive enough to resolve the light curve of different wavelengths can also
provide data that allow us to infer constraints on the atmospheric composition. As light passes
through the planetary limb, some wavelengths are preferentially absorbed or scattered by at-
mospheric constituents (Beichman et al., 2014). This makes the planet appear bigger or smal-
ler at different wavelengths, depending on the height where a given wavelength is absorbed.
The relative apparent size of the planet can be plotted against wavelength and correlated with
known spectra of atmospheric species, as shown in Figure 1.5. This method of observation is
called transmission spectroscopy.

\“" Star

Figure 1.3: Geometry of the transit detection method, from J. Kasting
(2012), reproduced by Catling and Kasting (2017)

A number of new and upcoming telescopes will be able to perform transmission spectro-
scopy of exoplanet atmospheres, including the James Webb Space Telescope (see Gialluca,
Robinson, Rugheimer, and Wunderlich (2021), Molliere et al. (2017), Greene et al. (2016),
Beichman et al. (2014) for discussion of JWST’s capabilities, observational targets, and syn-
thetic spectra), the Atmospheric Remote-sensing Infrared Exoplanet Large-survey (Edwards,
Mugnai, Tinetti, Pascale, & Sarkar, 2019; Tinetti et al., 2018; Venot et al., 2018), the British
commercial space mission Twinkle (Edwards, Rice, et al., 2019; Jason et al., 2016), and
speculative missions like HabEx and LUVOIR (J. Wang et al., 2017). The next generation
of ground-based telescopes like the Extremely Large Telescope and the Giant Magellan
Telescope will also be able to characterise some exoplanet atmospheres (Diamond-Lowe,
Berta-Thompson, Charbonneau, & Kempton, 2018).
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Figure 1.4: Light curve of a star-planet system as the planet passes in
front of the star, from Charbonneau et al. (1999), reproduced by Catling
and Kasting (2017))

Exoplanet atmosphere research using light curves and transmission spectroscopy had already
begun with the Hubble Space Telescope (Brown, Charbonneau, Gilliland, Noyes, & Burrows,
2001; Tinetti et al., 2010; Tsiaras et al., 2016), and Spitzer Space Telescope (Knutson et
al., 2007, 2008). Charbonneau, Brown, Noyes, and Gilliland (2002) found sodium in the
atmosphere of HD 209458 b and Wyttenbach, Ehrenreich, Lovis, Udry, and Pepe (2015)
in the atmosphere of HD 189733 b, both hot Jupiter planets, the first using Hubble Space
Telescope data and the second data from the European Southern Observatory. Fossati et al.
(2010) found sodium, tin, manganese, and other metals in the atmosphere of the hot Jupiter
WASP-12 b with data from the Hubble Space Telescope. Tinetti et al. (2010) discovered a
spectrum with water vapour, methane, carbon dioxide, and potentially carbon monoxide for
the hot Jupiter XO-1 b, again with Hubble Space Telescope data. Fraine et al. (2014) reported
water vapour and no clouds in the atmosphere of a Neptune-sized planet using observations
from both Hubble and Spitzer.
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Figure 1.5: A schematic illustration of transit/transmission spectroscopy,
thermal emission/reflection spectroscopy, phase curves, and simulated
spectra (Beichman et al., 2014). The diagram depicts a planet passing in
front of its host star and identifies important stages of its orbit: transit (planet
in front of star), secondary eclipse (planet behind star), and orbital phase
(iluminated part of planet varies with phase). Transmission spectroscopy
uses light filtered through the planet’s atmosphere while the planet is in
transit.

Observations are not limited to atmospheric composition: Brogi et al. (2016) also inferred
wind speeds on HD 189733 b using high-dispersion transmission spectroscopy. Nor are giant
planets the only accessible targets. Tsiaras et al. (2016) detected an atmosphere around
the super-Earth 55 Cancri e, and Demory et al. (2016) were able to measure the day-night
temperature gradient of the same planet. Kreidberg et al. (2014) detected clouds or haze
on the super-Earth GJ 1214 b. It is only a matter of time before this kind of data becomes
available for Earth-sized planets such as the TRAPPIST-1 planets (Gillon et al., 2017), LP
890-9 b and c (Delrez et al., 2022), or Kepler-186 f (Quintana et al., 2014).

As Figure 1.5 also shows, transmission spectroscopy does not probe the entire planet. Only
light filtered through the thin ring of atmosphere around the planetary disc and in the line
of sight contributes to the observation (Caldas et al., 2019; Wardenier, Parmentier, & Lee,
2022). This region is known as the planetary limb. On a tidally locked planet, the limb is
also the terminator line, the boundary between the dayside and nightside. Far from being a
representative sample of the atmosphere, it is a unique transition zone where two different
environments meet. The composition of the atmosphere at the terminator may be different
from both the dayside and the nightside, and even the two halves of the terminator—the
leading edge as the planet begins to transit the star and the trailing edge on the far side—may
differ substantially. For example, in a study of the ultrahot gas giant WASP-76 b, Ehrenreich
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et al. (2020) found an absorption signature of iron at the planet’s trailing limb, but none
at the leading limb, which the authors interpret as nightside condensation of gaseous iron
into iron rain. Modelling studies of ultra-hot Jupiters (Helling et al., 2021) and temperate
terrestrial planets (Song & Yang, 2021) alike have found variations in cloud cover and chemical
abundances across the dayside, nightside, and both terminators. An important conclusion to
draw from this body of work is that, even though an unresolved planet is contained in a single
pixel of data, we cannot simplify the planetary environment into a single spatial point. The
spatial bias of transmission spectroscopy requires a three-dimensional understanding of the
planet’s atmosphere.

1.3 Comparing 1-D and 3-D models

The atmospheric properties of a planet are inferred from an observed spectrum by the process
of atmospheric retrieval. Due to the computational expense involved in atmospheric retrievals,
these methods use 1-D models of planetary atmospheres (Madhusudhan, 2018). A number
of studies have predicted biases in retrievals based on 1-D models due to both observing
geometry (Caldas et al., 2019) and inhomogeneities in atmospheric composition and climate,
especially for tidally locked planets (Lacy & Burrows, 2020; Welbanks & Madhusudhan, 2022).
As 3-D forward models of atmospheres cannot yet be used in retrievals, observers typically
use parameterisations (if available) to incorporate insights from 3-D studies into 1-D models
(Madhusudhan, 2018). For example, Parmentier, Showman, and Lian (2013) proposed a 1-D
parameterisation of vertical eddy diffusivity based on vertical mixing of photochemical haze
particles in a 3-D hot Jupiter simulation. 3-D models are especially necessary to understand
the global circulation of a planet and the horizontal transport of atmospheric aerosols and
chemical species, as these aspects cannot be simulated in a 1-D model.

3-D general circulation models have already been able to explain observed features of exo-
planets. A prominent feature of tidally locked models of both terrestrial and gas planets is the
presence of an equatorial superrotating jet (Hammond & Lewis, 2021; Hammond, Tsai, & Pier-
rehumbert, 2020; Joshi et al., 1997; Merlis & Schneider, 2010; Pierrehumbert & Hammond,
2019; A. Showman et al., 2010; A. P. Showman & Polvani, 2011; A. P. Showman et al., 2013).
Superrotation means the wind is moving faster than the planet’s surface; this phenomenon
also occurs on Solar System worlds like Venus and Titan (Imamura et al., 2020; Read &
Lebonnois, 2018), as well as in parts of the Earth’s atmosphere (Kraucunas & Hartmann,
2005). The mechanisms driving superrotation are not necessarily the same on different worlds
and the tidally locked case requires its own explanation.
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Observations have supported the existence of an equatorial jet on hot Jupiter planets through
the detection of a "hot spot shift" (Knutson et al., 2007, 2008). These studies find that the
hottest part of the surface is shifted eastwards of the substellar point. Variable Doppler shifts
of the leading and trailing planetary limbs, attributable to high eastward winds, have also been
observed on hot Jupiters (Louden & Wheatley, 2015). These horizontal wind structures and
their impacts cannot be simulated in 1-D models.

Based on 3-D modelling, A. P. Showman and Polvani (2011) proposed an analytic theory
of equatorial superrotation on tidally locked planets. In their theory, the differential dayside-
nightside heating generates large-scale waves in the atmosphere, which funnel angular mo-
mentum towards the equator. This thermal forcing pattern is analogous to longitudinally vary-
ing heating at Earth’s equator in the equatorial wave theory developed by Matsuno (1966)
and Gill (1980). The solutions to the equations of motions with longitudinally varying thermal
forcing are accordingly called the Matsuno-Gill solutions. A. P. Showman and Polvani (2011)
argue that the Matsuno-Gill model contains a physically inconsistent representation of vertical
momentum transport and, when corrected, the model always predicts equatorial superrota-
tion, regardless of the strength of the thermal forcing. This would account for the persistent
appearance of an equatorial superrotating jet in tidally locked exoplanet GCMs.
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Figure 1.6: Analytic solution to the equations of motion on a tidally locked
planet, showing the differential eastward-westward propagation of Kelvin
and Rossby waves and the resulting formation of an eastward equatorial
jet (A. P. Showman and Polvani (2011)). The brightness of the colours
represents geopotential height (brighter shade equals higher geopotential
height), while the arrows represent the horizontal wind vectors.

In A. P. Showman and Polvani (2011), the authors identify equatorial Kelvin and Rossby waves
as the main drivers of equatorial superrotation. Kelvin waves form at the equator and propag-
ate eastwards. Rossby waves form at midlatitudes and propagate westwards. This differential
propagation causes the radiative-equilibrium height field to develop a northwest-southeast
tilt in the northern hemisphere and a mirrored southwest-northeast tilt in the southern hemi-
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sphere. Wind vectors flow around the height field, transporting angular momentum from mid-
latitudes towards the equator. Figure 1.6 depicts the shape of the radiative-equilibrium height
field and the flow of wind around its contours. The wave theory underlying this pumping
mechanism relies on a relatively strong Coriolis force, which slower-rotating tidally locked
planets will lack; however, in their discussion the authors cite other mechanisms that may
generate superrotation on slowly rotating planets, such as baroclinic instability (Del Genio &
Zhou, 1996; Mitchell & Vallis, 2010).

The equatorial jet is not the only characteristic feature of the circulation on a tidally locked
planet. A central element of the mechanism behind the jet, the planetary-scale standing
Rossby waves, are ubiquitous in tidally locked models and have been discussed both as
drivers of the equatorial jet (Hammond et al., 2020; A. P. Showman & Polvani, 2010, 2011)
and for their other effects on the circulation and distribution of atmospheric species (Carone,
Keppens, Decin, & Henning, 2018; Yates et al., 2020). These waves manifest as a pair of
permanent gyres on the nightside and a matching pair rotating in the opposite direction on the
dayside, superimposed on the equatorial jet (Hammond & Lewis, 2021). Carone et al. (2018)
found that standing Rossby waves form either in the tropics or extratropics, depending on
the planet’s rotation rate, and that tropical Rossby waves confine atmospheric species to an
equatorial belt, preventing them from being transported towards the poles. In a model of Prox-
ima Centauri b with ozone chemistry, Yates et al. (2020) found that ozone collects in the cold
nightside cyclones, where it is transported from the dayside by the atmospheric circulation and
removed from photolysis by the star’s radiation. Chen, Wolf, Kopparapu, Domagal-Goldman,
and Horton (2018) likewise found spatial variations in abundances of atmospheric species,
particularly between the dayside and nightside. These 3-D effects are beyond the capabilities
of 1-D atmospheric models to simulate and indicate that predictions made by the latter may
be sufficiently inaccurate to make atmospheric retrievals impossible.

Understanding horizontal transport is particularly important because the 3-D spatial distri-
bution of light-scattering aerosols (clouds and hazes) in an atmosphere profoundly impacts
transmission spectroscopy by “flattening” the spectrum (Barstow, 2021; Dymont, Yu, Ohno,
Zhang, & Fortney, 2021; Gao, Wakeford, Moran, & Parmentier, 2021). In a flat spectrum, the
transit depth is uniform across all wavelengths, making it impossible to infer the presence of
chemical species based on absorption features. Flat or near-flat spectra have been obtained
for GJ 486 b (Moran et al., 2023), TRAPPIST-1 b, e, and f (Krishnamurthy et al., 2021),
TRAPPIST-1 h (Garcia et al., 2022), GJ 436 b (Knutson, Benneke, Deming, & Homeier,
2014), GJ 1214 b (Bean et al., 2011; Berta et al., 2012; Kempton et al., 2023; Kreidberg
et al., 2014), WASP-29 b (Gibson et al., 2013), GJ 1132 b (Libby-Roberts et al., 2022), L98-
59 b (Damiano et al., 2022), GJ 3470 b (Crossfield, Barman, Hansen, & Howard, 2013), HD
189733 b (Pont, Knutson, Gilliland, Moutou, & Charbonneau, 2008), Kepler 51 b and d (Libby-
Roberts et al., 2020), among others—planets which range from hot Jupiters to warm Neptune-
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sized gas dwarfs to sub-Earth-sized rocky worlds. Featureless spectra could be caused by
the lack of an atmosphere, a heavy mean molecular weight atmosphere, a cloudy or hazy
atmosphere, or insufficient instrument resolution. Distinguishing between these scenarios
requires improvements in modelling and interpretation as well as observational techniques
and instrumentation.

An advantage of 3-D models over their 1-D counterparts is the ability to predict the spatial
distribution of clouds and hazes. For example, while clouds are likely to flatten transmission
spectra on water-rich planets (Komacek, Fauchez, Wolf, & Abbot, 2020; Suissa et al., 2020),
their concentration in the substellar region of tidally locked planets (J. Yang, Cowan, & Abbot,
2013) could allow for clear terminators on some planets at least some of the time. Terminator
asymmetry predicted by 3-D models (Parmentier et al., 2013; Song & Yang, 2021; Steinrueck
et al., 2021), with one terminator clearer than the other, may speak for separating data from the
leading and trailing limb in analysis. Novel analytical techniques such as transmission strings
(Grant & Wakeford, 2023) and eclipse mapping (Rauscher et al., 2007; Williams, Charbon-
neau, Cooper, Showman, & Fortney, 2006) are also beginning to produce 3-D information,
which requires models to interpret. Ultimately, teasing out insights from featureless transmis-
sion spectra requires a more sophisticated 3-D understanding of exoplanet atmospheres and
the incorporation of this understanding into atmospheric retrievals and interpretation of data.

1.4 Thesis structure

In this thesis, | study the 4-D (spatial and temporal) distribution of the atmospheric tracers of
water vapour, clouds, and photochemical haze particles in general circulation model sim-
ulations of Earth-like tidally locked exoplanets. My focus falls particularly on global-scale
atmospheric waves, including Rossby waves and gravity waves, which can only be simulated
in 3-D models. These waves can affect the spatial distribution and temporal variability of
atmospheric species, both directly through advection and indirectly through their impact on
the general circulation of the planet.

In Chapter 2, | describe a stratospheric oscillation in wind direction and water vapour abund-
ance on a tidally locked M-Earth. The oscillation is analogous to the quasi-biennial oscillation
on Earth and is driven by gravity waves generated by convection on the planet’s dayside.
Simulated transit spectra show that for an Earth-like planet, the amplitude of the oscillation
is too small to detect with current instruments. However, the dynamical mechanism driving
the variability is not specific to rocky planets, and in fact analogous oscillations have been
observed on Jupiter and Saturn. Such an oscillation could be observable on a gas giant. My
study investigates differences between this phenomenon and Earth’s quasi-biennial oscillation
attributable specifically to the tidally locked orbital configuration.
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In Chapter 3, | describe a periodic variation in cloud cover at the planetary limb of an Earth-
like planet caused by a shift in the location of the stationary Rossby gyres characteristic of a
tidally locked planet circulation. This oscillation is caused by corresponding variations in cloud
cover at the substellar point, which affect the zonal wind speeds throughout the planet and
therefore the phase speed and longitudinal location of the stationary Rossby waves. Simulated
transmission spectra show a regular increase and decrease in the transit depths of specific
absorption features with the same period as the cloud cover and Rossby wave oscillation. For
some select planets, this oscillation could cause periods of low- to no cloud at the planetary
limb, though there is no way to predict in advance when these will occur.

In Chapter 4, | study the impact of planetary rotation rate on the spatial distribution of photo-
chemical haze particles on tidally locked planets. My parameter space of 32 rotation periods
and two planets shows that the general circulation falls into three regimes: banded, double
jet, and single jet, in agreement with previous studies. | find that the banded regime results in
very high haze amounts throughout the planet, the double jet regime results in haze collected
mainly within the stationary Rossby gyres, and the single jet regime results in both haze
collection in the gyres and a high haze layer kept aloft by the increasing dominance of the
overturning element of the circulation. These findings can help guide future observing target
choices as well as haze parameterisations in 1-D forward models in atmospheric retrievals.



Chapter 2

Longitudinally asymmetric
stratospheric oscillation on a tidally
locked exoplanet

(Author contributions: This work has been published in Cohen et al. (2022). | ran the
simulations, performed the analysis, and wrote the paper. Massimo Bollasina and Paul Palmer
supervised the work and edited the text. Denis Sergeev, lan Boutle, Nathan Mayne, and
James Manners contributed to development of the model and provided feedback on the text.)

2.1 Introduction

Rocky planets orbiting M-class stars have become a prime target for exoplanet research due
to their prevalence and potential habitability (Heath et al., 1999; R. K. Kopparapu, 2013; Scalo
etal., 2007; Schwieterman et al., 2018; Wandel, 2018; J.-Y. Yang et al., 2020). As the habitable
zones (HZ) of cool M stars are found close to the host star, planets within the HZ have a
high chance of being tidally locked (Barnes, 2017; Pierrehumbert & Hammond, 2019). These
planets receive stellar irradiation on only one hemisphere, an orbital configuration not found
for planets in the solar system, which has a substantial impact on the planet’s atmospheric
dynamics and chemistry.

An accurate understanding of atmospheric dynamics is important both to assessing the the-
oretical habitability of tidally locked rocky planets and interpreting observations. Theoretical
studies of tidally locked rocky exoplanets have used 3-D atmospheric general circulation
models (GCMs) to explore their possible atmospheric dynamics and climate states (Boutle
et al., 2017; Koll & Abbot, 2016; Komacek & Abbot, 2019; Wolf, 2017). A key finding of
GCM studies is that tidally locked planets within the HZ of M-class stars can retain temperate
climates in spite of their uneven thermal forcing as a result of winds redistributing heat from
their hot daysides to their cold nightsides (Joshi et al., 1997; Merlis & Schneider, 2010;
Pierrehumbert & Hammond, 2019; Wordsworth, 2015). The day-night temperature gradient
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of a tidally locked exoplanet has already been observed for some hot Jupiters (Komacek,
Showman, & Tan, 2017; Wong et al., 2021), and even for a rocky planet (Demory et al., 2016).
However, most past studies have examined mean climate states, masking time-dependent
phenomena which may impact observations by upcoming instruments such as the James
Webb Space Telescope’s Near Infrared Spectrograph (NIRSpec) (Molliére et al., 2017; Morley,
Kreidberg, Rustamkulov, Robinson, & Fortney, 2017) and the ESA Atmospheric Remote-
sensing Infrared Exoplanet Large-survey mission (Tinetti et al., 2018; Venot et al., 2018). As
observations are performed in a narrow time window, modes of variability with long periods
such as analogues of the Earth’s quasi-biennial oscillation (QBO) may result in observed
temperatures or abundances that differ by an order of magnitude or more from predictions
based on mean GCM states. Other studies have used GCMs, coupled with synthetic planetary
spectrum generators, to simulate observations of transmission spectroscopy for transiting
exoplanets (G. N. Arney et al., 2017; Boutle et al., 2020; Lines et al., 2018; May, Taylor,
Komacek, Line, & Parmentier, 2021; Suissa et al., 2020), enhancing the value of these models
as an aid to interpreting observational data (Brogi et al., 2016; Louden & Wheatley, 2015).
However, gaps in our understanding of the physics driving atmospheric phenomena on tidally
locked planets, partly driven by differences in model structure and parameterisations (Fauchez
et al., 2022; Sergeev, Fauchez, et al., 2022; Sergeev et al., 2020; Turbet et al., 2022), may
cause misinterpretations of atmospheric observations.

Global 3-D models of tidally locked planets exhibit an area of deep convection around the
substellar point (Hammond & Lewis, 2021; R. k. Kopparapu et al., 2016; J. Yang et al., 2013),
leading to permanent cloud cover and heavy precipitation in this region (Boutle et al., 2017;
Labonté & Merlis, 2020; Sergeev et al., 2020; J. Yang et al., 2013). The tropospheric and
stratospheric circulation is characterised by stationary Rossby waves of zonal wavenumber 1
induced by the day-night thermal forcing (Carone et al., 2018; Hammond & Lewis, 2021; Merlis
& Schneider, 2010; A. P. Showman & Polvani, 2011). These waves have been identified as a
driving source of the superrotating equatorial jets that develop in tidally locked simulations
of both Earth-like planets and hot Jupiters (Debras, Mayne, Baraffe, Goffrey, & Thuburn,
2019; Debras et al., 2020; A. P. Showman & Polvani, 2010, 2011; Tsai, Dobbs-Dixon, & Gu,
2014). The jets are associated with two pairs of cyclones-anticyclones: one pair forms in the
northern hemisphere, rotating clockwise on the dayside and anticlockwise on the nightside,
while the other pair forms in the southern hemisphere and rotates in the opposite directions.
The cyclones contribute a zonal wind vector component near the equator that points westward
in the substellar region and eastward in the antistellar region. This results in a background flow
which is more eastward on the nightside than on the dayside, a pattern that holds true in both
the troposphere and the stratosphere. The day-night thermal forcing additionally creates a
region of rising air on the dayside and subsiding air on the nightside (Hammond & Lewis,
2021; Joshi et al., 1997).
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In the theory of the QBO, the background flow determines the structure of the oscillation. On
Earth, the stratospheric zonal wind forms a pattern of vertically stacked jets flowing in opposite
directions. The pattern propagates downwards from roughly 20 —40 km at a speed of 1 km per
month such that the wind direction at a given height reverses over time with a mean periodicity
of 26 — 28 months, with substantial variation from cycle to cycle (Braesicke, 2015; Dunkerton,
Anstey, & Gray, 2015). The oscillation of the zonal wind is accompanied by oscillations in
air temperature and trace gases. The basic mechanism driving the QBO was described by
Lindzen and Holton (1968) and Plumb (1977) and reproduced in a laboratory setting by Plumb
and McEwan (1978). The minimum requirements for the QBO to occur are a background flow
that is a function of altitude and at least two gravity waves propagating in opposite directions
horizontally, as well as upwards vertically (Plumb, 1977). An eastward propagating gravity
wave will travel upwards until it encounters an eastward perturbation in the background flow,
where it is absorbed, accelerating the flow in the eastward direction. Westward propagating
waves pass through this area of eastward flow until they reach a westward perturbation
and are absorbed in turn. The resulting pattern of stacked jets propagates downwards over
time as the bottom of each shear zone is accelerated and the lowest jet dissipates due
to viscous diffusion (Dunkerton et al., 2015; Plumb, 1977). Although equatorially trapped
Rossby and Kelvin waves were originally believed to contribute the necessary momentum
flux, it has been estimated that anywhere from 25 — 80% of the momentum flux driving the
QBO is provided by convectively generated gravity waves, with more recent work tending
towards higher percentages (Alexander & Holton, 1997; Dunkerton, 1997; Ern & Preusse,
2009; Evan, Alexander, & Dudhia, 2012; Lane, 2015; Piani, Durran, Alexander, & Holton,
2000). Gravity waves are generated when the forces of gravity or buoyancy react against
vertical perturbations in a fluid medium. The waves travel internally within the fluid until they
are absorbed at critical levels where the velocity of the background flow is comparable to the
wave’s horizontal phase speed (Booker & Bretherton, 1967), making the planet’s mean flow
an important element in the phenomenon.

Here, | describe the first reported simulation of a stratospheric oscillation, analogous to the
QBO on Earth, on a tidally locked planet with an Earth-like atmospheric composition. This
new stratospheric oscillation consists of periodic reversals in the direction of the zonal wind,
an associated cooling and warming of the equatorial atmosphere, and fluctuations in the
stratospheric water vapour content. While analogous to the QBO in its causal mechanism, the
oscillation displays longitudinal asymmetries arising directly from the planet’s tidally locked
state. Accordingly, | refer to the oscillation on a tidally locked planet as a longitudinally asym-
metric stratospheric oscillation (LASO) and reserve the term QBO for the phenomenon on
Earth. To put my results into context, throughout the paper | compare and contrast key features
of the tidally locked LASO with the QBO on Earth (Baldwin et al., 2001).
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Section 2.2 describes the global 3-D model | use to describe atmospheric dynamics on a
tidally locked planet, the metrics | use to characterize the LASO, and the radiative transfer
model | use to simulate JWST observations of the fluctuations in atmospheric water vapour
content caused by the LASO. Section 2.3 describes the mechanism underpinning the LASO
and characteristics of the LASO that differ from those of the QBO. | also consider the effect of
LASO-related water vapour fluctuations on transit observations. In Section 2.4 | discuss the
implications of the LASO for future spectral atmospheric observations and the sensitivity of
the LASO to differences in sub-grid scale model parameterisations. | conclude the paper in
Section 2.5.

2.2 Methods

2.2.1 Model description

| use the Global Atmosphere 7.0 configuration of the Met Office Unified Model to simulate the
atmosphere of a tidally locked Earth-like exoplanet, nominally Proxima Centauri b (Walters
et al., 2019). For brevity, | provide a basic description of the model and refer the reader to
Mayne, Baraffe, Acreman, Smith, Wood, et al. (2014), Boutle et al. (2017), and Sergeev et al.
(2020) for more details.

| run the model at a horizontal resolution of 2° latitude by 2.5° longitude, and with 60 vertical
levels from the surface to up to 85 km (Table 2.1). The atmospheric levels are identical to
those in Boutle et al. (2017) up to 38 km. The remaining 47 km are accounted for by an
additional 22 levels. Table 2.2 shows the orbital and planetary parameters used in this study,
following Boutle et al. (2017), with data taken from Anglada-Escudé et al. (2016) and Turbet
et al. (2016). Proxima Centauri b is simulated as an aquaplanet with a slab ocean (Frierson,
Held, & Zurita-Gotor, 2006), with a heat capacity of 107 J K~! m~2 representing a mixing
layer of 2.4 m. | specify an atmospheric composition of 100 % nitrogen with a trace fixed CO,
abundance of 5.941 x 10~%kgkg~!. The model includes interactive water vapour and a full
water cycle with unlimited evaporation from the slab ocean, precipitation in the liquid and ice
phases, and a cloud scheme. The stellar spectrum for Proxima Centauri was taken from BT-
Settl (Rajpurohit et al., 2013) with 7, sy = 3000 K, g= 1000ms 2, and metallicity = 0.3 dex. The
star is treated as quiescent. | spin up the model for 900 Earth days from an equilibrium state
taken from a previous run of the Proxima Centauri b model. The simulation was determined
to be in equilibrium when the incoming and outgoing radiation at top-of-atmosphere were
balanced, evaporation balanced precipitation in the global mean, and the surface temperature
no longer showed a long-term upward or downward trend. The experiments | report were run
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Level 1 2 3 4 5 6 7 8 9 10
Height (m) 10.0 49.9 130.0 249.99 410.0 610.0 849.9 1129.9 14499 1810.0
Level 11 12 13 14 15 16 17 18 19 20
Height (m) 2209.9 2650.0 3129.9 3650.0 4210.0 4810.0 54499 61299 6849.9 7609.9
Level 21 22 23 24 25 26 27 28 29 30
Height (m) 8409.9 9249.9 10130.0 11050.0 12001.0 13001.0 14050.0 15130.0 16250.0 17410.0
Level 31 32 33 34 35 36 37 38 39 40
Height (m) 18590.0 19770.1 20950.3 22131.3 23313.9 24499.5 25690.3 26889.2 28100.2 29328.5
Level 41 42 43 44 45 46 47 48 49 50
Height (m) 30580.3 31863.4 33186.9 34562.1 36001.5 37520.0 39134.3 40863.5 42729.0 44754.9
Level 51 52 53 54 55 56 57 58 59 60

Height (m) 46967.7 49396.9 52074.8 55036.7 58321.5 61971.1 66030.9 70550.2 75581.7 811824

Table 2.1: Vertical levels and heights (layer centres) used in the Unified Model to describe the
atmospheric dynamics of an Earth-like tidally locked Proxima Centauri b.

Parameter Value
Semi-major axis (AU) 0.0485
Stellar irradiance (W m~2) 881.7
Orbital period (Earth days) 11.186
Rotation speed (rad s~ !) 6.501x107°
Eccentricity (+) 0

Obliquity (-) 0

Radius (km) 7160

Acceleration due to gravity (ms—2) 10.9

Table 2.2: Simulation parameters used to describe an Earth-like tidally locked Proxima
Centauri b.

for 1800 Earth days in total, and | analysed a sampling period of 900 days after equilibrium,
which is long enough to include multiple oscillations. | define the substellar point to be 0°
longitude and latitude. The antistellar point is located at 180° longitude and the eastern and
western terminators at 90°E and 90°W, respectively. Hereafter, days refer to Earth days.

Earth GCMs typically require both resolved and parameterised waves to generate a QBO
(Garfinkel et al., 2021). Past studies have shown that the Unified Model can reproduce a real-
istic oscillation (Scaife et al., 2000; Scaife, Butchart, Warner, & Swinbank, 2002). The model
can sustain resolved long wavelength gravity waves and inertio-gravity waves generated by
physical and numerical imbalances in the flow (as discussed in Section 2.3). The model also
includes a sub-grid scale non-orographic gravity wave parametrisation (A. C. Bushell et al.,
2015; Warner & Mclintyre, 1996, 2001). Within this parameterisation, an unsaturated spectrum
of gravity waves is launched near the surface and carries a vertical flux of horizontal wave
pseudo-momentum upwards in equal amounts towards the north, south, east, and west.
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Upward-propagating flux is diminished by Doppler modification and density amplification.
Wave pseudo-momentum is conserved by an opaque model lid which sets the outgoing flux
to zero (A. Bushell, 2021). The scheme includes a scale factor for the vertical flux and a
characteristic (spectrum peak) wavelength which must be tuned to the vertical resolution of the
model to achieve a QBO. | use a factor enhancement for the vertical flux of horizontal pseudo-
momentum of 1.2 and a characteristic wavelength of 4.3 km with model level heights shown in
Table 2.1. These are the standard values used in the GA 7.0 for Earth with the model levels in
Table 2.1 and | retain them in order to simulate Proxima Centauri b as an Earth-like planet. The
gravity wave scheme can be run with two different gravity wave source locations: 1) a standard
scheme in which the gravity wave launch flux is globally invariant, distributed uniformly around
the model; and 2) an experimental scheme in which the gravity wave launch flux is determined
by local precipitation, developed based on an empirical correlation found between gravity
waves and precipitation on Earth (A. C. Bushell et al., 2015). A comparison of these two
gravity source locations in producing an accurate QBO did not show any preference for either
of them, with each source demonstrating some strengths and weaknesses (A. C. Bushell et
al., 2020). My study is based on the standard globally invariant source.

In addition to the control experiment described below, | performed a sensitivity run to under-
stand the influence of horizontal resolution by increasing it to 1° latitude by 1.25° longitude. |
performed a separate sensitivity test by decreasing the timestep from 20 to 2 minutes. To test
whether my results are robust against the location of the gravity wave source, | also ran the
experimental precipitation-dependent scheme described above and found comparable results.
| present more detailed results of these three sensitivity tests in Section 2.3.

2.2.2 Metrics used to characterise the LASO
Thermal wind equation

Holton and Hakim (2013) predict the amplitude of the QBO of temperature using the equatorial
beta plane form of the thermal wind equation:

_ o

o~ R @)
where u is the zonal mean zonal wind at the equator, R is the specific gas constant, H is
the atmospheric scale height, f = ?cos@ is the beta parameter at the equator (with Q the
planetary rotation rate in radians and r the planet’s radius), T is the zonal mean temperature
perturbation, and dy is the meridional scale of the oscillation. The mean zonal wind and
temperature satisfy thermal wind balance because the mean meridional and vertical motions
are comparatively small, and Holton and Hakim (2013) successfully derive the observed
amplitude of the temperature oscillation on Earth with this method.
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Gravity wave-induced acceleration

To confirm that the reversal in the direction of the stratospheric jets is caused by absorption
of gravity waves, | calculate the acceleration of the atmosphere in each model gridbox due to

gravity waves, F, as:
a(u'w")
dz

where i’ is the high-pass filtered zonal anomaly of the zonal wind, w’ is the time anomaly of the

F= (2.2)

vertical wind, and z is the height. This definition is adapted from the formulation of the wave
momentum flux described by Plumb (1977) and used in its original form by A. P. Showman,
Tan, and Zhang (2019) to identify shear transition zones between alternating jets.

| modified u’ to better describe the characteristic flow on a tidally locked planet. The zonal
anomaly is usually defined as the deviation of that quantity from its zonal mean and, in
a zonally symmetric baseline flow, identifies transient phenomena. However, tidally locked
planets lack zonal symmetry. The planet’s stationary Rossby waves skew the zonal anom-
aly so that it represents the Rossby waves rather than transient flows. To adapt «’ to this
asymmetrical background flow, | use a high-pass filter to remove the influence of waves with
zonal wavenumber less than 5 (i.e., long Rossby waves), following Sugimoto et al. (2021). The
remaining waves are resolved long wavelength gravity and inertio-gravity waves. Additionally,
the zonal anomaly of the vertical wind w would be impractical for identifying waves because
rising air on the dayside and subsiding air on the nightside cancel when a zonal mean is
calculated. | instead use the time anomaly to distinguish transient, wave-like fluctuations in
w from the background. The resulting metric identifies wave-induced acceleration caused by
resolved gravity and inertio-gravity waves only.

Latitudinal extent

| expect that a QBO-like oscillation on an exoplanet may extend to higher latitudes than Earth’s
QBO, covering a larger portion of the terminators, which may affect transit spectroscopy. To
characterise the latitudinal extent L of the LASO, | use a formula derived by Haynes (1998)
for the latitudinal extent of the QBO:

C.1/4,ND )

L= (a) / (E) 72, (2.3)
where o is the frequency of time variation of the applied force, « is the radiative damping
rate, N is the buoyancy frequency, D is the depth scale of the force, and 3y is the meridional
gradient of the Coriolis parameter evaluated at the equator. The applied force refers to the
mechanical forcing of the oscillation by waves, the frequency of its time variation is equivalent
to the frequency of the oscillation, and the depth scale is the approximate vertical distance
between opposing jets in the vertical jet structure.
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Period

The period of the LASO is of interest because the duration of the temperature and atmospheric
composition oscillations may affect observations and in particular could cause discrepancies
between repeated observations of the same target exoplanet. | determine the period T of the
LASO using a wavelet analysis of the wind velocity time series at the altitude where the LASO
has its greatest amplitude. Following Plumb (1977), the period of the oscillation is inversely
proportional to the momentum flux: A

T = nﬁ, (2.4)

NOF

where k, é, N, i, and F are scaling factors for the wavenumber and phase speed of the
wave driving the oscillation, the buoyancy frequency, the thermal dissipation rate, and the
momentum flux, respectively. The parameter 1 is a dimensionless number that depends on
the specific details of the problem. In Plumb’s simple numerical model, the wavenumber and
phase speed of the waves can be specified, while in the real atmosphere the oscillation is
driven by a broad spectrum of waves whose constituents vary with location and time. However,
the inverse relationship between the period and the momentum flux at the lower boundary of
the QBO shear zone is also accepted to exist for the real QBO (Dunkerton et al., 2015). |
assume all other values are identical to those for Earth and focus on the impact of the wave
momentum flux £ on the period.

Lagrangian Rossby number

To understand how a tidally locked orbital configuration affects where gravity waves are gen-
erated on the planet | use the Lagrangian Rossby number, Ro'™, to identify resolved gravity
wave sources. Ro) is not an exclusive measure of gravity wave sources, but is often used
to detect unbalanced flows which give rise to gravity waves (Y.-L. Lin, 2007; Sugimoto et al.,
2021; F. Zhang, Koch, Davis, & Kaplan, 2000). It is defined as the ratio of the acceleration of
a parcel of air to the Coriolis acceleration and essentially measures the local departure from
geostrophy:
RoD) — | G+ vV |
flvwl 7

where vy, is the horizontal wind vector and f is the Coriolis parameter.

(2.5)

| modify Ro™) in several respects to adapt the metric to a slowly rotating planet. Following
Sugimoto et al. (2021), | disregard the local wind tendency term, %, and fix the value of f
near the equator (< +£10°) equal to f at 10° to extend the metric to cover the equatorial region.
As the slowly rotating Proxima Centauri b is not in geostrophic balance, the resulting values



2.2. Methods 22

of RoM) are very large. | normalise Ro'D) by dividing by the minimum value, which | consider
the baseline ageostrophy for my simulation. A larger value indicates a relative local increase
in imbalances in the flow. | also exclude the top five model levels and latitudes above +40° to
avoid interference from instability at the model top and poles.

2.2.3 NASA Planetary Spectrum Generator

To describe the spectrum of the atmospheric water vapour content that might be observed by
the James Webb Space Telescope’s NIRSpec instrument, | use the NASA Planetary Spec-
trum Generator (Villanueva, Smith, Protopapa, Faggi, & Mandell, 2018), publicly available
at https://psg.gsfc.nasa.gov/. The NIRSpec instrument has a range of 0.6 to 5.3 um,
covering water vapour features in the infrared at 1.4, 1.8, and 2.7 um, with spectral resolutions
(R) of 100, 1000, and 2700. As inputs to the PSG, | use the basic orbital, planetary, and stellar
parameters for the Proxima Centauri system, as well as pressure, temperature, altitude, H,O,
N5, and CO, data from my UM simulations. | generate a transit spectrum for each latitude at
both the eastern and western terminators (i.e., every 2° of latitude, for a total of 180 individual
spectra) and average the outputs to get a final spectrum, following Suissa et al. (2020).

2.3 Results

2.3.1 Climatology

| briefly summarise the basic climatology of the model, originally presented in Boutle et al.
(2017). The simulation develops a warm dayside with a maximum surface temperature of 290
K and a nightside characterised by cold traps between the equator and poles with a minimum
temperature of 150 K. The dayside of the planet is largely covered in clouds, primarily ice
clouds, up to about 15 km. The substellar region has an atmospheric humidity on the order of
10~* kg/kg near the surface and experiences deep convection, while the nightside is extremely
arid, with a water vapour content 2-3 orders of magnitude lower. The mean circulation is
consistent with the description in Section 2.1, exhibiting a cyclone-anticyclone pair in each of
the northern and southern hemispheres and a powerful eastward-flowing zonal equatorial jet
from about 20 to 30 km.

2.3.2 Longitudinally asymmetric stratospheric oscillation

Figure 2.1 shows the wind speed and temperature oscillations in my simulation of the at-
mosphere of the tidally locked Proxima Centauri b. The period of the LASO is much shorter
(5 — 6.5 months) than that of the QBO on Earth (26 — 28 months). There is also an asymmetry
between the dayside and nightside. Nightside zonal winds are more positive (eastward) than
dayside winds and have shorter westward phases. Consistent with the theory that describes
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the QBO, the dayside-nightside asymmetries in the mean planetary-scale circulation, in par-
ticular the dayside-nightside differences in wind speeds, are the primary factor responsible
for the asymmetry of the LASO. | find that the location of gravity wave sources also affects
the local flow. Figure 2.1c shows temperature fluctuations with a peak-to-peak amplitude of
~ 60 — 70 K, more than an order of magnitude larger than the variation of ~ 4 K associated
with the QBO (Dunkerton et al., 2015). This much larger oscillation can be explained by using
Equation 2.1. In my simulation, the equatorial mean vertical shear of the zonal mean zonal
wind between 30 — 55 km is 15 m s~! km~!. Using the values R = 297 J kg=' K™!, H =
6800 m, B = 1.8 x 10712 m~! s~!, and a meridional scale of 7500 km (60° on a planet of
radius 7160 km) taken from my simulation, Equation 2.1 predicts a temperature perturbation
of 35 K, which matches Figure 2.1 and a peak-to-peak amplitude of 60 — 70 K. The high wind
speeds in the stratosphere are the source of the higher vertical shear and greater temperature
oscillation compared to Earth. The relationship also depends on the 3 parameter, which will
have a smaller value for slowly rotating planets like Proxima Centauri b. However, as a slower
rotation also implies a larger meridional scale of the oscillation according to Equation 2.3,
these terms on the right-hand side partially counteract each other, and | expect the vertical
wind shear to have a greater effect than the rotation rate.

To confirm that the LASO is generated by the same physical mechanism as the QBO, |
calculated the wave-induced acceleration due to gravity waves and compared it to the change
in zonal wind direction over time. Where the oscillation is driven by gravity waves, the direction
of the acceleration caused by gravity waves should match the direction of the change in the
zonal wind throughout the vertical extent of the LASO. Figure 2.2a shows the filtered u’ field
with zonal wavenumbers smaller than 5 removed (Section 2.2.2). | find positive and negative
fluctuations in wind speeds due to resolved long wavelength gravity waves, with shear zones
at 30 km, 41 km, and 50 km that correspond to regions where the flow changes direction.
Waves with a leftward tilt correspond to westward-propagating modes and those with a a
rightward tilt correspond to eastward-propagating modes. The band of reduced u intensity
between 15 km and 30 km corresponds to the permanent superrotating equatorial jet in the
troposphere. Figure 2.2b shows the zonal mean gravity wave-induced acceleration calculated
using Equation 2.2 and averaged over 90 days, corresponding to approximately half of a LASO
cycle. The contour lines show the change in zonal wind speed over the same 90 days. Areas
of positive (negative) wind direction change match well with areas of gravity wave-induced
eastward (westward) acceleration. Regions below 25—30 km show little change in zonal wind
speeds and negligible gravity wave-induced acceleration.
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Figure 2.1: Hovmodller diagrams of a) dayside and b) nightside zonal mean equatorial winds
on the simulated planet and c) the absolute temperature anomaly at 40 km. The data are

sampled every six hours.
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Figure 2.2: a) Zonal wind anomalies at the equator as a function of altitude, with zonal
wavenumbers <5 removed, corresponding to a six-hour snapshot from simulation day 810
from the simulation sampling period. On the right is the zonal mean zonal wind on the same
day, showing that altitudes where zonal wind anomalies in the left plot intensify correspond to
shear zones where opposing jets meet. b) and ¢) Zonal mean wave-induced acceleration due
to gravity waves, overlaid with the change in zonal mean wind speeds. The values represent
90-day means from days 720 to 810 and 835 to 920 of the simulation sampling period. The two
plots show two different phases of the oscillation, with the maximum of eastward acceleration
shifting downward from 50-55 km to 45-50 km in this period.
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2.3.3 Latitudinal extent of LASO

The LASO extends to higher latitudes than the QBO on Earth. The latitudinal extent of the
QBO, defined here by the full width at half maximum of a Gaussian fit to the horizontal cross
section of the zonal wind at the height of the QBO maximum (Schenzinger, Osprey, Gray, &
Butchart, 2017), is roughly 15°S-15°N (Braesicke, 2015). Figure 2.3 shows that the LASO
extends from about 60°S—-60°N by this definition. As the LASO on a slowly rotating tidally
locked planet extends to higher latitudes, the oscillations in air temperature and in abundances
of atmospheric species will cover more of the terminators and potentially have a larger impact
on limb-averaged observations.

Previous work suggested that at higher latitudes the Coriolis force would counteract the
acceleration due to gravity waves, limiting the QBO to equatorial regions on the Earth (Lindzen
& Holton, 1968). Equation 2.3 gives a value for Earth of about Lg,,=10° (Baldwin et al.,
2001), which underestimates the actual extent of 15° (Dunkerton & Delisi, 1985) by ~ 33%.
| used spatial and temporal mean values from my simulation in Equation 2.3 as follows: the
frequency of the time variation of the applied force o = 6.4 x 1078 s~! for an oscillation of
period 6 months; the radiative damping rate o = 1.5 x 107° s~!; the buoyancy frequency
N =2.5x 1072 s~!; the depth scale of the force 10 km, and the meridional gradient of the
Coriolis force at the equator B = 1.8 x 107> m~! s~!. The Coriolis force on Proxima Centauri
b is an order of magnitude weaker than on Earth due to the planet’s slower rotational period
of 11.2 days (Q=6.5x107% rad/s). The calculation above gives a latitudinal extent of ~45°.
Scaling this value to account for the 33% underestimation gives the latitudinal range simulated
by the model. The broader extent of the LASO compared to the equatorial QBO agrees with
the description of slowly rotating tidally locked planets as ‘all tropics’ (A. P. Showman et al.,
2013). A LASO on a slow rotator may therefore have a larger impact on transit spectroscopy
than one on a more rapidly rotating planet.

2.3.4 Period of LASO

Another major difference between the LASO and the QBO is the period of oscillation. The
period of the QBO has a large variability, with a mean value of 26—28 months (Braesicke,
2015). My calculations show that the LASO in my simulation of Proxima Centauri b’s atmo-
sphere has a period of 5-6.5 months. The period of the QBO is not directly related to the
planet’s rotation rate (Plumb and McEwan (1978) and Eqn. 2.4). Because a tidally locked
planet does not rotate with respect to its star, the oscillation is also not related to seasonal
and annual variations. The shorter period of LASO instead implies stronger wave momentum
flux and wave-induced acceleration.
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Figure 2.3: Latitudinal extent of the LASO, described by simulation data at a resolution of six
hours.

On Earth, up to 80% of the QBO forcing originates from convectively generated gravity waves
(Lane, 2015). Figure 2.4 shows that deep convection in my simulation of Proxima Centauri b
occurs within an area of 30° of the substellar point. This area has the shape of a pointed
oval and is asymmetrical, with convection consistently more intense at the western edge
of the region. This region of deep convection is collocated with a gravity wave source (as
shown in Figure 2.6b). The accepted dependence of the QBO’s period on the gravity wave
momentum flux as expressed in Equation 2.4 is consistent with the conclusion that greater
wave momentum flux, driven by the intense convection, may account for the shorter period of
the LASO compared to the QBO on Earth. Accordingly, | find higher wind speeds in the LASO
than the QBO. The QBO has maximum eastward winds of 15 ms~! and maximum westward
winds of -30 ms~! (Dunkerton et al., 2015), while the LASO’s eastward wind speeds reach

100 ms~! and westward winds reach -75 ms—!.
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Figure 2.4: Deep convection indicator, averaged over a 30-day period (1: convection is
present in the gridbox; 0: not present). In the Unified Model, convection is diagnosed by
the surface buoyancy flux and an undilute parcel ascent from grid points where this flux is
positive. It is then categorised as deep if the parcel reaches neutral buoyancy above 2.5km
or the freezing level (whichever is higher), and if the vertical velocity is greater than 0.02ms ™!
within a layer at least 1.5km thick above the level of neutral buoyancy (Walters et al., 2019).

2.3.5 Longitudinal asymmetry of the LASO

The LASO exhibits longitudinal asymmetries that do not have an analogy on Earth. | show
below that this is related to underlying asymmetries in the steady-state atmospheric dynamics
of tidally locked planets and ultimately to the asymmetrical thermal forcing.

As described above, the emergence of the QBO is associated with gravity wave absorption at
critical layers in the atmosphere where the speed of the background flow is similar to the phase
speed of the wave, leading to wave breaking and the deposition of momentum. Longitudes and
heights where the background flow is faster will absorb faster gravity waves and experience
stronger acceleration, perpetuating the asymmetry. This accounts for the stronger nightside
eastward winds seen in Figure 2.1b, as the nightside experiences higher eastward winds due
to the Rossby wave contribution to the zonal wind, as well as for the height at which the LASO
has its maximum amplitude (41 km), which is also where the standing Rossby waves are most
intense.

The zonal wind does not change direction simultaneously at every longitude. Figure 2.5 shows
the temporal variations of the 41 km zonal wind along the equator at two phase transitions, one
from eastward to westward and the other from westward to eastward flow. In both transitions,
longitudes close to the western terminator transition first, in addition to exhibiting higher wind
speeds. Figure 2.5a shows that the westward winds begin to appear around 90°W on days
125-130, while other longitudes transition around days 135-140. The converse is also true
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(Figure 2.5b). Wind speeds are consistently highest at 90°—120°W. Close inspection also
shows that the antistellar point has a very weak westward phase, with wind speeds of only 5—

!'in some places, compared to 100-120 ms~! during the eastward phase. Periods of

10 ms™
westward flow at the antistellar point are comparatively brief. The weakness of the westward
phase here implies lower westward acceleration, which may be due to the absorption of
westward-propagating gravity waves before they travel around the planet to the nightside,
a lack of critical levels available to absorb westward-propagating modes, an asymmetry in the

underlying resolved gravity wave spectrum itself, or a combination of these mechanisms.

The amplitude of the LASO is largest at the western terminator and smallest at the antistellar
point (Figure 2.5). This pattern cannot be explained directly by the presence of Rossby waves
because the equatorial wind vector component contributed by the Rossby waves is larger at
the antistellar point than at the western terminator. A possible explanation for the greater amp-
litude and early phase switching of the oscillation at the western terminator is the presence
of a second gravity wave source in this region. The western terminator is a jet exit region
where both stratospheric and tropospheric jets decrease rapidly in speed. The steep gradient
in wind speeds is caused by the convergence of the two opposing wind vectors contributed
by the Rossby wave cyclone-anticyclone pair. Jet exit regions are well-known to be sources of
gravity waves (Plougonven & Zhang, 2014). To investigate further, | calculated the Lagrangian
Rossby number (Egn. 2.5).

Figure 2.6a shows that at 41 km, where the LASO reaches its maximum amplitude, a strong
gravity wave source is present at the western terminator. In the troposphere, unbalanced
flows are found in the region of deep convection (Figure 2.6b and Figure 2.4). The equatorial
altitude-longitude cross-section (Figure 2.6c) confirms that areas of instability that can gen-
erate gravity waves occur preferentially westward of the substellar point in the troposphere
and around the western terminator in the lower stratosphere. To link wave acceleration to the
jet exit region, Figure 2.6d shows the gravity wave-induced acceleration at the equator (as
calculated in Figure 2.2), overlaid with the zonal wind. The strongest acceleration is found
at the jet exit region for both the tropospheric and the lowest stratospheric jets between 20—
45 km. The western terminator both generates gravity waves due to the slowing of the jet
speeds in this region and also absorbs high-energy gravity waves because this is where the
critical levels exhibit the highest wind speeds. The result is a particularly unstable region
where zonal winds reverse earlier than elsewhere and may oscillate back and forth in shorter
time periods, as seen in Figure 2.5a between 125-145 days and 120°-90°W.
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(b) Transition from westward to eastward at 41 km

Figure 2.5: Equatorial zonal wind speeds at 41 km over two 40-day periods, determined by
six-hourly simulation data. The top panel shows the transition from eastward to westward
winds and the bottom panel shows the transition from westward to eastward winds. Plots are
centred on the antistellar point to highlight the tendency to resist westward flow in this region.
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Figure 2.6: The Lagrangian Rossby number, normalised by its minimum value in the dataset
and averaged over the same 30-day period shown in Figure 2.4, at a) 41 km and b) 8 km,
and c) the corresponding height-longitude cross-section at the equator. | exclude the top five
model levels and the high latitudes to avoid including model instability at the model top and
poles. d) The height-longitude cross-section of gravity wave-induced acceleration over the
same time period as Figure 2.2, overlaid with the 90-day time-mean zonal wind as contour
lines.
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Figure 2.7: Schematic diagram of the location and interaction of Rossby waves, equatorial
jets, and gravity wave sources. The perspective is looking downward from the north pole. The
lighter side of the sphere is the dayside and the darker is the nightside. Red (blue) arrows
indicate eastward (westward) air flow, with larger arrows representing faster wind speeds.
Black spirals represent Rossby waves. The star symbol indicates gravity wave sources.
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In summary, as discussed above, the LASO is shaped by interactions between multiple com-
ponents of the circulation typical of tidally locked planets. Figure 2.7 shows a schematic
illustration of the interplay between standing Rossby waves, the superrotating tropospheric jet,
and the resolved gravity wave sources in the substellar region and at the western terminators.
The diagram represents the mean circulation generated with the standard, globally invariant
parameterised gravity wave source.

2.3.6 Atmospheric water vapour oscillations

On Earth, the oscillation of the zonal wind direction is associated with variations in the amount
of atmospheric water vapour of the order of +10% (Randel, Wu, Russell, Roche, & Waters,
1998; T. Wang, Zhang, Hannachi, Hirooka, & Hegglin, 2020). An analogous oscillation on
exoplanets is of interest because large fluctuations in atmospheric water vapour may be
observable. In my simulations, specific humidity at 41 km varies about +=50% on average,
with peak oscillations up to 200% of the mean. This results in oscillations with minimum and
maximum values that can differ by an order of magnitude.
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To test whether a fluctuation of this magnitude would be detectable, | generated synthetic
planetary spectra as observed by the NIRSpec instrument aboard JWST for the above max-
imum and minimum water vapour concentrations. As shown in Figure 2.8, the relative transit
depths of the water vapour absorption line at 2.8 um differ by approximately 0.13 ppm. The
baseline relative transit depths calculated by the PSG for the water vapour absorption lines in
my simulation are 5-10 ppm, so the difference amounts to 1 —2%. These transit depths and
fluctuations are too small to be observable for an Earth-sized planet like Proxima Centauri
b, but as QBO-like phenomena have also been detected on Jupiter and Saturn in the solar
system (Leovy, Friedson, & Orton, 1991; Orton et al., 1991; A. P. Showman et al., 2019),
a LASO could occur on a larger planet with greater potential for observation. This could be
particularly important for short-period, potentially tidally locked, super-Earth or mini-Neptune-
type planets detected by missions such as the Transiting Exoplanet Survey Satellite (see
Bluhm et al. (2021) for a recent example). A future telescope concept such as NASA’s Large
Ultraviolet Optical Infrared Surveyor (LUVOIR) may have sufficient sensitivity to detect water
vapour absorption lines for terrestrial exoplanets, but the small size of the fluctuation indicates
that choice of target will still be paramount for detection of a LASO or QBO-like oscillation.

2.3.7 Sensitivity tests

| performed three sensitivity tests: one with a horizontal resolution of 1° latitude by 1.25° lon-
gitude (double the resolution of the control simulation), one with a timestep of 2 minutes (com-
pared to 20 minutes for the control), and one with the precipitation-dependent parameterised
gravity wave source described in Section 2.2, which localises the launch of parameterised
gravity waves in the substellar region. Table 2.3 summarises the results in comparison to the
control simulation, showing that the sensitivity tests do not significantly impact my findings.
The mean period ranges from 5 — 6.7 months, which compares favourably to the control
simulation’s mean of 6 months and range of 5 — 6.5 months. | did not observe significant
differences in the latitudinal extent or amplitude of the oscillation of the zonal wind. The vertical
wind shear is noticeably less in the 1°x1.25° simulation, leading to a smaller temperature
oscillation of approximately 20K peak-to-peak, as predicted by Equation 2.1. All three tests
show longitudinal asymmetry in the zonal wind, with maximum wind speeds in the nightside
quadrant of 90W-180W and minima on the dayside between 0-90E. The localised gravity
wave source leads to only slightly greater asymmetry than the control simulation, in line
with the QBO theory that the existence and location of critical levels in the atmosphere (i.e.
the background flow) is more critical in shaping the oscillation than the location of gravity
wave sources. In contrast, longitudinal asymmetry is lower, though still present, in the short
timestep and especially the high resolution test. Qualitatively, both the short timestep and high
resolution tests also have a less regular structure, particularly at higher altitudes near the top
of the vertical extent of the oscillation.
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Figure 2.8: (a) Water vapour content averaged over 4S to 4N and 95W to 85W. The mean
specific humidity is 0.93 x 10~ kg/kg, with a maximum and minimum of 3.3 and 0.2 x 10~
kg/kg, respectively. (b) Difference in transit depths simulated at the maximum and minimum
of the oscillation, arrows highlighting water vapour absorption lines.

Simulation Mean period Max. east/west wind Latitudinal extent Mean long. asymmetry Mean wind shear
(months) at 41 km (m/s) ©) (m/s) (m/s/km)

Control 6 120/-50 60 65 15

Resolution 1°x1.25° 6.2 120/-60 60 28 5

Timestep 2 min 6.7 125/-50 60 47 15

Localised GW source 5 120/-50 60 71 11

Table 2.3: Results of three sensitivity runs compared to the control simulation. The mean
longitudinal asymmetry refers to the mean difference over the simulation time between the
maximum and minimum zonal wind speeds at the equator.
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2.4 Discussion

Using a global 3-D climate model | show that Earth-like tidally locked planets can exhibit
a longitudinally asymmetric stratospheric wind oscillation (LASO), analogous to the quasi-
biennial oscillation (QBO) on Earth. As QBO-like oscillations are also known to exist on
Jupiter and Saturn (Leovy et al., 1991; Orton et al., 1991; A. P. Showman et al., 2019), my
finding suggests a similar conclusion for gas giants. The LASO reported in my study has
implications for the climatology and observations of tidally locked exoplanets, as well as for
our understanding of GCM results.

2.4.1 Oscillations in meteorological and atmospheric composition

The QBO on Earth is responsible for oscillations in the abundance of many atmospheric spe-
cies, notably ozone and methane (Bowman, 1989; Huang et al., 2008; Li, Palmer, Pumphrey,
Bernath, & Mahieu, 2009; Randel et al., 1998). In this study, | have focused on the char-
acteristics and acceleration of the LASO. By including atmospheric chemical kinetics, future
work could also explore LASO-induced variations in species important for observations. For
example, Earth’s total ozone column fluctuates by +1 ppm (~ 4%) on the 26—28 month
timescale of the QBO. A variation of this magnitude is unlikely to be detectable with existing
instrumentation, but an ozone column oscillation may be larger in amplitude on a tidally locked
planet than on Earth, in line with my simulation results for water vapour. Studies of ozone
photochemistry on tidally locked planets (Chen et al., 2018; Yates et al., 2020) have also
shown that the planet’s nightside accumulates ozone in its cold traps, resulting in a zonally
asymmetrical ozone layer without analogy on Earth and high levels of ozone in one hemi-
sphere. Future work could explore how this tidally locked ozone chemistry would interact with
oscillations in dayside production of ozone through stratospheric photochemistry. In addition,
LASO-related temperature anomalies in my simulation reach 40-50 K (~ 25% deviation from
the mean), while the QBO of temperature on Earth is limited to 1-2 K (Tegtmeier et al.,
2020). Large variations in air temperature will also potentially affect measurements of thermal
emission spectra from the atmosphere.

2.4.2 Sensitivity to model parameterisations

Gravity wave parametrisation schemes and differences in ability to generate a QBO-like phe-
nomenon may account for some of the differences found in modelling studies of the same
exoplanet. For example, predicted nighttime surface temperatures for Proxima Centauri b
diverge by 50 K in different studies (e.g. Boutle et al. (2017); Turbet et al. (2016)), a dis-
crepancy that can only be partly explained by differences in stellar irradiation used by these
studies. Boutle et al. (2017) instead proposed that these temperature discrepancies could be
explained by differences in convection parameterizations and model resolutions, which affect
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the water vapour profile and consequently the dayside-nightside heat transport. Gravity wave
parameterisations likewise vary between models and Watkins and Cho (2010) have shown
that gravity waves can have a significant impact on the development of the background flow,
temperature, and heat redistribution from dayside to nightside on tidally locked planets. Gravity
waves can become trapped within jets and travel longitudinally from the gravity wave source
on the dayside until the jet speed develops a critical level where the wave can be absorbed
(Nappo, 2012; Pitteway & Hines, 1965). Differing gravity wave schemes may therefore res-
ult in different predictions for heat redistribution and dayside-nightside temperature contrast
(Watkins & Cho, 2010).

2.4.3 The importance of the western terminator for atmospheric dynamics

My results identify the western terminator as a region of particular complexity. At the equatorial
western terminator, the zonal wind components contributed by the standing Rossby waves on
the dayside and nightside meet and oppose each other. | have also shown in Figure 2.6 that
the western terminator is a jet exit region where the flow is unbalanced and internal gravity
waves are generated and locally reabsorbed. These factors lead to significant turbulence and
variability due to the interplay between these elements. As transit spectroscopy is expected
to be a key tool in constraining the composition of exoplanet atmospheres, understanding
the dynamics of the terminator regions of tidally locked planets is important to interpreting
the results of observational studies. If the time scale of an oscillation is longer than the
observing window, observers may view the planet in a low-temperature/high-temperature or
low-abundance/high-abundance phase of an oscillation. As | noted above, a LASO on a hot
Jupiter could be intense enough to be detectable. The high amplitude of the oscillation at the
western terminator, a critical region for transit spectroscopy, suggests that the LASO should
be studied on tidally locked hot Jupiters to determine its possible impact on observations.

2.4.4 Reproducibility using other GCMs

| have presented the first simulation of a QBO-like phenomenon on an exoplanet. Previous
exoplanet modelling studies have not observed stratospheric variability because of a prevail-
ing focus on mean climate states and the lower atmosphere, with only few exceptions (e.g.
Carone et al. (2018); Skinner and Cho (2022)). In addition, many Earth GCMs fail to generate
a realistic QBO. The Stratosphere-troposphere Processes and their Role in Climate (SPARC)
QBO initiative (QBOI), a systematic comparison of the performance of GCMs, including the
Met Office Unified Model, in reproducing a realistic QBO, found that only five out of 47 models
spontaneously generated a QBO (Butchart et al., 2018). Reproducing the LASO in another
tidally locked exoplanet GCM would be beneficial to evaluate the sensitivity of the simulation
results to factors such as the non-orographic gravity wave (NOGW) parameterisation. As part
of the SPARC QBOi, A. C. Bushell et al. (2020) compared the ability of 13 Earth GCMs
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to simulate a range of observed features of the QBO. Only one model, MIROC-AGCM-LL,
was able to generate a QBO with accelerations from resolved gravity waves only, and the
accuracy of this simulation was the lowest; all other models in the comparison required NOGW
parameterisation schemes to achieve a QBO. Across the models compared, 40 — 80% of the
wave forcing came from parameterised waves, with a mean of 70% and a value for the UM of
80%. This indicates that the gravity wave parameterisation scheme may have a large effect
on the amplitude and period of the simulated oscillation. The NOGW parameterisation used
in the Unified Model (Warner & Mclintyre, 1996) is the most common in the SPARC QBOi
comparison. A good GCM candidate for reproducing the LASO would be ExoCAM (Wolf,
Kopparapu, Hagg-Misra, & Fauchez, 2022), which uses components from the National Center
for Atmospheric Research Community Atmosphere Model 4 or 5 (CAM4/CAMS5) and from the
Community Earth System Model (CESM). A. C. Bushell et al. (2020) found that CAM5 run
with 60 atmospheric levels generated the overall most realistic QBO and CESM1 was on par
with the UM. Additionally, CAM5 and CESM1 use a different gravity wave parameterisation
than the UM, enhancing the value of the comparison.

2.5 Conclusion

Using a global 3-D general circulation model, | reported the discovery of a phenomenon
analogous to Earth’s quasi-biennial oscillation (QBO) in simulations of the atmosphere of an
Earth-like tidally locked planet, nominally Proxima Centauri b. As the phenomenon exhibits
asymmetries related to the tidal locking, | refer to it as the longitudinally asymmetric strato-
spheric oscillation (LASO). The LASO begins above the tropospheric equatorial superrotating
jet and extends vertically from roughly 35-55 km. It consists of a periodic reversal in the
direction of the zonal winds within this region, accompanied by oscillations in temperature.
| found the LASO in my simulation to have a latitudinal extent of + 60° and a period of
5-6.5 Earth months. The shorter period compared to its Earth counterpart is explained to
a first order by stronger wave driving from gravity wave generation in the deep convection
zone at the substellar point. | also identified a secondary gravity wave source in the jet exit
region at the western terminator. My analysis found that wind speeds in the LASO reach a
maximum at the western terminator and that reversals of direction at the western terminator
precede those at other longitudes. | further found that the antistellar point experiences a very
weak oscillation: zonal winds are preferentially eastward-flowing, with only brief and low-speed
westward phases.

My results highlight the significance of atmospheric variability in global 3-D simulations of
exoplanets and point towards a need for further studies to investigate this largely uncharted
territory. In this initial study, | focused on the characteristics and mechanism of the LASO
and did not explore the potential effect of oscillations in abundances of atmospheric species
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other than water vapour on exoplanet observations. Future work in this area could use a
3-D model with online atmospheric chemistry such as presented in Yates et al. (2020) to
explore such effects. While | performed sensitivity tests by varying the horizontal and temporal
resolution, | expect that the LASO’s fundamental dependence on the planet’s mean circulation
will make it sensitive to factors that alter the planet’s atmospheric dynamics, such as different
atmospheric compositions, the presence of land, and the planet’s rotation rate. On the Earth,
the QBO is also known to interact with other dynamical phenomena such as the semi-annual
oscillation, Madden-Julian oscillation (Martin et al., 2021), and polar vortex. | leave such
potential interactions between the LASO and similar sources of variability in the atmosphere
for future work.

As the body of observational data from exoplanets grows in the coming decades, my under-
standing of the parameter space for planetary climate states must grow with it. This parameter
space includes time-dependent atmospheric phenomena such as the one | describe in this
paper which, even if they are familiar features on Earth, will inevitably take new forms on tidally
locked planets. Characterisation of the sources and properties of atmospheric variability on
tidally locked exoplanets promises to refine our interpretations of observations and, in the
case of terrestrial planets, deepen our understanding of the Earth in the context of the larger
population of planets inside and outside the solar system.



Chapter 3

Traveling planetary-scale waves
cause cloud variability on tidally
locked aquaplanets

(Author contributions: This work has been published in Cohen, Bollasina, Sergeev, Palmer,
and Mayne (2023). | ran the simulations, performed the analysis, and wrote the paper. Massimo
Bollasina and Paul Palmer supervised the work and edited the text. Denis Sergeev and Nathan
Mayne contributed to development of the model and provided feedback on the text.)

3.1 Introduction

The capabilities of the James Webb Space Telescope (JWST) have raised the prospect of
characterizing the atmospheres of transiting exoplanets through transmission spectroscopy
(Beichman et al., 2014; Greene et al., 2016; Molliere et al., 2017). Particular interest has
focused on the characterization of rocky and temperate planets orbiting at distances from
their host stars that would allow liquid water to exist on their surfaces (Gialluca et al., 2021;
Morley et al., 2017). A number of terrestrial planets have been found in this range of orbital
distances, known as the habitable zone (J. F. Kasting et al., 1993), including the non-transiting
Proxima Centauri b (Anglada-Escudé et al., 2016) in orbit around the closest star to Earth,
Proxima Centauri, and three transiting planets in orbit around the star TRAPPIST-1 (Gillon et
al., 2017). These planets are thought to be tidally locked to their host stars as a result of their
close-in orbits (Barnes, 2017), and indeed tidally locked planets around M-dwarf stars may
be the most common type of potentially habitable planet (Dressing & Charbonneau, 2015;
R. K. Kopparapu, 2013).

A challenge for transmission spectroscopy of transiting exoplanets is the presence of clouds,
which mute spectroscopic features by scattering light isotropically at the level of the cloud deck
(Barstow, 2021; Helling, 2019). Clouds are believed to exist on multiple known exoplanets
(Burningham et al., 2021; Helling et al., 2021; Kreidberg et al., 2014). Modelling studies of

39
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the impact of clouds on the transmission spectra of water-rich rocky planets have indicated
that in most cases it would take anywhere from ten to hundreds of transits to detect atmo-
spheric absorption features using the JWST (Fauchez et al., 2019; Komacek et al., 2020;
Suissa et al., 2020). Available observations of the planets in the TRAPPIST-1 system have
ruled out hydrogen-rich primordial atmospheres for these planets (de Wit et al., 2016; Garcia
et al., 2022; Moran, 2018), but are unable to break the degeneracy between a cloud- or
aerosol-heavy atmosphere, a high molecular mean weight atmosphere, or the absence of
an atmosphere, although the JWST may be able to do so in future (Lustig-Yaeger, Meadows,
& Lincowski, 2019). Some work has offered brighter prospects of the detection of water vapor
on arid (icy) planets (Ding & Wordsworth, 2022) and found that stratospheric (as opposed to
tropospheric) clouds would not necessarily affect observations by the JWST (Doshi, Cowan,
& Huang, 2022). As water-rich planets are expected to form substantial cloud decks, this
limitation is a significant obstacle to the detection of atmospheric chemistry and potential
biosignatures on water-rich habitable worlds.

One possible avenue for characterizing water-rich planets is temporal variability in cloud cover.
Studies of exoplanet variability are extremely limited so far, but variable wind speeds may have
been detected on KELT-9b (Asnodkar et al., 2022) and variation in the offset of the peak of
the phase curve of HAT-P-7b was reported by Armstrong et al. (2016) and later disputed
by Lally and Vanderburg (2022). Some theoretical (Line & Parmentier, 2016; Powell et al.,
2019; Welbanks & Madhusudhan, 2022) and observational (Ehrenreich et al., 2020; Mikal-
Evans et al., 2022) studies have found that it may be possible to detect spatial variability in
cloud cover at the planetary terminators of large exoplanets. In a one-dimensional model, Tan
and Komacek (2019) found that cloud radiative feedback can drive atmospheric variability on
brown dwarfs and giant planets.Hochman et al. (2022) used a dynamical systems approach
to show that the climate of a tidally locked rocky planet was overall more sensitive to changes
in basic parameters (CO, partial pressure in their study) than that of Earth, noting that tidally
locked M-dwarf planets may have climate variability similar to Earth’s seasons even with zero
obliquity and eccentricity. Of most relevance, Song and Yang (2021) Fauchez et al. (2022),
and May et al. (2021) simulated the effect of cloud variability on transmission spectra and
atmospheric retrievals of TRAPPIST-1e. Song and Yang (2021) found both spatial asymmetry
in transit depths when comparing the eastern and western terminators and temporal variability
in the transmission spectra. In their study using the ExoCAM general circulation model, the
authors found no periodicity in the time series of transit depths. In May et al. (2021), general
circulation model simulations also performed with ExoCAM likewise exhibited cloud cover
variability at the planetary limb. The authors combined ten synthetic spectra randomly chosen
from a time series of 365 days of the planet’s climate and used the resulting composite
spectrum to retrieve atmospheric chemical abundances, finding that this did not result in
a difference compared to the use of non-variable spectra. However, May et al. (2021) did
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not study the cause of the cloud variability in their simulations or look for periodicities. An
understanding of the physics of cloud and climate variability is necessary to confirm that this
variability is not noise and to explain why different models predict vastly different degrees of
variability.

In this work, | describe a dynamical mechanism driving cloud and climate variability in the
atmospheres of moist tidally locked terrestrial exoplanets and investigate its impact on time
series of transmission spectra. In Section 3.2, | describe the general circulation model, sim-
ulation parameter space, and radiative transfer scheme for simulating transmission spectra.
In Section 3.3, | outline a feedback loop between cloud radiative effects, incoming stellar
radiation, and the dynamical state of the atmosphere that causes back-and-forth propagation
or shifting of planetary-scale (Rossby) waves and regular variations in cloud cover at the
planetary limb. | further discuss the interaction between the propagating Rossby gyres and
the dayside cloud structure and simulate time series for the water absorption feature at 1.4
um and the carbon dioxide feature at 2.7 um. My results support the findings of Song and
Yang (2021), May et al. (2021) and Fauchez et al. (2022) that cloud variability is unlikely
to affect JWST observations, except in specific cases where the cloud structure and wave
propagation may interact in a fortuitous way. In Section 3.4, | discuss my results in the context
of previous work on Rossby wave structures on tidally locked planets, as well as implications
of dynamical variability for the planetary climate and for observational practices. | conclude in
Section 3.5.

3.2 Methods

3.2.1 Model description

The simulations are based on the Global Atmosphere 7.0 (GA7) configuration of the Met Office
Unified Model (UM). Idealized versions of the UM have previously been used to simulate
hot Jupiters (Christie et al., 2021; Mayne, Baraffe, Acreman, Smith, Browning, et al., 2014;
Mayne et al., 2017; Zamyatina et al., 2023) and terrestrial planets (Boutle et al., 2017; Braam
et al., 2022; Eager-Nash et al., 2020; Sergeev, Lewis, et al., 2022). The model uses the
ENDGame (Even Newer Dynamics for General atmospheric modelling of the environment)
dynamical core to solve the non-hydrostatic, fully compressible, deep-atmosphere Navier-
Stokes equations (Wood et al., 2014). GA7 contains parameterizations for sub-grid scale
turbulence, convection, non-orographic gravity wave drag, boundary layer processes, precipit-
ation, and clouds. Radiative transfer is simulated using the SOCRATES (Suite Of Community
RAdiative Transfer codes based on Edwards and Slingo) community radiative transfer code.
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Parameter Control ProxB° Warm ProxB  Control TRAP-1e  Warm TRAP-1e Dry TRAP-1e
Semi-major axis (AU) 0.0485 0.0423 0.029 0.025 0.029
Stellar irradiance (W m~2) 881.7 1100.2 837.7 1392.9 837.7
Orbital period (Earth days) 11.2 9.2 6.1 4.2 6.1

Rotation speed (rad s~ 1) 6.501x107%  7.933x107® 1.192x107° 1.746x107° 1.192x107°
Eccentricity (-) 0 0 0 0 0

Obliquity (-) 0 0 0 0 0

Radius (km) 7160 7160 5797 5797 5797
Acceleration due to gravity (ms~2)  10.9 10.9 9.1 9.1 9.1

CO; (ppmv) 378 378 400 400 400
Number of levels (-) 60 60 39 39 39

Model top (km) 85 85 80 80 80

Table 3.1: Model parameters for all simulations

All simulations are run at a resolution of 2° latitude by 2.5° longitude. The substellar point
is defined to be at 0° longitude and latitude, while the antistellar point is located at 180°

longitude and the eastern and western terminators at 90°E and 90°W, respectively. “Days’
refers to Earth days throughout this work.

The UM has a fully prognostic cloud scheme, the Prognostic Cloud fraction and Prognostic
Condensate (PC2) scheme (Wilson, Bushell, Kerr-Munslow, Price, & Morcrette, 2008). The
scheme has three prognostic cloud fractions (liquid, ice, and mixed-phase), as well as water
vapor and liquid and frozen condensate. These prognostic variables are updated in incre-
ments by processes in the model, including advection, convection, and precipitation. The
column cloud fraction is determined by exponential random overlap. The moist atmosphere
configuration includes water vapor with evaporation and precipitation and an otherwise 100
% nitrogen atmosphere with fixed trace CO,. In the TRAPPIST-1 Habitable Atmosphere In-
tercomparison (THAI) (Sergeev, Fauchez, et al., 2022), the UM’s cloud scheme produced
a mean cloud fraction in the middle of the comparison (60 %), compared to the extremes
of the Laboratoire de Météorologie Dynamique - Generic model (LMD-G, at 28 %) and the
Resolving Orbital and Climate Keys of Earth and Extraterrestrial Environments with Dynamics
model (ROCKE-3D, at 77 %).

3.2.2 Simulation parameters

| performed five simulations:

1. A “control” moist Proxima Centauri b with planetary and orbital parameters as described
in Anglada-Escudé et al. (2016) (Control ProxB)

2. A “warm” moist Proxima Centauri b with planetary and orbital parameters correspond-
ing to the inner edge of Proxima Centauri’s habitable zone (Warm ProxB)

3. A “control” moist TRAPPIST-1e with planetary and orbital parameters as described in
Gillon et al. (2017) (Control TRAP-1¢e)

4, A “warm” moist TRAPPIST-1e with planetary and orbital parameters corresponding to
the inner edge of TRAPPIST-1’s habitable zone (Warm TRAP-1e)
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5. A “dry” TRAPPIST-1e atmosphere identical to the control case aside from the dry
atmosphere (Dry TRAP-1e)

Table 3.1 lists the values of the parameters varied between each simulation. These paramet-
ers were chosen to facilitate comparison with previous UM studies of the two planets. The
simulation set-up for Proxima Centauri b is based on Boutle et al. (2017) and Cohen et al.
(2022), using a model top of 85 km with 60 vertical levels, quadratically stretched to give
greater resolution near the surface. The planet is simulated with a slab ocean (Frierson et al.,
2006) which has a mixing depth of 2.4 m, representing a heat capacity of 10’ J K~! m~2.
The stellar spectrum for Proxima Centauri, modelled as a quiescent M-dwarf, was taken from
BT-Settl (Rajpurohit et al., 2013) with 7,7 = 3000 K, g= 1000ms 2, and metallicity = 0.3 dex.
The Proxima Centauri b simulations were spun up from an equilibrium state of a previous

simulation performed using the UM with the same configuration.

For TRAPPIST-1e, | use the simulation parameters of the TRAPPIST-1 Habitable Atmosphere
Intercomparison for both the dry and the moist atmosphere cases (Fauchez et al., 2021,
2022; Sergeev, Fauchez, et al., 2022; Turbet et al., 2022). In this instance, the models use 39
vertical levels with a top of 80 km. The planet’s surface in the moist case is a slab ocean with a
mixing layer of 1 m, representing a heat capacity of 4 x 10° J K=! m~2. The spectrum is taken
from BT-Settl (Rajpurohit et al., 2013) with 7,yr = 2600 K and Fe/H=0. The TRAPPIST-1e
simulations were spun up from an initial state of an isothermal (300K) dry atmosphere at rest
with zero winds, following the THAI protocol (Fauchez et al., 2020). Unlike in the THAI project,
my simulations were run with the UM’s gravity wave drag scheme switched on, resulting in
some differences in the wind structure.

All the simulations correspond to tidally locked planets. The Control ProxB, Warm ProxB,
Control TRAP-1e, and Dry TRAP-1e simulations were run until a balance between incoming
and outgoing radiation at top-of-atmosphere was achieved. Control ProxB, Warm ProxB, and
Control TRAP-1e ran for 6,000 days and the period from day 5,000 to 6,000 was sampled
for analysis. The Warm TRAP-1e simulation underwent a runaway greenhouse effect, with
convection reaching the model top after approximately 4,000 days. | sampled a 990-day period
(day 3,000 to the crash just before day 4,000) and include the results here to study the extreme
limit of the habitable zone and in particular the potential effect of cloud variability on observa-
tions of close-in rocky planets (Venus analogues). As the Dry TRAP-1e simulation achieved
radiative balance faster than the moist atmospheres, | ran the simulation for 4,000 days and
used the period from day 3,000 to 4,000 for analysis. In the results reported below,“day 10”
and similar formulations refer to the day of the sample period, not the day of the simulation.
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| performed one sensitivity test to investigate the effect of slab ocean depth on the period
and amplitude of the variability. The slab ocean could potentially affect atmospheric variability
because sea surface temperature is a direct forcing of the atmospheric circulation. | repeated
the Control TRAP-1e simulation with a 50 m slab ocean instead of 1.0 m. | found no significant
differences in the period and amplitude of the cloud cover oscillation described below and
negligible differences in the climatology.

3.2.3 NASA Planetary Spectrum Generator

| use the NASA Planetary Spectrum Generator (Villanueva et al., 2018), publicly available
at https://psg.gsfc.nasa.gov/ (PSG), to simulate time series of water vapor and car-
bon dioxide features of the four moist atmosphere simulations as observed by the JWST’s
NIRSpec (Near Infrared Spectrograph) instrument. | omit the dry case as it has no time-
varying atmospheric chemistry or clouds. The NIRSpec instrument’s range covers water vapor
features in the infrared at 1.4, 1.8, and 2.7 um, as well as CO, features at 2.1, 2.7, and 4.3
um (Ahrer et al., 2023). For each simulated atmosphere, | prescribe the orbital, planetary,
and stellar parameters shown in Table 3.1, together with the pressure, temperature, altitude,
H,O, N,, and CO, data from the UM. For the Proxima Centauri b simulations, the 85 km
model top was sulfficient for the PSG to calculate a spectrum, and | use only the model output
data. For the TRAPPIST-1e simulations, however, the 80 km model top was slightly too low to
enable the PSG to model the spectrum. | used the Met Office’s iris package’s built-in linear
extrapolation method to extend the temperature, H,O, ice cloud, liquid cloud, N, and CO,
profiles to one extra atmospheric level with an altitude of 85 km and half the pressure of the
layer immediately below (MetOffice, 2010). Previous works have used the PSG to generate a
spectrum for each grid box and averaged the spectra for a final output representing the signal
during transit (Komacek et al., 2020; May et al., 2021; Suissa et al., 2020). To reduce the
computational expense of simulating long time series for multiple simulations and absorption
features, | instead average the atmospheric values for each day around the limb first, generate
a transit spectrum for each day, and extract and plot the absorption features against time.

3.3 Results

3.3.1 Climatology

Boutle et al. (2017) and Sergeev et al. (2020) present a detailed climatology of Proxima
Centauri b as simulated by the UM. Similarly, a full description of the climatology of TRAPPIST-
1e as simulated by the UM with a dry and moist atmosphere is given in Turbet et al. (2022)
and Sergeev, Fauchez, et al. (2022), respectively. | give a brief overview of the equilibrium
climates of all five simulations here.
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Figure 3.1: Comparative climatology of the five simulations, showing (from left to right)
the vertical temperature profile at the substellar and antistellar point, the zonal mean zonal
wind, the vertical water vapor profile at the substellar and antistellar point, and the surface
temperature. From top row to bottom row: Control ProxB, Warm ProxB, Control TRAP-1e,
Warm TRAP-1e, Dry TRAP-1e. All values are 300-day means.
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Quantity Control ProxB Warm ProxB  Control TRAP-1e Warm TRAP-1e  Dry TRAP-1e
Mean air temperature (sub) (K) 2114 229.9 217.9 250.7 240.3
Max air temperature (sub) (K) 285.1 300.6 278.0 310.5 331.6
Min air temperature (sub) (K) 167.8 180.6 179.2 178.2 181.4
Mean air temperature (anti) (K) 201.6 220.6 210.4 246.3 2221
Max air temperature (anti) (K) 259.7 274.7 260.6 295.8 284.7
Min air temperature (anti) (K) 167.9 180.4 179.0 179.4 181.4
Mean zonal mean zonal wind (m/s)  17.1 18.4 15.6 25.2 -1.2
Max zonal mean zonal wind (m/s) 59.0 73.5 69.6 113.9 24.8
Min zonal mean zonal wind (m/s) -35.4 -24.3 -6.4 -17.4 -20.1
Mean specific humidity (sub) (kgrkg)  1.5x1073 4.9x1073 1.0x1073 10.5x1073 0
Max specific humidity (sub) (kg/kg) ~ 8.2x1073 21.0x1073  5.0x1073 34.5%x1073 0

Min specific humidity (sub) (kg/kg) ~ 0.5x1077 4.8x1077 0.1x1077 2.5x1077 0
Mean specific humidity (anti) (kg/kg) 0.4x107* 6.2x107* 0.6x107* 52.9x107* 0
Max specific humidity (anti) (kg/kg) ~ 3.0x10~* 33.9x107*  3.5x107* 171.8x1074 0

Min specific humidity (anti) (kg/kg) ~ 0.5x1077 5.3x1077 0.1x1077 2.4x1077 0
Mean surface temperature (K) 219.1 243.4 231.0 276.2 212.9
Max surface temperature (K) 286.3 301.8 281.6 312.3 342.5
Min surface temperature (K) 149.5 196.5 205.2 250.4 157.3

Table 3.2: Mean, maximum, and minimum values for each plot shown in Figure 3.1. Values are
given separately for the substellar and antistellar profiles of temperature and specific humidity.

Figure 3.1 shows the vertical temperature structure, zonal mean zonal wind, vertical humidity
profile, and the spatial distribution of surface temperature of each simulation. All simulations
display a nightside temperature inversion, although in the Warm TRAP-1e case it is very
small and the temperature profile is nearly identical on the dayside and nightside. The specific
humidity profiles are likewise consistent for Control ProxB, Warm ProxB, and Control TRAP-
1e, with much greater humidity on the dayside and an arid nightside. Only the Warm TRAP-
1e (incipient runaway) simulation has substantial humidity on the nightside. A comparison of
the zonal mean zonal wind of the Control vs. Warm ProxB and Control vs. Warm TRAP-1e
cases supports an increase in zonal wind speeds for planets orbiting closer in. The Proxima
Centauri b simulations have a broad equatorial jet in the troposphere and a series of ver-
tically stacked opposing jets in the stratosphere in a longitudinally asymmetric stratospheric
oscillation (LASO) as described in Chapter 2. In contrast, the Control and Warm TRAPPIST-
1e simulations form a mid-latitude tropospheric jet in each hemisphere. In these simulations,
unlike in the THAI project, the planet also generates a LASO in the equatorial region due to
the acceleration of the flow contributed by the gravity wave drag scheme.

The zonal mean zonal wind for the Dry TRAP-1e case differs from that reported in THAI
(Turbet et al., 2022) for the equivalent No-dominated atmosphere case. Turbet et al. (2022)
reported a stable state with two mid-latitude jets, while my result is a broad equatorial jet
more similar to that of Proxima Centauri b or the CO,-dominated atmosphere case in Turbet
et al. (2022). Recent work has shown that UM simulations of TRAPPIST1-e exhibit climate
bistability, with one stable dynamical state corresponding to an equatorial jet and the other
to two mid-latitude jets (Sergeev, Lewis, et al., 2022). It may be that the inclusion of gravity
waves, which affect the dynamical structure of the atmosphere and heat transport between
dayside and nightside, tipped this simulation into the equatorial jet state. Using a series of
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daily snapshots, | found that my Dry TRAP-1e simulation had considerably greater day-to-day
wind variability in the troposphere than the equivalent publicly available THAI Ben1 simulation
that lacked gravity waves. This increase in variability is likely due to non-linear interaction
between the gravity wave scheme and other elements of the circulation. The long-term mean
horizontal flow was, however, very similar between the two simulations, including the positions
of the Rossby gyres, with the primary difference being the lack of fast mid-latitude jets in the
mean. The zonal wind magnitude for the Dry TRAP-1e case is in line with that shown in Turbet
et al. (2022) and considerably less than that in the moist atmosphere cases. The tropospheric
jet structure influences the location and shifting of Rossby wave structures discussed below,
as the zonal wind magnitude is a component of the Rossby wave phase speed and Rossby
waves can be advected by the flow.

3.3.2 Wave oscillation and mechanism

All five simulations exhibit the presence of zonal wavenumber-1 Rossby waves. In all the
moist cases, these waves shift eastwards and westwards around an equilibrium position with
a regular period. The zonal wavenumber-1 Rossby wave response arises due to the spatially
periodic heating caused by irradiation of the permanent dayside of a tidally locked planet and
lack of irradiation of the nightside (Gill, 1980; Matsuno, 1966; A. P. Showman & Polvani, 2010,
2011). Dayside heating causes a region of wind divergence around the substellar point in
the upper atmosphere (Hammond & Lewis, 2021). A region of divergence superimposed on
an absolute vorticity gradient creates a Rossby wave source as described in Sardeshmukh
and Hoskins (1988) in the substellar region. Past work has reported that the eastward flow in
tidally locked planet simulations causes a phase shift in the zonal wavenumber-1 Rossby wave
response dependent on the long-term mean zonal wind speed (Hammond & Pierrehumbert,
2018; S. Wang & Yang, 2021). | observe this long-term mean phase shift in my simulations,
but find that in a time-resolved analysis, the wave response shift (i.e., location of the Rossby
minima and maxima) varies periodically. This wave oscillation induces regular cloud cover
drops at the eastern terminator in two of my simulations: Control ProxB and Warm ProxB.

The wave shift causes cloud cover variations in the Proxima Centauri b simulations and not the
TRAPPIST-1e simulations because the Rossby waves form in the mid-latitudes and therefore
interact with the substellar cloud. The gyres in Control ProxB and Warm ProxB are centered
around 45-60N/S and extend to nearly the poles and equator, while the substellar cloud region
reaches from 60S to 60N. In Control TRAP-1e, the eastern gyres are centered around 60-
70N/S, while the clouds only extend to roughly 30N/S: the latitude range of the gyres does
not overlap with that of the substellar cloud. In Warm TRAP-1e, the bulk of the cloud forms
higher up in the atmosphere and equatorwards of 15N/S, while the gyres are again located
at 60-70N/S. The latitudinal position of the gyres may be influenced by the position of the
zonal jets on the two planets. As seen in Figure 3.1, Proxima Centauri b’s equatorial jet
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Figure 3.2: Time-longitude diagrams of the mid-latitude (55 to 85N) averaged meridional
wind at an altitude of 2.96 km above the surface. Subplot f) also shows the low latitudes for
Dry TRAP-1e. Positive values correspond to northward flow, while negative values represent

southward flow.
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extends to about 55N/S, while the mid-latitude jets on TRAPPIST-1e extend further polewards
to approximately the latitude of the Rossby vortices. Previous work simulating TRAPPIST-1e
with the UM has also shown that the circulation of this planet can take on one of two regimes:
a single equatorial jet or two mid-latitude jets (Sergeeyv, Lewis, et al., 2022). This study found
that in the single equatorial jet regime, as in my Proxima Centauri b simulations, the gyres
form further equatorwards than in the double mid-latitude jet regime.

Figure 3.2 represents the waves as fluctuations in the mean mid-latitude meridional wind
at a height of 2.96 km. Investigation of the vertical vorticity profile and inspection of the eddy
rotational component at different atmospheric levels showed that the Rossby wave-associated
vorticity and wind speeds in the vertical region where clouds form are greatest at this height.
Accordingly, single-level plots in my results are shown at 2.96 km. Results for other levels are
qualitatively similar but typically of smaller magnitude. In Figure 3.2 a) to d), the longitudes at
which the mean meridional wind alternates between northward and southward represent the
longitudinal range of the oscillation in the moist atmosphere cases. The Dry TRAP-1e case is
shown in Figure 3.2 e) and f). As is visible in the long-term mean flow of Dry TRAP-1e depicted
in Figure 3.3 e), the western gyres in this simulation form at mid-to-high latitudes (60-90N/S),
while the eastern gyres form at low latitudes (0-45N/S). The latitude range chosen in Figure
3.2 e) includes the western gyres, which tend to propagate west, dissolve, and reform near
the substellar longitude, but occasionally also propagate eastwards or remain stationary. The
eastern gyres are always stationary: their longitudinal position can be seen at 90E in Figure
3.2 f). To understand the mechanism driving the moist oscillation, | analyzed and compared
the Control and Dry TRAP-1e simulations.

Figure 3.3 shows the wind pattern at 2.96 km for Control TRAP-1e and Dry TRAP-1e in the
long-term mean and at three different simulation times, chosen to correspond to the east-
ernmost, westernmost, and again easternmost location of the gyres in the Control TRAP-1e
simulation, covering a full cycle of motion. In the control simulation, Rossby gyres are clearly
visible in the northern and southern polar regions of the eastern hemisphere, for example
at 60N and 60-90E in Figure 3.3 b). These gyres propagate eastwards and westwards such
that the centers of the gyres shift from between 30-60E to 120-150E on an approximately 20-
day cycle, with a long-term mean position of 85E. A matching western pair is less apparent
due to interactions with other elements of the flow. In the dry simulation, the eastern gyres
form at lower latitudes and remain stationary, while the western gyres propagate exclusively
westwards, dissolve, and reform near the substellar longitude.

| explain the motion of the gyres using the theory of Rossby waves. Following e.g., Holton and
Hakim (2013) or Vallis (2017), the phase speed of travelling Rossby waves is given by:
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Figure 3.3: Long-term mean of the general circulation for Control TRAP-1e and Dry TRAP-
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where U is the zonal mean zonal wind speed, 8 is the Rossby parameter M (with Q the
planet’s rotation rate in radians/second, ¢ the latitude in radians, and r the planet’s radius),
and k and / are the zonal and meridional wavenumbers in units of m~!. The variable &, is
the wavenumber corresponding to the Rossby deformation radius Lid rather than the planet’s
radius, where L; is defined in quasigeostrophic theory as A}—f with N the Brunt-Vaiséla
frequency, H the scale height (6800 m for my simulations), and fy the Coriolis parameter
at a given latitude. This form of the Rossby wave phase velocity equation takes into account
vertical stratification and propagation within a GCM. For stationary Rossby waves such as
those in my simulations, the theoretical phase speed corresponds to a longitudinal shift in the

wave response location as the waves are advected by the zonal flow.

To determine why the Rossby gyres oscillate in the moist atmosphere cases only, | compared
the Rossby wave phase velocity for Control TRAP-1e and Dry TRAP-1e. Figure 3.4 a) shows
time series of the phase velocity of the Rossby wave with the highest power spectral density
(PSD) in the flow, the zonal wavenumber-1 wave, for these two simulations. To confirm that
only this wave contributes significantly to the phase speed, | extracted the wavenumbers of
the highest powered waves in the flow on each simulation day. | first performed a Helmholtz
decomposition of the wind field at 2.96 km to calculate the eddy rotational component as in
Hammond and Lewis (2021). | then input the magnitude of the eddy rotational component,
which | equate to the Rossby waves, into a 2-D Fourier transform and extracted the zonal (k)
and meridional (I) wavenumbers of the wave with the maximum PSD on each simulation day.
My results confirmed that the wave with k=1 and I=0 is consistently the highest powered wave.
Finally, | calculated a day- and latitude-specific Rossby wave phase velocity as per Equation
3.1. In this calculation, | used the time-varying daily value of the zonal mean zonal wind
U and Brunt-Vaisala frequency N, and further subtracted the long-term mean zonal mean
wind to account for the long-term phase shift of the wave response described in S. Wang
and Yang (2021) and Hammond and Pierrehumbert (2018). Figure 3.4 a) shows that, in the
moist simulation, the Rossby wave phase velocity oscillates between positive (eastward) and
negative (westward) values on an approximately 20-day cycle, while it remains negative in the
dry case over the same time period.

In Figure 3.4 b), | then plot the Rossby wave phase velocity for Control TRAP-1e as in a),
together with the longitude of the center of the northeast Rossby gyre. | tracked the gyre center
by searching for the longitude in the northeast quarter of the globe where the meridional wind
changes direction for each simulation day. The dashed black line represents the equilibrium
position of the gyre at 85E and is aligned with the zero point of the phase velocity on the
plot. This plot shows the close and regular correlation between the gyre location at the given
latitude and the Rossby wave phase speed at that same latitude in both period and amplitude.
According to the interpretation that the phase speed of a stationary Rossby wave represents
the wave’s longitudinal position, a positive phase speed should correspond to a gyre longitude
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east of the equilibrium point. My phase velocity curve conforms to this prediction except for a
small, consistent offset from the gyre longitude curve. This offset is caused by the limitation of
using the zonal wind at only one latitude in Eq. 3.1, in particular a latitude at which the Rossby
gyre itself also contributes to the zonal wind. Using the global mean zonal wind instead of
the latitude-specific zonal wind in the phase velocity calculation reduces the offset between
the two curves in Fig. 3.4 b) to nearly zero, but in turn weakens the correlation between the
amplitudes of the curves. As the gyre extends over roughly 20 degrees latitude, treating it as
a point particle with a single location is inadequate to precisely predict its motion; however,
the strong correlation in period and amplitude in Fig. 3.4 b) supports the interpretation of the
phase velocity as representative of the longitudinal shift in the wave response over time.

The formation of Rossby gyres in simulations of tidally locked planets is believed to be related
to the spatially periodic thermal forcing (Gill, 1980; Matsuno, 1966; A. P. Showman & Polvani,
2010, 2011). As my model’s stellar spectra do not vary with time and the planet is tidally
locked with zero eccentricity or obliquity, atmospheric processes must be responsible for the
temporal variability in my simulations. To determine why the Rossby wave phase velocity
varies periodically with time, | searched for correlations between quantities thought to play a
role in the Matsuno-Gill response to periodic forcing. Figure 3.5 compares the variations over
time of the vertical cross sections of dayside mean air temperature, vertical wind, zonal wind,
net surface shortwave flux, and the PSD of the zonal wavenumber 1 Rossby wave (identified
as the 1-0 wave) and, separately, the sum of the PSDs of the Rossby waves identified as
1-1, 2-1, 2-2, and 3-2 waves, where the first digit refers to the zonal wavenumber and the
second digit refers to the meridional wavenumber. | show the 1-0 wave separately from other
long Rossby waves to underline the central role played by the cloud radiative feedback in
enhancing the Matsuno-Gill response specifically.

Regular 20-day cycles are visible in all quantities in the moist atmosphere case, but are absent
in the dry atmosphere. The air temperature, vertical wind, and shortwave surface heating
increases precede the increase in the Rossby wave power. For example, Figure 3.5 a), c),
and g) show a peak in these three quantities at around 510 days, while the spike in the 1-0
Rossby wave (red line in Figure 3.5 g)) and increase in the zonal wind speed occur at 518-520
days. This pattern repeats ten times over the period displayed in the plots. Figure 3.6 further
shows variability in the dayside mean total (sum of ice and liquid) cloud cover on the same
20-day cycle. The cloud mass fraction grows during the heating/rising and drops during the
cooling/subsiding part of the cycle.

| posit an internal feedback between the dayside cloud cover and the intensity of the Matsuno-
Gill response. A decrease in cloud cover allows more shortwave radiation to reach the surface,
leading to atmospheric heating and subsequent ascending motion of the air mass. The 1-0
Rossby wave responds to the increase in forcing, boosting its power spectral density relative
to the other constituent Rossby waves in the wind field. At the same time, the zonal wind speed
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Figure 3.4: Top: Time series of Rossby wave phase velocity at 71N for Control and Dry TRAP-
1e simulations. Bottom: Time series of Rossby wave phase velocity at 71N overlaid with the
longitudinal position of the northeast Rossby gyre for Control TRAP-1e. A 3-day rolling mean
has been applied to all curves.
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Quantity Control ProxB Warm ProxB ~ Control TRAP-1e  Warm TRAP-1e
Rotation period (days) 11.2 9.2 6.1 4.2

Oscillation period (days) 157.5 120 19.4 16.2

Mean global zonal mean zonal wind (m/s) 5.3 4.1 17.8 15.1

Mean equator-pole temperature gradient (K/m) -2.55x107%  -2.761x107% -3.92x107° -3.76x1076

Table 3.3: Rotation period, period of Rossby gyre oscillation, mean zonal mean zonal wind,
and mean meridional temperature gradient for each of the four moist atmosphere cases. The
periodicity was determined from the cloud cover oscillation shown in Figure 3.8. The meaning
period for the bottom two quantities was chosen to be the same as in Figure 3.1, the first 300
days of the sampling period for each simulation.

increases, shifting the 1-0 wave structure further eastwards. To support this interpretation, |
show in Figure 3.5 g) and h) both the PSD of the 1-0 wave and the summed PSD of a number
of other large-scale waves, namely the 1-1, 2-1, 2-2, and 3-2 waves. At the troughs of the
cycle, the PSD of the 1-0 wave is roughly equal to that of the other waves combined, and
occasionally even drops below it. At the peaks, however, the PSD of the 1-0 wave increases
substantially more than that of the sum of the remaining waves, indicating that this wave
disproportionately receives energy during the cycle, as would be expected from its direct
relationship to the Matsuno-Gill periodic forcing pattern. (Note that in the dry atmosphere
case, the PSD of all waves is an order of magnitude smaller than in the moist case despite
the larger shortwave flux and atmospheric temperature anomalies, highlighting the important
role of moisture.)

When cloud cover increases again, less radiation reaches the surface, the air mass cools
and subsides, the zonal wind speed slows, and the 1-0 Rossby wave becomes weaker and is
shifted westwards from its equilibrium position. It is possible that the location of the Rossby
gyres in turn affects the cloud cover, closing the causal loop, but | believe it is unlikely that
the Rossby waves are the only or main factor in the density of the clouds. The zonal wind
speed, which influences both the Rossby wave phase velocity and the stability of the dayside
cloud cover, is also affected by the changes in the thermodynamic properties of the dayside
atmosphere shown above (Figure 3.5 €)). Untangling these intricate relationships requires a
better understanding of the factors controlling the zonal wind speed on tidally locked planets
than is currently available. In addition, the cloud layer is likely to be sensitive to multiple
processes in the atmosphere in addition to the zonal wind variation, including the intensity
of convection, specific humidity, and the advective and radiative time scales.

The period of the oscillation, given in Table 3.3, varies substantially between the four moist
atmosphere cases. Understanding why the period is longer in some simulations is important
because a slower oscillation implies the planet will have a longer period of clear skies at the
limb, potentially allowing for repeat observations when conditions are favorable. | find that the
oscillation period monotonically decreases in parallel with the rotation period, but the relation-
ship is not linear. | expect the rotation period to influence the Rossby wave phase velocity
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Figure 3.5: Top three rows: Vertical profiles of dayside mean air temperature, vertical wind, and zonal wind over
time for moist atmosphere Control TRAP-1e and dry atmosphere Dry TRAP-1e. The vertical range of a) and b)
is 0 to 5 km to show the temperature oscillation near the surface. Due to the low resolution, this close-in view
results in discontinuities between vertical levels. The discontinuities are not visible in c)-f) because the vertical
range shown is 0 to 35 km. Bottom row: Time series of the dayside mean net downward shortwave flux close to
the planet’s surface (black), shown with the power spectral density of the zonal wavenumber 1 Rossby wave (red)
and the sum of the power spectral density of the waves with zonal and meridional wavenumbers 1-1, 2-1, 2-2, and

3-2 (blue). Note the different limits of the y-axis.
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Figure 3.6: Vertical profile of dayside mean total cloud cover (sum of ice and liquid) over time
for the Control TRAP-1e simulation. As in Figure 3.5 a) and b), the short vertical range of
0 to 5 km results in discontinuities between vertical levels due to the low resolution of the
simulation.

directly through . However, other factors are clearly in play. While the rotation period de-
creases by similar amounts (2-3 days) between each simulation, there is a disproportionately
large difference between the oscillation periods of the Proxima Centauri b and TRAPPIST-1e
simulations. | believe the non-linearity can be explained by the additional influence of the zonal
wind on the Rossby wave phase velocity as defined in Equation 3.1. Figure 3.7 shows latitude-
time diagrams of the Rossby wave phase velocity for each simulation. Both the eastward
and westward phase of the oscillation display higher phase velocities in the TRAPPIST-1e
simulations as compared to Proxima Centauri b, accounting for the much shorter oscillation
periods of the former. Effectively, the more rapid background zonal flow is shifting the wave
response east and west of its equilibrium point more quickly in the TRAPPIST-1e cases.

The phase velocities differ because the zonal mean wind, reported in Table 3.3, jumps signific-
antly between the Proxima Centauri b (4-5 m/s) and TRAPPIST-1e (15-18 m/s) simulations. In
particular, Figure 3.1 shows that the zonal mean wind speeds are higher at the mid-latitudes
where the gyres are centered in the TRAPPIST-1e cases than the Proxima Centauri b cases.
This is because Control and Warm TRAP-1e are both in the double mid-latitude jet circulation
regime described by Sergeev, Lewis, et al. (2022), while Control and Warm ProxB are both in
the single equatorial jet regime. Sergeev, Lewis, et al. (2022) found that the single jet regime
is characterized by transport of angular momentum to the equator by the stationary eddy term
of the axial angular momentum equation driven by wave-jet resonance between the equatorial
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jet and the zonal wavenumber-1 Rossby wave (consistent with the findings of e.g., S. Wang
and Yang (2021), Hammond and Pierrehumbert (2018), and Tsai et al. (2014)). The double
jet regime, on the other hand, forms when the mean advection and transient eddy terms
of the momentum budget become large at the mid-latitudes and the stationary eddy term
decreases at the equator: the mid-latitude jets speed up while the equatorial jet slows down.
As the stationary gyres form in the mid-latitudes, it is the wind speeds in the mid-latitudes that
control the magnitude of the Rossby wave phase velocity.

Sergeev, Lewis, et al. (2022) explores the development of both the single jet and the double
jet regimes during the model spin-up period. As shown in Table 3.3, the TRAPPIST-1e simula-
tions have a larger equator-to-pole temperature gradient than the Proxima Centauri b simula-
tions. This larger temperature gradient may cause greater baroclinic instability, promoting the
formation of baroclinic mid-latitude jets. However, the exact reasons why a simulated planet is
nudged into one regime or the other may be varied and are difficult to isolate in a model
as complex as the UM. According to the weak temperature gradient theory applicable to
slowly rotating tidally locked planets (Pierrehumbert & Hammond, 2019), the equator-pole
temperature gradient should increase with increasing rotation rate, which is consistent with
the values in Table 3.3. The discontinuity between the two Proxima Centauri b and the two
TRAPPIST-1e simulations is a reflection of the shift from the single jet to the double jet regime.
These patterns broadly suggest that more slowly rotating planets with weaker equator-pole
temperature gradients and a single equatorial jet are likely to have longer oscillation periods
and longer windows of cloudless sky at the terminators.

3.3.3 Cloud variability and observables

The migration of Rossby gyres impacts the amount of moisture transport and thus cloud
condensate at the planetary terminators. All four of the moist atmosphere simulations display
cloud cover variability at the terminators, shown in Figure 3.8. The Control and Warm ProxB
runs in Figure 3.8 a) and b), respectively, exhibit large fluctuations in cloud condensate in
the observable regions of the planet, ranging from near 0 to 7 x 1077 kg/kg and 2.5 x 107°
kg/kg, respectively, on a time scale matching the migratory cycle of the Rossby gyres (120
days/160 days). The TRAPPIST-1e simulations do not undergo these long-period cycles, but
show regular smaller magnitude fluctuations on an approximately 20-day time scale.

Figure 3.9 depicts the interaction between the wind field and the dayside clouds. Figure 3.9 a)
and b) are two stages in the Rossby gyre migratory cycle for the Warm ProxB simulation,
corresponding to a cloud condensate maximum and minimum. During the maximum, the
eastern pair of Rossby gyres is at the extreme western part of its propagation path, where
it intersects with the region of heavy cloud cover around the substellar point. During the
minimum, the gyres are at the extreme eastern part of the propagation path and do not interact
with the dayside clouds. In the TRAPPIST-1e case, shown in Figure 3.9 c) and d), the Rossby
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Figure 3.7: Latitude-time diagrams of Rossby wave phase velocity for each simulation
at h=2.96 km height. Positive values correspond to eastward flow, while negative values
represent westward flow. The phase velocity is calculated with subtraction of the mean zonal
wind as in Figure 3.4.



3.3. Results 59

1e—8 Mean Cloud Condensate at Terminators 1e—7  Mean Cloud Condensate at Terminators
2.0
2.0
g g
215 215
) o
® ®
2 2
8104 8104
2 2
S s
S S
° °
3 0.5 3 0.5
o o
001 WMA,«/WN\/\»/\/WVVV\/’\/V\,N/\I\”V/VVW 001
T T T T T T T T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time [days] Time [days]
(a) Control ProxB (b) Warm ProxB
1e—7  Mean Cloud Condensate at Terminators 1e—6 Mean Cloud Condensate at Terminators
164 — lIce 1.4 — lce
— Liquid — Liquid
1.4
5 121
g g
5121 3
= = 1.0
& 101 s
] i
Sos g 08
° °
2 2
S 0.6 S 0.6
° °
3 0.4 3041
o o
0.04
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time [days] Time [days]
(c) Control TRAP-1e (d) Warm TRAP-1e

Figure 3.8: Mean cloud condensate (mixing ratio, kg/kg) over time at the planetary limb for
each of the four moist atmosphere simulations. Liquid and ice cloud are shown separately.
Each type of cloud is averaged over all latitudes and all heights on the eastern and western
terminator. The data has been filtered to remove cycles with periods shorter than 10 days.
Note the different limits of the y-axis.
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Figure 3.9: Wind vectors overlaid on the total cloud condensate (sum of ice and liquid)
at the given height for Warm ProxB and Control TRAP-1e simulations. The images are
daily snapshots chosen to illustrate the eastmost and westmost phases of the Rossby gyre
migration for each planet.

gyres are too far polewards to interact with the dayside cloud cover. The short-period cycles
shown in Figure 3.8 c) are likely a direct reflection of the fluctuation in cloud condensate and
moisture described in 3.3.2 and shown in Figures 3.5 and 3.6, on which the longer-period

effect from the traveling wave structures is overlaid.

The magnitude and periodicity of the variation in cloud cover at the planetary limb is highly
sensitive to not only the Rossby wave propagation, but also the dayside cloud structure. As
demonstrated by the TRAPPIST-1e cases, the amount of cloud at the terminator will not be
affected by the Rossby wave oscillation unless the Rossby gyres form at low or mid-latitudes
where they can advect cloud from the substellar region. Figure 3.10 shows cross-sections
of the dayside cloud layer at the equator and at longitude 0 for the four moist atmosphere
simulations. The extent of the cloud cover in longitude, latitude, and altitude depends on the
temperature and moisture profile of each simulated planet, but as the longitude, latitude, and
even peak altitude of the Rossby waves also vary in different simulations, the parameter space

of the resulting wave-cloud interaction is complex.

To explore the potential impact of wave-cloud interactions on observations, | simulated transit
spectra for the Control ProxB, Warm ProxB, Control TRAP-1e, and Warm TRAP-1e simula-
tions, excluding the Dry TRAP-1e simulation as it does not form clouds. | constructed time
series of two absorption features, shown in Figure 3.11. | chose the water line at 1.4 um
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Figure 3.10: Longitudinal and latitudinal cross-sections of the dayside cloud layer for the four
moist atmosphere simulations. The total cloud is the sum of ice and liquid cloud condensate.
The images depict 120-day means.

because it does not overlap with any CO, features and the CO, feature at 2.7 um because
it is a strong line in the available NIRSpec spectrum and does not overlap with the N»-N,
collision-induced absorption at 4.3 um. As the CO, abundance in the simulations is fixed,
variability in the transit depth of this feature can only be due to differences in the muting effect
of cloud cover or due to temperature fluctuations and not due to variations in CO, content.
For the water feature, variations in transit depth may also be due to differences in water vapor
content on different days, caused by other factors such as the LASO and random fluctuation
(model noise). However, the time series for the H,O and CO; are well-correlated, supporting
clouds as a factor in the variability. In the Control and Warm ProxB simulations in Figure
3.11 a)-d), the time series show clear long-period variation in addition to small continuous
fluctuations, but the relative difference in the transit depths for these simulations is only 4-5 %.
The percentage variation for the Warm TRAP-1e simulation is the largest in the comparison at
18-20 %, but the transit depths are profoundly muted compared to Control TRAP-1e because
of the high cloud deck visible in Figure 3.10 d) and h). In addition, while the Control and Warm
ProxB time series have extended periods of larger transit depths, corresponding to the longer
period of the cloud cover oscillation for this planet, the TRAP-1e runs lack these multi-week
periods of stronger transit signals due to their shorter Rossby wave cycle as described in
Section 3.3.2.
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Figure 3.11: Time series of the 1.4 um water absorption feature and 2.7 um CO,
absorption feature for the Control ProxB, Warm ProxB, Control TRAP-1¢e, and Warm TRAP-1e
simulations. A sample of 300 days is taken to cover the 157.5 and 120 day oscillation periods
in the Control and Warm Proxima Centauri b simulations, respectively. The values shown
exclude the solid surface radius of the planet and represent only the opaque component of
the atmosphere.
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3.4 Discussion

My results support the existence of internal atmospheric variability on tidally locked aqua-
planets even in the absence of a varying stellar spectrum or stellar activity, rotation with
respect to the host star, obliquity, and eccentricity. The stabilizing feedback between the
dayside cloud cover and atmospheric temperature, identified in previous work on the inner
edge of the habitable zone for tidally locked Earth-like planets (R. k. Kopparapu et al., 2016;
J. Yang, Boué, Fabrycky, & Abbot, 2014; J. Yang et al., 2013), induces periodicity in the
atmospheric dynamics. Edson, Lee, Bannon, Kasting, and Pollard (2011) postulated that
the large amplitude of the zonal wavenumber 1 Rossby wave on slowly rotating planets
with superrotating atmospheres is caused by resonance between this wave and the spatially
periodic heating. My finding of a disproportionate increase in the power spectral density of the
1 — 0 wave directly after an increase in net surface shortwave flux supports their hypothesis.

The increase in surface heating is caused by a drop in total cloud cover in the dayside,
reducing the cloud albedo. This periodic reduction in cloud cover may be affected by the
propagation of the Rossby gyres in a closed feedback loop, but it is likely that other aspects
of the circulation, especially the magnitude of the zonal and vertical winds and intensity
of convection in the substellar region also play a role. The potential relationship between
atmospheric moisture and cloud-radiative feedback is reminiscent of theories of the Madden-
Julian Oscillation (MJO) (C. Zhang, 2005; C. Zhang, Adames, Khouider, Wang, & Yang, 2020),
particularly the moisture-mode hypothesis, which also posits a planetary wave response. In
the moisture-mode theory of the MJO, clouds trap longwave radiation in the troposphere,
leading to enhanced areas of column moisture, convection, and precipitation. These areas
are collocated with corresponding areas of dry air and suppressed convection to their east.
The spatially periodic heating anomalies (which are regions of divergence) cause a planetary
wave response which is the moist atmosphere analogue of the Matsuno-Gill dry atmosphere
wave response. The planetary wave response in turn advects moisture horizontally eastwards,
propagating the precipitation/moisture anomaly eastwards. As there is no consensus about
the mechanism of the MJO, however, and the complexity of the factors influencing the cloud
cover on the dayside is high, | limit my analysis to identifying the immediate cause of the
Rossby gyre oscillation and its effects on observables, and defer detailed analysis of the moist
atmosphere feedbacks between clouds, convection, specific humidity, and the zonal wind, as
well as further comparison to Earth analogues to future studies.

My simulations of transit spectra show that the variable cloud cover caused by traveling
Rossby waves could affect transit depths, though for my chosen planets the effect is too small
to be observable with current instruments. May et al. (2021) reported a transit depth variation
due to cloud cover on the order of 10 ppm for their 10~* bars of CO, (with one bar of N,
TRAPPIST-1e simulation with ExoCAM (Wolf et al., 2022), which is comparable to the THAI
Hab 1 set-up (Sergeev, Fauchez, et al., 2022) and to my Control TRAP-1e experiment. THAI
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Part lll (Fauchez et al., 2021) found the standard deviation of the variation of the continuum
level for Hab 1 to be 3 ppm for ExoCAM and 1 ppm for the UM, compared to my min-max
difference of 1.26 ppm for for the 2.7 um feature. Song and Yang (2021) found the amplitude
of temporal variability in their simulated transmission spectra, also for data generated by
ExoCAM, to be on the order of 20 ppm. The slightly smaller degree of variation in my results
compared to May et al. (2021) and Song and Yang (2021) is in line with the finding in Sergeev,
Fauchez, et al. (2022) and Fauchez et al. (2021) that ExoCAM displays the greatest degree
of cloud variability out of the four models included in the comparison. My quantitative findings
agree with the results of these previous works and support the conclusion that atmospheric
variability due to clouds will be below the noise floor of JWST.

From a qualitative perspective, the impact of Rossby waves on observations is highly sensitive
to the location of both the Rossby gyres and the cloud deck. If clouds form on or extend to the
planetary terminators, migrations by Rossby gyres could regularly clear this region for periods
of time as long as the planet’s transit. Based on my simulations, this scenario is most plausible
on slowly-rotating planets where the gyre oscillation period is long and the atmospheric state
at the planetary limb may persist for longer. A warmer planet with more cloud would show
greater variability in transit depths as advection by the Rossby wave gyres results in long
periods of heavy cloud cover and periods of entirely clear sky. Without prior knowledge of
the cloud structure, cycle duration, and cycle phase, it is impossible to predict when clearing
events might occur and to time observations to avoid flattened, featureless spectra due to
clouds (de Wit et al., 2016; Diamond-Lowe et al., 2018; Garcia et al., 2022; Knutson et al.,
2014; Kreidberg et al., 2014). However, as the body of data from transit spectroscopy grows,
atmospheric and climate variability should be considered when combining or interpreting
data from different observing periods. In addition, as our theoretical understanding of climate
variability on exoplanets improves, it may be beneficial to obtain data from consecutive transits
instead of randomly chosen ones, as consecutive observations are more likely to represent a
real atmospheric state rather than an averaged, composite one.

Traveling Rossby gyres could also affect the chemical composition of the planet’s atmosphere.
Several studies using chemistry-climate models have found that different chemical environ-
ments form on the dayside and nightside of tidally locked planets due to the presence or
absence of photochemistry (Braam et al., 2022; Chen et al., 2018; Yates et al., 2020). In
particular, the nightside gyres can build up high concentrations of species that are destroyed
on the irradiated dayside (Ridgway et al., 2023). In my simulations of TRAPPIST-1e, however,
the nightside gyres frequently travel back and forth over the eastern terminator, exposing
chemically enriched nightside air to radiation. This process may reduce chemical differences
between the dayside and nightside, leading to a more homogeneous planetary climate.
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The specific features of this atmospheric oscillation, including the period, the latitudes and
longitudes of the Rossby gyres, their size, the distance they travel, and how much cloud
(if any) they advect are dependent on model set-up, especially the cloud parameterization.
The THAI project found significant differences in the cloud water paths predicted by the four
models included in the intercomparison, with the UM in the middle of the pack (Sergeeyv,
Fauchez, et al., 2022). The location of the Rossby gyres also differs between models and
between simulations with varying parameters. To date, only Skinner and Cho (2022) have
studied the Rossby wave lifecycle in a tidally locked planet simulation. In their high-resolution,
hot gas giant simulations, Rossby gyres (or “modons”) fully circumnavigate the planet in the
westward direction, periodically dissipate, and then reform and begin circulating again. | did
not observe circumnavigation even in a matching high-resolution simulation performed with
the control Proxima Centauri b model. Numerous factors such as the temperature structure
of the atmosphere and the presence of clouds may influence the motion of Rossby waves in
simulations of tidally locked planets. A better understanding of the sensitivity and evolution of
these waves in atmospheric models of tidally locked planets is key to understanding climate
variability and a fruitful avenue for future work.

3.5 Conclusion

| describe a mechanism in the atmosphere of tidally locked terrestrial exoplanets in which
feedbacks between clouds and incoming stellar radiation influence the dynamical state of
the atmosphere, especially the zonal wavenumber-1 Rossby response to the thermal forcing,
leading to alternating eastward and westward propagation of the Rossby gyres previously
characterized as largely stationary. This proposed mechanism is as follows: 1) a decrease
in substellar cloud cover reduces cloud albedo and increases the shortwave heating at the
substellar surface of the planet; 2) the greater substellar atmospheric heating increases the
peak-to-trough amplitude of the spatially periodic heating pattern, i.e. it increases the differ-
ence between dayside and nightside temperatures, and thereby enhances the Matsuno-Gill
equatorial Rossby wave response, as shown in my spectral analysis of Rossby waves in the
flow over time; 3) zonal mean wind speed also increases, shifting the Rossby wave response
eastward of its equilibrium position and away from the substellar cloud region; 4) this results
in decreased cloud cover at the eastern terminator. When substellar cloud cover increases
again, the cycle “runs in reverse”: shortwave heating and atmospheric temperature drop, the
Matsuno-Gill response weakens, the zonal wind slows, and the Rossby gyres shift westward.

The oscillation in the location of the Rossby gyres can only affect the distribution of clouds if
the path of the Rossby gyre migration intersects with the dayside cloud cover. In my simula-
tions of Proxima Centauri b, this interaction results in periodic clear and cloudy days at the
planet’s eastern terminator, while in my simulations of TRAPPIST-1e, the Rossby gyres are
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located too far polewards to interact with the dayside clouds. Time series of synthetic spectra
generated for a 300-day sample of the climate oscillation confirmed that the variation in cloud
cover and atmospheric humidity associated with the feedback mechanism results in a time-
varying transmission spectrum, but the magnitude of the variation in transit depths is too small
to be detectable for my simulated planets. The mechanism is most likely to be observationally
relevant on warm, slowly-rotating planets, as the long period of the Rossby gyre oscillation
may clear the planetary terminators of cloud cover for extended stretches of time.

This study and my previous work in Chapter 2 identify physical mechanisms of variability which
cause cycles in the planetary climate even in idealised exoplanet models without eccentricity,
obliquity, or changes in the stellar spectrum. More complex environments on real planets are
no doubt subject to additional sources of variability. As the body of exoplanet observations
grows in the age of JWST and other upcoming telescopes, consideration of long-term climate
variability and of weather on other planets can help interpret observations taken at different
times, construct time series, and inform observing and data processing practices.



Chapter 4

Haze optical depth in exoplanet
atmospheres varies with rotation
rate: Implications for observations

(Author contributions: This work has been resubmitted after peer review to The Astrophys-
ical Journal. | developed the haze transport and radiative transfer code, ran the simulations,
analysed the output, and wrote the text. Adiv Paradise is the developer and maintainer of the
ExoPlaSim source code. Paola Tiranti tested the haze transport and radiative transfer code.
Paul Palmer and Massimo Bollasina supervised the project and edited the text.)

4.1 Introduction

Transmission spectroscopy promises insights into the atmospheres of a vast range of exoplan-
ets, from the largest and hottest gas giants Ehrenreich et al. (2020) to sub-Earth-sized rocky
worlds Lustig-Yaeger et al. (2019). Even before the launch and beginning of operations of the
James Webb Space Telescope (JWST), attempts had been made to characterise exoplanet
atmospheres with the Hubble Space Telescope (Damiano et al., 2022; Knutson et al., 2014;
Libby-Roberts et al., 2022, 2020), the Very Large Telescope (Bean et al., 2011), and the
Spitzer Space Telescope (Knutson et al., 2011), with mixed results: the spectra were often
featureless, allowing limited inferences to be made about the planet’s atmospheric chemistry
and composition (Kreidberg et al., 2014). The greater sensitivity of the instruments on the
JWST has partially overcome these limitations. For example, Ahrer et al. (2023) reported
direct detection of carbon dioxide in the atmosphere of WASP-39 b, previously only hinted at
by Spitzer data (Wakeford et al., 2017). On the other hand, Lustig-Yaeger et al. (2023) reported
a featureless transmission spectrum for LHS 475 b, a warm Earth-sized planet, potentially
caused by a high cloud deck, a thin atmosphere, or no atmosphere. Moran et al. (2023) found
a spectrum for warm super-Earth GJ 486 b that statistically diverged from flat but could not
be fit by any atmospheric model.

67
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One cause of featureless transmission spectra that remains a challenge, including for the
JWST and especially for observing Earth-like rocky planets, is the presence of clouds and
hazes in a planet’s atmosphere. An extensive literature exists on the topics of cloud and haze
formation in exoplanet atmospheres and the impact they have on observations, including
reviews by Barstow (2021) and Helling (2019) for clouds and Gao et al. (2021) for hazes.
Theoretical predictions and laboratory work indicate that photochemically-produced hazes
may be common in many types of exoplanets, including hot gas giants Gao et al. (2020) and
sub-Neptunes (Crossfield & Kreidberg, 2017; He et al., 2018b; Horst et al., 2018; Kawashima
& lkoma, 2018), but also on Earth-like planets (G. Arney, Domagal-Goldman, & Meadows,
2018; G. N. Arney et al., 2017; Bergin et al., 2023) and the early Earth itself (G. Arney et al.,
2016; J. D. Hagg-Misra, Domagal-Goldman, Kasting, & Kasting, 2008; Trainer et al., 2004;
Wolf & Toon, 2010). In addition, observations of some planets have hinted at the existence of
hazes due to the presence of a steep scattering slope at short wavelengths of the spectrum
Ohno and Kawashima (2020); Pont et al. (2008) or, in the case of GJ 1214 b, a high Bond
albedo of 0.51 combined with a featureless transmission spectrum (Kempton et al., 2023).

Theoretical studies of photochemical hazes on terrestrial planets have typically used the
existing literature on organic hazes found on Titan, called tholins, as their starting point.
For example, G. N. Arney et al. (2017) used a 1-D coupled photochemical-climate model
to simulate the effects of different stellar spectra on organic haze formation, using optical
constants reported for Titan tholins by Khare et al. (1984). This study found that stellar spectra
had a substantial impact on haze formation even within stellar classes: while the flaring M-
dwarf (M3.5V) AD Leo produced only a thin haze layer at the top of the atmosphere, the
quiescent M-dwarf (M4V) GJ 876 produced a haze layer 4-5 orders of magnitude thicker. As
the simulations were 1-D and do not include transport by the planetary circulation, however,
they may not represent the thickness of the haze layer at the planetary limb, the region of
interest for transmission spectroscopy. Steinrueck et al. (2021) and Parmentier et al. (2013)
studied the effect of the general circulation of hot Jupiters HD 189733 b and HD 209458 b
on the gravitational settling of passive (i.e., not radiatively active) haze particles within the
atmosphere. In their simulations, vertical mixing resulted in a relatively uniform abundance
of small radius particles around the limb, but larger particles (with the size cut-off varying
depending on the planet) displayed both spatial and temporal variability at the terminator.
One-dimensional simulations are not able to capture this spatial variability.

The complexity of the formation and radiative impact of photochemical hazes—including co-
agulation and growth, sedimentation and transport, and effects on atmospheric heating pro-
files with consequent feedbacks on the circulation—make their representation in models a
challenging task. In a recent work, Steinrueck et al. (2023) simulated HD 189733 b with
radiatively active tracers and haze optical properties from either soot-like particles or Titan-like
tholins. They found that Titan-like organic hazes had a dramatic effect on the planetary general
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circulation, changing its structure sufficiently for the 3-D haze distribution to be very different
from that simulated without the haze radiative effects. The soot-like hazes had no such impact.
In parallel, a recent study by Mak et al. (2023) used haze profiles from G. N. Arney et al.
(2017) to simulate radiatively active organic haze on the Archean Earth in a sophisticated
3-D general circulation model (GCM), the Met Office Unified Model. A notable finding is that
organic haze could either cool or warm the planet depending on the thickness of the haze
layer, further complicating the picture of haze-atmosphere coupled interactions. It is clear that
while sophisticated 3-D haze studies such as these are urgently needed, faster models are
also crucial to begin covering the vast parameter space represented by exoplanet hazes.

In this study, | present a fast, idealised 3-D GCM with radiatively active hazes to bridge
the gap between 1-D models and complex 3-D GCMs. The model, ExoPlaSim, is highly
computationally efficient and was developed to map large parameter spaces and identify
targets for simulation by more sophisticated GCMs (J. Hagg-Misra, Wolf, Fauchez, Shields,
& Kopparapu, 2022; Paradise, Macdonald, Menou, Lee, & Fan, 2022). Exoplanet GCMs
inclusive of haze modelling were not available until very recently, but Steinrueck et al. (2023),
Mak et al. (2023), and the ExoPlaSim extension now raise the prospect of applying a sampling
protocol as described in J. Hagg-Misra et al. (2022) to the study of exoplanet hazes.

| use ExoPlaSim to perform a parameter space sweep of 3-D haze distribution on tidally locked
terrestrial planets as a function of planetary rotation rate, with a focus on the terminator region.
Although 1-D models of haze production and haze microphysics can examine how much
haze may form at any location on a tidally locked planet, they do not account for horizontal
transport from other haze-producing regions. The haze abundance at the planetary limb,
where transmission studies probe, depends not only on local production, but also on horizontal
transport from the dayside’s substellar region, where photochemical haze production should
peak. My study thus aims to predict the terminator haze abundance for planets with different
rotation periods given a fixed haze production amount on the dayside. The model and haze
parameterisation as well as the numerical experiments are described in Section 4.2. In Section
4.3, | present my results and in Section 4.4 | discuss their significance, potential conclusions
for selecting observational targets, and the limitations of my study and planned further work.
Conclusions are presented in Section 4.5.
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4.2 Methods

4.2.1 Model

| use the intermediate complexity GCM ExoPlaSim to perform my study. ExoPlaSim, doc-
umented in Paradise et al. (2022), is based on the Planet Simulator (Fraedrich, Jansen,
Kirk, Luksch, & Lunkeit, 2005; Lunkheit et al., 2011), an Earth system model developed to
maximise computational speed and portability. ExoPlaSim contains a spectral core and is
optimised to run at T21 resolution (32 latitudes and 64 longitudes) with 10 vertical levels,
which | maintain in my study. The model has a slab ocean and simulates moist atmospheric
processes with vertical diffusion representing vertical mixing, Kuo-type deep convection (Kuo,
1965, 1974), Tiedtke shallow convection (Tiedtke, 1983), and dry convective adjustment.
ExoPlaSim includes a radiative transfer module with two shortwave bands, a blue band from
0.3 to 0.75 um and a red band from 0.75 to 14 um, as well as one longwave band. The
blue shortwave band (A < 0.75um) represents Rayleigh scattering in the lowest atmospheric
level, cloud scattering, water vapour absorption, and optional ozone absorption (not used
in my study), while the red band (A > 0.75um) includes water vapour absorption and both
scattering and absorption by clouds (Lunkheit et al., 2011).

Paradise et al. (2022) modified the existing PlaSim source code to accommodate planets
with a wide range of surface pressures, rotation rates, and stellar types, including tidally
locked planets orbiting M-dwarf stars. At its standard T21 resolution, ExoPlaSim can compute
a year of climate in roughly one minute of runtime (Paradise & Menou, 2017). ExoPlaSim
has been used in previous studies of the habitability of Earth-like exoplanets (J. Checlair,
Menou, & Abbot, 2017; J. H. Checlair, Olson, Jansen, & Abbot, 2019; Paradise & Menou,
2017; Paradise, Menou, Valencia, & Lee, 2019) and is particularly suited for simulations over
long timescales (Chen, Li, Paradise, & Kopparapu, 2023) or large, unconstrained parameter
spaces (Macdonald, Paradise, Menou, & Lee, 2022). | refer to J. Haqqg-Misra et al. (2022) and
Paradise et al. (2022) for detailed description of the model and its performance compared to
other GCMs.

To represent haze particles circulating in the atmosphere, | used ExoPlaSim’s built-in grid-
space tracer transport module, supplemented by a gravitational settling scheme based on
Steinrueck et al. (2021) and Parmentier et al. (2013). The radiative effects of the haze are
taken into account in a parameterisation for a scattering and absorbing aerosol given by
Stephens (1978). | refer to Appendix A for a complete description of these parameterisations.
With the haze module included, | was able to compute one year of model time in eight minutes
when running on 32 processors.
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4.2.2 Haze optical constants

To simulate the effect of radiatively active hazes in the atmosphere, | use the complex refract-
ive indices reported in He et al. (2023). In this study, the authors generated haze analogs
in the PHAZER chamber set-up of Johns Hopkins University (He et al., 2017) with an AC
plasma energy source. The gas mixture used to approximate a water-rich 300 K atmosphere
at 1000x solar metallicity was 56.0% H;O, 11.0% CHy, 10.0% CO;, 6.4% N;, 1.9% H,,
and 14.7% He. Although my simulated atmospheres of nitrogen gas with interactive water
vapour and trace carbon dioxide and methane do not precisely replicate this gas mixture, the
laboratory set-up and haze analogs produced in He et al. (2023) are a better fit for simulations
of water-rich rocky planets than the previously widely used optical constants measured for
organic tholins in a Titan-like atmosphere in Khare et al. (1984). | further choose to simulate
this haze because the authors report both the complex refractive index and the density, a
necessary input for the gravitational settling scheme, and because a large amount of haze was
produced at 300 K, making it appropriate for simulations of hazy temperate planets. Ultimately,
however, | expect photochemical haze compositions and production rates to be sensitive to
the particular conditions on a planet and not easily generalised across atmospheres (Corrales,
Gavilan, Teal, & Kempton, 2023; He et al., 2018a; Moran et al., 2020). My study examines the
interaction between one potential kind of organic haze and the general circulation of tidally
locked planets, without aiming to predict what kinds of organic haze may actually be present
on temperate tidally locked M-dwarf planets.

My simulations assume the haze particles are spherical and can be described using Mie
theory (Mie, 1908). | use He et al. (2023)’s complex refractive indices between 0.4 and 14
um, binned to 10 nm, and the Python package MiePython (Prahl, 2023) to calculate the
wavelength-specific extinction, scattering, and backscattering efficiencies based on the size
parameter derived from the particle radius. | use a particle of radius 500 nm based on findings
from G. N. Arney et al. (2017), in which particles grew to this size for the quiescent M-
class star GJ 876, and on the results of a sensitivity study of haze particle size reported
in Section 4.3. A pre-prepared BT-Settl stellar spectrum, also binned to 10 nm, is then used
to compute the flux-weighted mean efficiencies for each shortwave band. Table 4.1 lists the
efficiencies for the two stellar spectra in my study for both shortwave bands, where band 1
indicates wavelengths < 0.75um and band 2 indicates wavelengths > 0.75um, as well as the
stellar parameters. Comparison of the scattering and extinction efficiencies indicates that the
particles are primarily scattering rather than absorbing.
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| Star TRAPPIST-1 | Wolf 1061
Qex (band 1) 3.42 3.00
Qyear (band 1) 3.24 2.79
Qpack (band 1) 0.23 0.31
Q. (band 2) 2.03 2.30
Qycar (band 2) 1.98 2.24
Qpack (band 2) 0.03 0.04
Stellar temperature (K) | 2709 3408
Stellar metallicity (-) 0.045 -0.09
log (9) (1) 5.2 4.9

Table 4.1: Mie extinction efficiency, scattering efficiency, and backscattering efficiencies for
two M-class stars for shortwave bands 1 (0.3 < A < 0.75um) and 2 (0.75 < A < 14um), as
well as parameters defining the stellar spectra. Efficiencies are shown rounded to the fifth
decimal place.

4.2.3 Source and sink

| position the haze source in the stratosphere at the top model level only in an analogy
to Earth’s Junge layer (Junge, Chagnon, & Manson, 1961). | assume the haze particles
are photochemically produced in situ by shortwave radiation and settle downwards to be
redistributed by the tropospheric circulation. The source term is defined as:
SW;
P= Sm,,SWJ (4.1)

max

where SW,,, is the downward shortwave flux for each gridbox at the top level of the model and
SWinax is the maximum downward shortwave flux out of all gridboxes at the top level. S;,, is
an arbitrary source coefficient in units of kg/kg. For a tidally locked planet, the source is at its
maximum at the substellar point and falls off in all directions proportionally to the downward
shortwave flux. The haze source can be dampened and reach an equilibrium of less than
Siop if, for example, the reflective effect of a haze layer reduces the incoming shortwave flux. |
fix the source coefficient for all simulations at 10~7 kg/kg, based on haze profiles reported in
G. N. Arney et al. (2017) for an atmosphere with a methane to carbon dioxide ratio of 0.2 at an
altitude of 25-30 km, the approximate height of the model top. A sink term is provided only in
the bottom level. Its value is a constant 103 applied uniformly to the mass mixing ratio in the
bottom model level (following Steinrueck et al. (2021)), which is assumed to be a timescale
for particles settling out of the atmosphere.

Table 4.2 summarises the free parameters in the haze scheme, the values used in my simu-
lations, and their sources.
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| Parameter | Value Source \
Particle radius (nm) 500 G. N. Arney et al. (2017)
Particle density (kg/m°) | 1262 He et al. (2023)
Source (kg/kg) 1077 G. N. Arney et al. (2017)
Sink (-) 1073 Steinrueck et al. (2021)
Haze optical constants | Table 4.1 | He et al. (2023)

Table 4.2: Free parameters in the haze scheme, the values chosen for my simulations, and
their sources.

4.2.4 Simulation set-up

| performed a parameter space sweep of rotation rate for two idealised tidally locked aquaplan-
ets, one representative of Earth-like terrestrial planets and one of super-Earths. For Earth-like
planets, | use configuration values for TRAPPIST-1 e (Gillon et al., 2017), an ideal candidate
because it is used as a benchmark in the TRAPPIST-1 Habitable Atmosphere Intercomparison
(Fauchez et al., 2022; Sergeev, Fauchez, et al., 2022; Turbet et al., 2022). To extend my study
to super-Earths, | use values for Wolf 1061 ¢ (Wright, Wittenmyer, Tinney, Bentley, & Zhao,
2016). Table 4.3 summarises the parameters used in my simulations, which | take from the
Arecibo Habitable Planets Catalog (Laboratory, 2023). In addition to two size classes, the
simulated planets represent two ends of the habitable temperature range, with ExoPlaSim
simulating TRAPPIST-1 e as an eyeball planet (a sea ice-covered nightside and liquid water
only in the substellar region) and Wolf 1061 ¢ as a planet close to a runaway greenhouse
state. Wolf 1061 ¢ approaches 9% atmospheric water vapour at the substellar point and is in
a temperature and pressure regime that would lead to a runaway greenhouse in other GCMs
(see J. Hagg-Misra et al. (2022) for a comparison of ExoPlaSim and ExoCAM when simulating
hot near-runaway atmospheres). However, my simulations remain numerically stable and
reach an equilibrium with the values given in Table 4.3, showing no further warming trend.
As the failure to run away may be an artefact of the model’s limitations with respect to water
vapour treatment, these simulations should be seen as possible atmospheric states for warm
temperate planets, rather than specific predictions for planets with the stellar constant of Wolf
1061 c. | discuss these limitations further in Section 4.4.4. The atmospheric composition of
bulk nitrogen gas with interactive water vapour and trace methane and carbon dioxide in a 0.2
ratio is based on simulation parameters from G. N. Arney et al. (2017) which allowed for the
formation of a thick haze layer with a substantial effect on the climate in their study.

Before carrying out the parameter space sweep, | ran each simulation for 75 model years
to determine the time until radiative balance was reached at the top of the atmosphere. |
found that while small net positive or negative energy anomalies continued to exist at top-of-
atmosphere until 60 years of model time, the temperature, atmospheric moisture, and haze
profiles reached equilibrium and no longer showed an upward or downward trend after about
20 years. Accordingly, to save computational time, | run each simulation in the parameter
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| Planet | TRAPPIST-1 e | Wolf 1061 ¢
Radius (Rg) 0.92 1.66
Stellar constant (W/m?) | 889 1777
Gravity (m/s?) 9.1 12.1
N, (bar) 0.988 0.988
CHy (bar) 0.002 0.002
CO; (bar) 0.01 0.01

Table 4.3: Planet simulation parameters. The unit of bar is equivalent to 10° Pascals.

space for 30 years and use the average of the final year of runtime for my analysis. All
simulations are run with 1 bar (10° Pascal) of surface pressure at the standard T21 truncation
(32 latitudes x 64 longitudes x 10 model levels) and initialised from a 250 K isothermal
atmosphere. The top model level is located at 10 mbar or 25-28 km, representing the
tropopause. | use a model timestep of 15 minutes.

4.2.5 Study parameter space

To test the gravitational settling scheme, | first simulate a range of particle sizes and densities
as passive tracers only, following Steinrueck et al. (2021) and Parmentier et al. (2013). The
particle radii include: 1 nm, 5 nm, 10 nm, 30 nm, 50 nm, 60 nm, 80 nm, 100 nm, 500 nm, and
1000 nm. These values cover a similar range as Steinrueck et al. (2021), but with greater
focus on particles in the 10s of nanometers because laboratory experiments reported in
He et al. (2018b) found that haze particle size distributions tended to peak in the 30-80
nm range (although for a different gas composition than studied in He et al. (2023)). This
set of simulations is repeated for particle densities of 1000 kg/m?, 1262 kg/m?, and 1328
kg/m3. The latter two values are reported in He et al. (2023) as the densities of the organic
haze analogues created in the study experiments at 300 K and 400 K, respectively. 1000
kg/m? is the reference value used in Steinrueck et al. (2021) and Parmentier et al. (2013) and
approximates the density of black soot. The results of these size and density sensitivity tests
are in line with those of Steinrueck et al. (2021) and Parmentier et al. (2013). | briefly discuss
them in Section 4.3.

In my primary parameter space, | keep all inputs for each of the simulated planets fixed,
but vary the rotation period from 1 to 30 Earth days, plus two additional simulations with
periods of 6 and 12 hours. This gives a total of 32 simulations for each planet, or 64 in
all. 1 use only one haze particle size and density: 500 nm, the size to which haze particles
grew in the quiescent M-dwarf simulation in G. N. Arney et al. (2017), and 1262 kg/m?, the
density of haze analogues measured in He et al. (2023) for a water-rich 300 K atmosphere,
together with the Mie efficiencies listed in Table 4.1. On Earth, particles of this size are in the
accumulation phase, i.e. they accumulate in the atmosphere rather than settling out rapidly
or agglomerating to form larger particles. In addition to these 64 simulations with radiatively
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active circulating haze, | perform another 64 simulations which are identical in all respects
but do not include haze. | refer to this second set as “control simulations” and use them as
a comparison to determine how the haze radiative feedback affects the surface temperature
and general circulation in each simulation.

The aim of this experimental design is to study the potential distributions of organic hydrocar-
bon hazes on temperate tidally locked rocky planets as a function of rotation period (a known
value for tidally locked planets). | focus particularly on the planetary limb, the region observed
during transmission spectroscopy. While photochemical haze production may be expected to
be highest in the substellar region, where stellar UV flux is the greatest, the haze abundance
at the limb will depend on the general circulation. In this work, | do not vary the rotation
period and stellar constant together, as | wish to isolate the effect of varying rotation. Instead,
the inclusion of two planets with different stellar constants, stellar spectra, and sizes points
at important factors in the larger parameter space affecting haze distribution which can be
explored in future studies, while allowing one-to-one comparison between the planets based
on rotation period. In the text hereafter, | refer to the set of simulations based on TRAPPIST-1
e planetary parameters as TRAP and those based on Wolf 1061 ¢ as WOLF.

4.3 Results

My simulations fall into three circulation regimes, previously described in the literature, and
one transitional regime. Below | describe the general circulation and 3-D haze distribution
of each regime, followed by an overview of the parameter space as a whole and a brief
discussion of sensitivity to particle size and density.

4.3.1 Banded circulation regime

For rotation periods 0.25, 0.5, and 1 days, both TRAP and WOLF simulations fall into a banded
circulation regime with eastward flow in the mid-latitudes and westward flow at the equator.
This regime resembles the flow state for a planet with a 1-day rotation period shown in Merlis
and Schneider (2010) (their Figure 6, top right), Carone, Keppens, and Decin (2015) (their
Figure 14 and 15), and Noda et al. (2017) (their Figure 11 b), as well as the “rapid rotators”
described by J. Hagg-Misra, Wolf, Joshi, Zhang, and Kopparapu (2018). | show the horizontal
and vertical winds at the top model level in Figure 4.1 because this level is where the haze
source is prescribed and where wind-haze interactions first take place.

Figure 4.2 shows the vertically integrated haze mass column and the area- and density-
weighted haze mass profiles for several regions on the planet: the dayside, nightside, termin-
ator, and the western and eastern halves of the terminator split into separate areas. The TRAP
case is comparatively well-mixed, with similar vertical haze profiles in all regions and a small
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Figure 4.1: Top row: Horizontal and vertical winds in circulation regime 1 for a) TRAPPIST-1
e-type planet and b) Wolf 1061 c-type planet. Bottom row: Zonal mean zonal wind for TRAP
and WOLF, with contour lines showing the difference in wind speed (absolute value) between
the haze simulation and an identical simulation without haze (hazy minus control). Solid lines
indicate positive values and dashed lines indicate negative. The rotation period shown is 0.25
days.
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gradient in the haze column from equator to pole. In contrast, the WOLF case is more spatially
differentiated. Haze is concentrated closer to the equator and west of the substellar point,
forming a distinct M- or W-shape. The vertical profiles reveal greater terminator asymmetry,
with a hazier western terminator higher in the atmosphere, and a hazier eastern terminator
below roughly 600 mbar.

In Figure 4.3, | show an estimate of the haze differential optical depth in shortwave band 1
(blue) along the line of sight when the planet is viewed from the star. As a true 3-D treatment of
the line of sight requires complex calculations and remains to be integrated into atmospheric
retrievals (Caldas et al., 2019; Wardenier et al., 2022), | use a fixed path length and assume
the haze number density is constant along this path. Fig. 4.3 therefore represents a relative
comparison of the extinction caused by the simulated TRAP and WOLF atmospheres rather
than a quantitative prediction of optical depth. Like Fig. 4.2, Fig. 4.3 reveals more uniform
haze mixing in the TRAP atmosphere both from equator to pole and from surface to top of the
atmosphere, although there is still enhancement near the equator. In contrast, in the WOLF
case haze remains largely concentrated within £40°. In addition, there is significant terminator
asymmetry, with haze differential optical thickness decreasing above 400 mbar at the eastern
terminator and remaining high to the model top at the western terminator.

4.3.2 Transitional circulation regime

TRAP simulations with a rotation period of 2 days and WOLF simulations with periods of
2 and 3 days enter into a transitional space between circulation regimes characterised by
a very low amount of haze. Figure 4.4 shows that the two models have different horizontal
wind structures. In the TRAP case, there is a prominent quadrupolar pattern at the model top,
while the WOLF case appears more similar to the banded regime, with higher wind speeds
and the beginnings of gyre formation typical of the regime described in Section 4.3.3 below.
Similarly, the zonal mean zonal wind in TRAP no longer exhibits westward flow at the equator
and instead forms an eastward jet with increasing wind speeds towards the mid-latitudes.
In contrast, the zonal mean zonal wind in the WOLF case appears like a higher-speed,
more regular version of the banded regime. However, both simulations show an increase
in the magnitude and spatial extent of the upward wind on the dayside, with a corresponding
increase in subsidence on the nightside.

Figure 4.5 reveals a low amount of haze throughout the atmosphere, with vertical profiles
consistent across the planet at around 0.5 x 10~ kg/m? for both WOLF and TRAP. The vertical
haze columns and differential optical depths shown in Figure 4.6 are about 25 percent of those
in the banded regime. The low haze amount could be caused by, for example, more rapid
settling of particles at the planetary surface, or a failure of particles to escape the source at
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Figure 4.3: Differential optical depth per 1000 km in shortwave band 1 at the planetary limb
for a) TRAP and b) WOLF for regime 1. The white text labels show pressure in mbar. The
eastern (evening) terminator is shown on the right-hand side of each plot and the western
(morning) terminator on the left-hand side of each plot to maintain consistency with other
figures. The rotation period shown is 0.25 days.
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the top level. The larger extent of the area of upward wind shown in Fig. 4.4 a) and b) and
uniform lack of haze throughout the atmosphere in Fig. 4.5 suggest the latter is more likely.
A detailed analysis of the particle trajectories would be helpful to clarify this aspect, but is
beyond the scope of this study.

4.3.3 Double jet circulation regime

For rotation periods of 3 (TRAP) or 4 (WOLF) to 12 days, both planets develop a circulation
characterised by two rapid mid-latitude eastward jets. This double jet circulation regime is a
common equilibrium state for simulations of TRAPPIST-1 e with its original rotation period of
6.1 days, predicted by 3 out of 4 models in the TRAPPIST-1 Habitable Atmosphere Intercom-
parison (Sergeev, Fauchez, et al., 2022). As shown in Figure 4.7, WOLF has substantially
faster jets than TRAP, particularly near the model top. Also characteristic of this state are
a pair of high-latitude Rossby gyres found near the eastern terminator, along with a less
prominent matching pair at the western terminator. The gyres are key to the haze distribution
in this regime. The vertical haze columns shown in Figure 4.8 display several notable features:
a much hazier WOLF atmosphere than TRAP, a reversed meridional haze gradient with a
clearer equator and hazier poles compared to the banded regime, the build-up of a thick haze
layer in the eastern Rossby gyres, and a small north-south asymmetry in haze mass.

North-south asymmetry in simulations of tidally locked planets has been reported in other
models, notably by Braam, Palmer, Decin, Cohen, and Mayne (2023) in ozone columns, by
Landgren, Nadeau, Lewis, Kataria, and Hitchcock (2023) in the size of the Rossby gyres, and
by Noda et al. (2017) in the surface temperature and other climate variables. This behaviour
occurs in both sophisticated GCMs (the Met Office Unified Model in Braam et al. (2023))
and shallow-water models (the Shallow-Water Atmospheric Model in Python for Exoplanets
in Landgren et al. (2023)). Landgren et al. (2023) hypothesise that a supercritical pitchfork
bifurcation leads to north-south hemispheric asymmetry because at the convergence zone
around the western terminator, where the eastward flow between the gyres encounters the
westward dayside-to-nightside flow, even a small perturbation in the eastward winds leads
to an uneven transfer of momentum across the equator to either the northern or southern
hemisphere. The asymmetry of the gyres then causes asymmetries in the ozone column of
Braam et al. (2023) and the surface temperature of Noda et al. (2017) because the gyres
collect tracers and are associated with a surface temperature minimum.

The Rossby gyres are key to the high terminator differential optical depth in this regime,
as shown in Figure 4.9. Braam et al. (2023) describe how the overturning circulation of the
troposphere and stratosphere on a slowly rotating tidally locked planet can transport tracer-
enriched air from the dayside to the nightside and deposit it in the gyres. A similar pattern
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Figure 4.6: Differential optical depth per 1000 km in shortwave band 1 at the planetary limb
for a) TRAP and b) WOLF regime 2. The eastern (evening) terminator is shown on the right-
hand side of each plot and the western (morning) terminator on the left-hand side of each
plot to maintain consistency with other figures. The white text labels show pressure in mbar.
The rotation period shown is 2 days.
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b) WOLF. Bottom row: Zonal mean zonal wind for ¢c) TRAP and d) WOLF, with contour lines
showing the difference in wind speed (absolute value) between the haze simulation and an
identical simulation without haze (hazy minus control). Solid lines indicate positive values
and dashed lines indicate negative. The rotation period shown is 6 days.
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of tracer transport is reported in Parmentier et al. (2013) (their Figure 6 for 0.5 um particles)
and Steinrueck et al. (2021) (their Figure 7 for 1.0 um particles). The large latitudinal extent
of the gyres and their presence straddling the eastern terminator leads to the poor observing
prospects of this simulated regime compared to the others.

4.3.4 Single jet circulation regime

For periods of 13 to 30 days, ExoPlaSim simulates both TRAP and WOLF as planets with
a single eastward jet centred at the equator. This circulation regime has been described in
previous studies of rotation rate Edson et al. (2011); Noda et al. (2017) and in investigations
of the equatorial superrotation on both gas and terrestrial planets (A. P. Showman & Polvani,
2010, 2011; A. P. Showman et al., 2013). Figure 4.10 c¢) and d) shows a broad jet covering
most of the planet in both the TRAP and the WOLF cases, with higher winds speeds on WOLF,
particularly near the model top, and a weaker westward flow near the poles. In the transition
from the double jet to the single jet regime, the eastern Rossby gyres increase in size and
migrate to the nightside of the planet.

The position of the gyres is once again key to the terminator differential optical depth shown in
Figure 4.12. If the gyres continue to collect haze particles but are now located on the nightside
rather than on the planetary limb, | might expect a less hazy terminator. This is the case for the
TRAP simulation: the vertical haze column in Figure 4.11 a) is highest in the substellar region
and within the nightside gyres, and comparatively low elsewhere. In the WOLF case, however,
(Fig. 4.11 b)), the haze column is lowest in the substellar region and within the nightside gyres
and highest in the region of high winds around the gyre centres. This results in a very high
haze mass at the limb, this time at the western terminator. The vertical haze profiles shown in
Fig. 4.11 c) and d) reveal that TRAP has a high haze layer at altitudes higher than 200 mbar
and a lower amount of haze throughout the atmosphere below, while in the WOLF simulation
haze mass increases steadily with atmospheric pressure. This vertical structure is consistent
with Braam et al. (2023)’s description of tracer transport by an overturning dayside-nightside
circulation from a high source region on the dayside to the nightside gyres. As the TRAP
case develops a high haze layer, the overturning circulation can transport haze from this
layer into the gyre centres. In contrast, haze settles more rapidly in the WOLF simulation and
experiences the edges of the gyres as a barrier when horizontally transported from dayside
to nightside. The contrast between these two cases highlights the importance of the full 3-D
circulation in predicting the amount of haze in the observing region.
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Figure 4.8: Vertically integrated haze mass column for a) TRAP and b) WOLF and vertical
haze mass profiles for c) TRAP and d) WOLF for regime 3. The rotation period shown is 6

days.
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Figure 4.9: Differential optical depth per 1000 km in shortwave band 1 at the planetary limb
for a) TRAP and b) WOLF for regime 3. The white text labels show pressure in mbar. The
eastern (evening) terminator is shown on the right-hand side of each plot and the western
(morning) terminator on the left-hand side of each plot to maintain consistency with other
figures. The rotation period shown is 6 days.
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Figure 4.10: Top row: Horizontal and vertical winds in circulation regime 4 for a) TRAP and
b) WOLF. Bottom row: Zonal mean zonal wind for ¢c) TRAP and d) WOLF, with contour lines
showing the difference in wind speed (absolute value) between the haze simulation and an
identical simulation without haze (hazy minus control). Solid lines indicate positive values
and dashed lines indicate negative. The rotation period shown is 18 days.
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Figure 4.11: Vertically integrated haze mass column for a) TRAP and b) WOLF and vertical

haze mass profiles for ¢) TRAP and d) WOLF for regime 4. The rotation period shown is 18
days.
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Figure 4.12: Differential optical depth per 1000 km in shortwave band 1 at the planetary limb
for a) TRAP and b) WOLF for regime 4. The white text labels show pressure in mbar. The
eastern (evening) terminator is shown on the right-hand side of each plot and the western
(morning) terminator on the left-hand side of each plot to maintain consistency with other
figures. The rotation period shown is 18 days.
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4.3.5 Parameter space overview
Observing region

The four regimes described above are representative of my chosen parameter space. | now
give an overview of the full parameter space as a function of rotation rate. Figure 4.13 displays
the haze mass per meter squared at the planetary limb as a function of planetary rotation
period. The four circulation regimes are clearly visible. Haze mass, initially high at short
periods in the banded regime, drops steeply with rotation rate to the low-haze valley at 2
(TRAP) or 3 (WOLF) days. It then rises again in the double jet regime, but there are clear
differences between the two planets: the TRAP case takes the rough form of a parabola,
peaking at around 8 days in the middle of the double jet regime. The haze mass remains
lower than in the banded regime throughout. In contrast, haze mass increases sharply in the
WOLF case to a maximum at 5 days. In the WOLF simulations, the double jet regime is even
hazier than the banded regime. In the single jet regime, both planets see a gradual increase
with rotation period, but the total haze mass remains substantially lower than in the banded
and double jet regimes. Fig. 4.13 also reveals systematic patterns in terminator asymmetry. In
the double jet regime, both TRAP and WOLF have more haze mass at the eastern terminator,
while in the single jet regime, the WOLF simulations now have a hazier western terminator up
to a 22-day rotation period and the TRAP simulations show little asymmetry. This difference
is due to the trapping of haze particles in the nightside gyres in the TRAP simulations but not
in the WOLF simulations in the single jet regime.

While Fig. 4.13 could suggest that slowly rotating planets are more favourable observing
targets because they generally have lower differential optical depths at the limb, it does not
account for the height at which haze particles accumulate. The height of the haze layer is as
important as the particle abundance, as instruments cannot probe below the haze layer if the
atmosphere exceeds a certain threshold of optical depth. To quantify the impact of vertical
structure on potential observations, | show in Figure 4.14 the percentage of the top model
level (the tropopause) which exceeds differential optical depths of 1, 2, and 3 in shortwave
band 1. Fig. 4.14 a) and b) mirror Fig. 4.13 with respect to the banded regime, haze valley,
and double jet regime: the terminators are largely impenetrable in the banded and double
jet regimes and anomalously clear in the transitional regime between them. However, in the
single jet regime, differential optical depths are higher in more of the limb for TRAP than for
WOLF, even though TRAP has less haze mass overall.
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Figure 4.13: Haze mass at the planetary limb in kg/m? as a function of rotation rate for
a) TRAP and b) WOLF. Haze mass loading is integrated downwards as in the vertically
integrated haze column and then additionally along the limb to account for differences in
spacing between latitudes. The total haze mass at the limb is then divided by the surface area
of the limb to further account for the difference in size between the two planets, resulting in a
unit of kg/m?.

The reason for this is revealed in Fig. 4.14 c¢) and d), which show the maximum differential
optical depth at each atmospheric pressure level as a function of rotation period. The hazy
banded regime, clear transitional regime, and hazy double jet regime are visible and consist-
ent with Fig. 4.13 and Fig. 4.14 a) and b), but the difference in vertical structure in the single
jet regime is now apparent. Haze particles continue to build up in the deeper atmosphere in
the WOLF simulations as rotation period increases, but do not form a layer at the top of the
model as in the TRAP simulations.

Climate impact

To examine the impact of radiatively active organic haze particles on the planetary climate, |
show the global mean surface temperature and global mean water vapour column in Figure
4.15 for both my simulations with radiative effects of haze and the matching set of control
simulations without haze. For most of the parameter space, the haze has little impact on the
climate and effectively acts as a passive tracer. Table 4.1 shows that most of the extinction is
caused by scattering rather than absorption, and that the scattering is mostly in the forward
direction, as the backscattering efficiencies are small. It may be that the particles scatter light
forwards through the atmosphere and towards the surface, leading to similar instellation at the
surface as a clear atmosphere and therefore a similar surface temperature and water vapour
column. For the TRAP case, some simulations in the double jet regime show a small anti-
greenhouse effect of no more than 1-2 K, while in the WOLF case, the slowest rotators in the
single jet regime show warming of up to 5 K due to the haze. The contours in Figures 4.1, 4.4,
4.7, and 4.10 c¢) and d) in turn show the radiative feedback of the haze on the general circula-
tion, with positive values corresponding to regions where the hazy simulation predicts higher
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Figure 4.14: Top row: Percentage of tropopause (top model level) with a differential optical
depth for shortwave band 1 greater than 1, 2, and 3 at the planetary limb for a) TRAP and b)
WOLF. Bottom row: Maximum differential optical depth for shortwave band 1 at the planetary
limb as a function of atmospheric pressure and rotation rate for ¢) TRAP and d) WOLF. The
differential optical depth is calculated for a fixed path length of 1000 km as in Fig. 4.3, 4.6,
4.9, and 4.12. As the value is sensitive to the choice of path length, these figures express the
relative haziness of the atmosphere in different circulation regimes and at different altitudes,
rather than a quantitative prediction of optical thickness.
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Figure 4.15: Effect of radiatively active organic haze particles on the global mean surface
temperature for a) TRAP and b) WOLF and water vapour column for ¢) TRAP and d) WOLF
as a function of rotation period.

wind speeds than the control simulation. In general, the differences in wind speed increase
with altitude. In the banded regime, the westward equatorial jet slows while the eastward
mid-latitude jets accelerate. In the double jet regime, the TRAP case exhibits acceleration
of the southern mid-latitude jet and slowing of the northern mid-latitude jet compared to the
control, which | interpret as a perturbation in the north-south asymmetry rather than a shift
in the circulation regime itself. In the WOLF case, the wind speeds are nearly identical, with
very slight acceleration (+1 m/s) of both mid-latitude jets. In the single jet regime, the single
equatorial jet slows for both planets. The transitional regime in the TRAP case has slightly
faster mid-latitude jets than the control simulation, while the WOLF cases are again nearly
identical. The magnitude of the difference is small in all simulations, with 1-3 m/s typical for
most of the atmosphere.
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4.3.6 Sensitivity to particle size and density

| performed a preliminary parameter space study of particle size and density to test the
gravitational settling scheme, as well as the sensitivity of the haze distribution to these inputs.
The particle sizes and densities tested are described in Section 4.2. As my results broadly
reproduce the findings of Steinrueck et al. (2021) and Parmentier et al. (2013), which contain
detailed analyses of the settling behavior, | only summarise them here. The haze distribution
falls into either a “small particle” regime, in which the particles are not affected by gravitational
settling and the equilibrium mass mixing ratios are insensitive to size and density, or a “large
particle” regime in which haze particles begin to settle under gravity and collect in the lower
atmosphere. In the large particle regime, total haze mass decreases with particle size and
density, as particles settle out of the atmosphere faster. The transition between the regimes
occurs at around 100 nm, placing the chosen 500 nm particles well into the large particle
regime. | also found that a particle size of 500 nm resulted in the largest extinction efficiencies
for the given haze refractive indices and stellar spectra. | therefore expect that my simulated
particle size will have the most substantial climate impact out of the large particles in the tested
range. Based on these tests, | believe the results presented above are robust to particle size
and density for the given initial haze source and these two simulated planets. However, my
findings — including that the particles act as passive tracers — do not necessarily generalise
to other planets or stars, whose spectra will result in different Mie efficiencies, or to a higher
haze source than used in my simulations.

4.4 Discussion

441 Circulation regimes

The progression of circulation regimes with rotation period parallels the study of moist atmo-
spheric circulation as a function of rotation period conducted by Noda et al. (2017), J. Haqg-
Misra et al. (2018), and Edson et al. (2011), and to a lesser extent the dry circulation regimes
modelled by Carone et al. (2015), and Merlis and Schneider (2010). There is good agree-
ment between models when it comes to short-period planets: Noda et al. (2017)’s type-IV
circulation, J. Haqqg-Misra et al. (2018)’s rapid rotators, and tidally locked simulations with a
1-day period in Carone et al. (2015), Edson et al. (2011), and Merlis and Schneider (2010) all
resemble my banded regime.

While both the single and double jet states appear in simulations of tidally locked planets, not
all studies distinguish between them and, even if both are identified, the transitions between
them occur at different rotation periods. Noda et al. (2017) describe their type-II circulation,
applicable to their simulations with rotation periods from 6.7-20 days, as characterised by a
stationary Rossby wave on a broad equatorial westerly jet. This description corresponds to my
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single jet regime (13 to 30 day rotation periods). The authors note that as the simulated planet
spins faster, the equatorial jet slows as transient mid-latitude disturbances begin to transport
eastward momentum from the equator toward the poles, a mechanism indicating a shift to a
mid-latitude jet state. In a study of a climate bistability between the double jet and single jet
circulation regimes for sophisticated GCM simulations of TRAPPIST-1 e (rotation period of
6.1 days), Sergeev, Lewis, et al. (2022) investigates a phenomenon in which some simulation
initial conditions result in a transfer of angular momentum towards the equator (single jet
regime) and others towards the poles (double jet regime). Their Figure 7 depicts the single and
double jet regimes as nearly identical to those in ExoPlaSim in terms of Rossby gyre location
and jet structure. J. Haqg-Misra et al. (2018) categorise planets in both of these states as
“Rhines rotators”, a regime characterised by a combination of a thermally direct overturning
circulation from dayside to nightside and the presence of zonal jets. Their Figure 9 shows both
a single jet structure (the 3300 K case) and a double jet structure (the 3000 K case). However,
as their study varies stellar type, stellar constant, and rotation period in tandem to represent
physically consistent tidally locked planets, there are several confounding factors compared
to my parameter space of rotation period only. Carone et al. (2015) in turn define circulation
regimes based on the ratio of the tropical and extratropical Rossby radius of deformation to the
planet’s radius, i.e., based on whether tropical or extratropical Rossby waves can “fit” on the
planet. Their tropical Rossby wave-dominated regime matches my single jet regime and their
extratropical Rossby wave-dominated regime matches my double jet regime (schematically
shown in their Figure 2) with respect to the position of the Rossby gyres. However, they find
that slower rotators tend towards two mid-latitude jets and faster rotators towards a single fast
equatorial jet. Edson et al. (2011) in contrast find mid-latitude jets at rotation periods of 3 and
4 days, as well as a structure that could be a single jet or transitional between double and
single jets at 5 days (their Figure 4). As their parameter space only covers periods of 1, 3, 4,
5, and 100 days, it is not possible to make further comparisons.

If the single and double jet states can indeed be viewed as variations of a single regime (the
Rhines rotators of J. Hagqg-Misra et al. (2018) or type-Il circulation of Noda et al. (2017))
distinguished by whether angular momentum is transferred either towards the equator or
towards the poles (Sergeev, Lewis, et al., 2022), different studies may have inconsistent
results for the same rotation period if other factors, such as choice of temperature forcing or
stellar constant, dry vs. moist atmosphere, or the presence clouds, are not kept constant or if
implementations of model physics differ. As my work shows, however, distinguishing between
these states is crucial to explaining the haze distribution, as the location of the Rossby gyres
is central to how hazy the terminators become. Further work on the emergence of the single
and double jets in the vein of Sergeev, Lewis, et al. (2022), particularly in more idealised
models that enable better investigation of underlying mechanisms, is necessary to clarify the
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relationship between these states and the various factors that influence them. Conversely, if it
becomes possible to diagnose haze distribution through, for example, asymmetry in the haze
layer altitude between the leading and trailing limb of a transmission spectrum, this could be
evidence for a particular circulation regime.

Finally, with respect to the low-haze transitional regime between the banded and double jet
regimes, | can compare my results to Noda et al. (2017) and Carone et al. (2015). Although
both studies simulated planets with 2-day rotation periods, neither display the results of this
experiment. Noda et al. (2017) identify a type-Ill circulation regime with periods from 1.25 to 2
days, characterised by a circulation similar to that of type-Il (broad eastward jet with stationary
Rossby waves) but with significant north-south asymmetry in values such as surface tem-
perature and geopotential height, as well as long-term periodic variability in this asymmetry.
Carone et al. (2015) show results from their 3-day period simulation, which is characterised
by the presence of both tropical and extra-tropical Rossby waves. As neither these results
nor ours form a consistent picture, clearly further theoretical work is needed in understanding
planets with rotation periods of approximately 1-3 days. Tidally locked planets with rotation
periods this short are unlikely to be temperate, but may still form photochemical hazes.

4.4.2 Distribution and effects of haze

| can compare my results to the passive haze tracer studies of Steinrueck et al. (2021)
and Parmentier et al. (2013) and the radiatively active haze tracer studies of Steinrueck
et al. (2023) and Mak et al. (2023). Steinrueck et al. (2021) and Parmentier et al. (2013)
investigated gravitational settling and vertical mixing of passive haze tracers with varying
radii in simulations of hot Jupiters HD 189733 b and HD 209458 b, respectively. As in my
Section 4.3.6, in both studies haze particles fall into two regimes based on size: particles with
a radius larger than the mean free path of the background gas fall with a terminal velocity
independent of the pressure, while particles smaller than the mean free path have terminal
velocities inversely proportional to the pressure. If all else is held equal, an N, atmosphere
should have a larger mean free path than an H, atmosphere, shifting the transition from
small to large particle regime towards larger particles. However, other factors such as gravity
(21.93 m/s? in Steinrueck et al. (2021) and 9.81 m/s? in Parmentier et al. (2013)) and viscosity
(dependent on local temperature, which is much higher in both hot Jupiter studies) also come
into play. Steinrueck et al. (2021) place the transition at 10-30 nm, compared to my 100 nm.
In the small particle regime, Steinrueck et al. (2021) also report particle trapping in nightside
vortices which extend across the morning terminator, while in the large particle regime, the
vortices are depleted of hazes.
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In recent work, Steinrueck et al. (2023) and Mak et al. (2023) performed radiatively active
haze tracer simulations of hot Jupiter HD 189733 b and the Archaean Earth, respectively,
both using optical constants for organic hazes analogous to Titan’s tholins reported in Khare
et al. (1984). Steinrueck et al. (2023) found that Titan-like hazes increase the net heating
rate across a broad range of atmospheric pressures, significantly influencing the atmospheric
circulation and therefore changing the haze distribution compared to the passive tracer simu-
lations. In contrast, Mak et al. (2023) found that for the Archean Earth only a thin haze layer
leads to atmospheric heating, while thicker haze layers (6 out of their 7 simulations) lead to
atmospheric cooling. | note that although both the optical constants and the stellar spectra
used in these studies differ from my own, Mak et al. (2023)’s simulated atmosphere is similar
to ours and indeed also based on the chemical compositions used in G. N. Arney et al. (2017)
(nitrogen atmosphere with 0.2 ratio of CH,4 to CO;).

While Braam et al. (2023) focus on ozone distribution, the mechanism they identify for trans-
port of tracers from a dayside photochemical source to the nightside Rossby gyres is relevant
to my results. This study shows that the overturning circulation on a tidally locked planet
can advect tracers from the dayside in the upper atmosphere and deposit them in the areas
of low geopotential height within the nightside gyres. The analysis primarily discusses the
stratosphere because this is where ozone is produced, but the same mechanism could explain
why haze particles collect in the nightside gyres in the TRAP simulations which form a high
dayside haze layer, but not in the WOLF simulations which are lacking such a high layer.

As this discussion shows, drawing broad conclusions about the distribution and climate impact
of photochemical hazes is difficult. This is not only because of the limited amount of literature
available, but also because of the sensitivities that literature reveals. Haze particles may
collect inside Rossby gyres or remain circulating outside them, depending on whether the
gyres are fed by a high altitude haze layer. Haze may either warm or cool the planet’s surface
and atmosphere, depending on its optical properties and the thickness of the haze layer. Haze
particles may affect the general circulation significantly if they absorb light and change the
temperature structure of an atmosphere, or they may act as passive tracers. Understanding
which of these effects is in play for a particular exoplanet cannot be predicted in advance, but
requires observational data to guide modelling efforts.

4.4.3 Implications for observations and future work

In my study, | varied the rotation rate of each of the simulated planets while keeping all other
parameters constant. This allows me to attribute changes across the parameter space solely
to rotation rate and circulation regime, without having to consider the confounding effects of
different haze production rates, stellar spectra, stellar constants, atmospheric compositions,
and numerous other, often unconstrained factors. On the other hand, my simulations may not
all correspond to real atmospheric states, as | do not co-vary rotation period, stellar constant,
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stellar type, and haze production rate, which are or could be linked for tidally locked planets.
To better relate my simulations to the known exoplanet population, | identify below a number of
temperate tidally locked rocky planets whose rotation periods place them within my parameter
space.

The double jet TRAP simulation presented in Section 4.3.3 is physically self-consistent, as it
takes the rotation period (6 days), stellar spectrum, and stellar constant, as well as planet
radius and mass from the real planet TRAPPIST-1 e. TRAPPIST-1 e is one of the most
frequently modelled exoplanets and serves as a benchmark for GCM studies of rocky tidally
locked worlds. Moist simulations of the planet as part of the Trappist-1 Habitable Atmosphere
Intercomparison (THAI) predicted a double jet circulation regime in three out of four cases
(Sergeev, Fauchez, et al., 2022). The TRAPPIST-1 system has already been observed mul-
tiple times (Greene et al., 2023; Krishnamurthy et al., 2021; Lim et al., 2023; Lincowski et al.,
2023; Zieba et al., 2023) and TRAPPIST-1 e is likely to be an observing target in the future.
Other rocky, presumably tidally locked planets whose rotation periods place them within the
double jet regime in my parameter space include Teegarden’s star b (Zechmeister et al., 2019)
at 4.9 days and LP 890-9 ¢ (Delrez et al., 2022) at 8.5 days.

The single jet WOLF simulation presented in Section 4.3.4 is likewise physically self-consistent,
with the rotation period ( 18 days), stellar spectrum, stellar constant, planet radius, and planet
mass of Wolf 1061 c. As noted in Sections 4.2.4 and 4.4.4, however, these values would likely
lead to a runaway greenhouse regime in other GCMs. A direct comparison is not possible
as this planet has not been modelled in GCM simulations before, but a frequently studied
example of a planet usually simulated with a single superrotating jet is Proxima Centauri b
(Boutle et al., 2017; Turbet et al., 2016), with a rotation period of 11.2 days. A transiting planet
orbiting an M-class star with a similar stellar constant and rotation period as Wolf 1061 c is
Kepler-1649 ¢ (Vanderburg et al., 2020) at 19.5 days and a stellar constant of about 1.23
times that of Earth. A planet with a rotation period that places it in the single jet regime, but a
stellar constant closer to that of TRAPPIST-1 e is GJ 1061 d (Anglada-Escudé et al., 2013) at
13 days and a stellar constant about 0.69 times that of Earth.

As discussed in Section 4.4.1, however, models do not always predict the same circulation
regime for a given rotation period. The ability to constrain a planet’s circulation regime from ob-
servations would be a significant step forward in our understanding of exoplanet atmospheric
dynamics. My simulation results show distinct terminator asymmetry and limb silhouettes
associated with each circulation regime. | propose that, for planets with optically thick haze, it
may be possible to detect evidence of a circulation regime through separate atmospheric
retrievals of the leading and trailing limb (Song & Yang, 2021) or through retrieval of the
planet’s transmission string (Grant & Wakeford, 2023). | plan to test this approach in future
work by producing simulated observations for my identified circulation regimes. However,
simulating transmission spectra requires a larger atmospheric pressure range than included
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in my parameter space study, and the stratospheric circulation is also relevant to the haze
distribution. It is possible that the low-haze troposphere of regime 2 (the transitional regime) is
a result of particle trapping at the tropopause or in the stratosphere, which would in fact lead
to a higher haze layer and poorer observational prospects. It may also be the case that the
Rossby gyres extend into the stratosphere, again trapping haze particles at lower pressures.
| will therefore extend the top of my model into the stratosphere for the purpose of simulating
observations, as well as studying the potential stratospheric circulation.

4.4.4 Limitations

Previous work reporting north-south asymmetry in GCM simulations of tidally locked planets
has shown that the asymmetry may reverse periodically, i.e. the northern hemisphere may be
warmer than the southern for some period of time, followed by a period in which the southern
is warmer than the northern (Noda et al., 2017). As | use the average of one year for my
analysis, my results do not reflect any such switching, and a long-term average (several times
the period of the oscillation) could result in no differences between the northern and south-
ern hemispheres. Since, however, transmission spectroscopy cannot distinguish latitudinal
variations and any north-south asymmetry would therefore not affect observations, | chose
a shorter averaging period to keep the simulation runtimes and output sizes at manageable
levels.

As stated in Section 4.2.4, the model inputs for the WOLF simulations would likely lead to a
runaway greenhouse regime in other, more sophisticated GCMs. J. Hagg-Misra et al. (2022)
found that ExoPlaSim underpredicts the surface temperature and stratospheric water vapour
content compared to ExoCAM (their Table 3), an effect that is more pronounced in hotter
simulations. Paradise et al. (2022) states as a possible explanation that ExoPlaSim treats
water vapour as a trace gas, such that increases in water vapour pressure do not lead to
increases in surface pressure and resulting effects on dynamics and climate. In addition, the
absorptivity of water vapour in shortwave band 2 ( A > 0.75um) relies on a parameterisation
that is tuned to the solar spectrum and is likely less accurate for M-class stellar spectra.
Paradise et al. (2022) contains further details about these model limitations and potential
future development work to remedy them. Some modelling work has indicated that tidally
locked planets may be able to maintain surface habitable temperatures even with atmospheric
water vapour content that would normally indicate a greenhouse regime (R. k. Kopparapu
et al., 2017), as a result of a feedback whereby increasing dayside temperatures lead to
increasing dayside cloud albedo (J. Yang et al., 2013); however, ExoPlaSim has not been
validated for these regimes (Paradise et al., 2022). The WOLF simulations are therefore
better seen as theoretical atmospheric states for warm temperate planets, rather than specific
predictions for the stellar constant of Wolf 1061 c.



4.4. Discussion 97

The haze scheme is highly idealised and does not account for sinks (chemical sinks, wet
deposition) aside from gravitational settling onto the surface, a particle size distribution (which
may vary with time due to particle growth and loss), or radiative effects dependent on wavelength.
The haze source is taken from 1-D modelling in G. N. Arney et al. (2017) and prescribed
within the model, not generated internally by self-consistent chemistry or haze microphysics.
Accordingly, my results should be seen as first order estimates of the interaction between
the atmospheric circulation and radiatively active haze particles. The strength of ExoPlaSim
and the haze scheme is their computational efficiency and ability to map large parameter
spaces and isolate relationships between a small number of factors. The free parameters
in the haze scheme, including optical constants, particle size and density, and haze source
strength and location, as well as the many model parameters relevant to the circulation and
haze distribution (including stellar constant, stellar type, planet gravity, and others) leave a
large parameter space still to be explored. | examine only one type of organic haze, which
may vary in its optical properties from other laboratory haze analogues, as indeed real organic
hazes may vary from planet to planet depending on factors such as trace gas abundances,
stellar spectrum, and atmospheric temperature. Future work could, for example, study the
effect of the organic haze data published in Corrales et al. (2023) by way of comparison with
my study.

| intend to follow up the present work with a smaller, more computationally intensive study of a
select number of cases from my parameter space at a higher vertical and horizontal resolution
and with a higher model top to investigate the transport of haze to and within the stratosphere
and generate simulated transmission spectra. The source code of ExoPlaSim, including the
haze scheme, is open source and freely available for further work by other researchers.

4.5 Conclusion

| developed a haze module to simulate haze transport and radiative effects in a fast, open
source intermediate complexity general circulation model, ExoPlaSim. | used the model to
study the 3-D haze distribution for a tidally locked Earth-like (TRAPPIST-1 e-based) and
super-Earth-like (Wolf 1061 c-based) planet with rotation periods ranging from 0.25 to 30 days
in idealised simulations. The aim of my study was to identify characteristic haze distribution
regimes which could potentially be distinguished by observations of the planetary limb. My
simulations fall into three primary circulation regimes, which have also been identified in
previous literature: a banded regime (rapid rotators), a double jet regime (intermediate rotation
periods), and a single jet regime (slow rotators). The banded regime tends to have haze
particles well-mixed throughout the atmosphere, while in the other two regimes, haze collects
either inside or around the Rossby gyres associated with the stationary Rossby waves typical
of the atmospheric circulation of tidally locked planets. As the Rossby gyres are associated
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with large amounts of haze, their location—on the planetary limb or on the nightside—has a
controlling effect on the haze differential optical depth at the terminator. My simulations in
the double jet and single jet regimes also show east-west terminator asymmetry, which could
be observable. Overall, the simulations in my study with the lowest differential optical depths
at the top of the atmosphere were the slowly rotating super-Earths, in which haze particles
settled deeper into the atmosphere around the nightside Rossby gyres. My chosen haze
optical constants resulted in a haze layer which had little effect on the surface temperature
of the planet or feedback on the general circulation. The organic hazes in my simulations
therefore act largely as passive tracers; however, this finding cannot be generalised to other
hazes or laboratory haze analogues, which much be examined individually.

ExoPlaSim’s computational efficiency allows me to explore a larger parameter space than is
feasible with more complex GCMs. | intend to follow this work with a smaller set of higher
resolution and higher model top simulations selected from the parameter space described in
my results in Section 4.3. This will allow me to explore the impact on the haze distribution
of including the stratospheric circulation and to generate simulated transmission spectra and
transmission strings.



Chapter 5

Discussion

5.1 Summary of results

In the preceding chapters, | have explored how several physical processes in tidally locked
exoplanet atmospheres that can only be simulated in 3-D models may affect observations of
the planetary terminator in transmission spectroscopy. These physical processes fall under
two broad headings: atmospheric waves and their global effects, and the horizontal transport
of light-extinguishing aerosols.

In Chapter 2, | described a stratospheric wind and water vapour oscillation analogous to the
quasi-biennial oscillation on Earth. The oscillation is caused by the deposition of gravity wave
pseudomomentum in stratospheric regions where the phase speed of the gravity wave is
similar in magnitude to the speed of the background flow. This process causes the strato-
sphere to form a vertically stacked series of jets flowing in alternating directions in a pattern
which propagates downwards over time. Unlike Earth’s QBO, this oscillation exhibits major
longitudinal asymmetries in the magnitude of the associated wind speeds, with a maximum
at the western terminator and a minimum at the substellar point, as well as a much shorter
period. As the QBO is associated with a corresponding periodic variation in the abundances
of atmospheric species (water vapour, ozone, etc.), | also simulated the transit depth of
water vapour absorption lines over time. If the amplitude of the transit depth variation were
large enough, it could be possible to diagnose the existence of such an oscillation on an
exoplanet or, given enough historical data, predict when water vapour abundances are higher
and observe the planet during this phase of the oscillation. | found that the effects on transit
spectra are too small to be observable for an Earth-like planet; however, similar oscillations
could exist on gas giants and cause measurable variations in spectral signatures.

In Chapter 3, | explored a relationship between cloud radiative feedback at the substellar
point, the Matsuno-Gill response to periodic thermal forcing, and cloud abundance at the
terminator. | found that changes in the amount of cloud in the substellar region affect the
substellar forcing, increasing or decreasing the background zonal wind and therefore shifting
the zonal wavenumber-1 standing Rossby wave in such a way that the eastern Rossby gyres
traverse a path of over 100 degrees of longitude. In their westernmost position, the gyres
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advect cloud from the substellar point to the terminators, while in their easternmost position,
the gyres do not overlap with the substellar region of cloud and cannot advect cloud towards
the limb. Simulated transmission spectra show a periodic rise and fall in the transit depths
of water vapour and carbon dioxide with the same period as the dynamical oscillation. Even
during the transit depth maxima, however, these absorption lines are not deep enough to
be detectable. This is true even of simulations of a planet at the inner edge of the habitable
zone, with a theoretically improved planet-to-star ratio, because the cloud deck forms higher
up in this warmer atmosphere. Given the relationships between rotation rate, stellar forcing,
amount of cloud, and Rossby gyre location for tidally locked water-rich planets, it is unclear
whether any particular configuration of orbital distance and stellar type has a higher likelihood
of having cloudless periods at the planetary limb.

In Chapter 4, | studied the effect of planetary rotation rate (and therefore circulation regime) on
the 3-D spatial distribution of organic haze particles and especially on the haze abundance at
the planetary limb. In broad agreement with the existing literature, my simulations fell into three
distinct regimes: a banded regime (fast rotators), a double jet regime (intermediate rotators),
and a single jet regime (slow rotators). Each regime is associated with a characteristic haze
distribution at the terminator because the circulation transports haze away from the prescribed
source in the model in a different way. Repeating the rotation rate parameter space for both
an Earth-size and a super-Earth-sized planet showed that other factors, especially stellar
forcing, but also the gravity and size of the planet, can also affect the haze distribution and
merit further study. It is possible that detected signatures of hazes in exoplanet transmission
spectra could be used to draw inferences about the underlying deep circulation, especially
based on asymmetries in haze layer altitude between the morning and evening terminators.
In my parameter space, the slowly-rotating super-Earth simulations were the most promising
candidates for observation, as haze particles collected around the nightside vortices relatively
low in the atmosphere without forming a high haze layer.

5.2 Implications of results

Taking a broad view, my research suggests several conclusions: that Earth-like planets remain
poor observational prospects, that existing scientific software tools are misaligned with the
objectives of exoplanet science, but also that temporal and spatial variability in exoplanet
transmission spectra may in the future become powerful tools for drawing conclusions about
a planet’s atmosphere and climate.

The simulated transmission spectra included in Chapters 2 and 3 show not only that these
dynamical oscillations in the model are not observable for Earth-like planets, but also that
water vapour is not detectable even at the most favourable phase of the oscillation. The water
vapour transit depths at the LASO peak and at the cloud oscillation trough remain smaller
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than JWST'’s ability to detect, largely because the planet-star ratio and heavy mean molecular
weight of the atmosphere are more important factors than the vapour abundance. This means
it may not be possible to confirm the presence of water on potentially habitable rocky worlds,
even during periods when the terminators are relatively cloudless. The findings are in line with
prior research on the detectability of water vapour on potentially habitable worlds (Komacek
et al., 2020; Suissa et al., 2020) and close loopholes related to variability.

While the Unified Model makes it possible to study phenomena such as atmospheric variability
with a high degree of sophistication compared to other exoplanet GCMs, the results remain
unobservable. This calls into question the use of sophisticated, computationally expensive
models to study terrestrial exoplanets for purposes of interpreting observations. On the other
hand, the results of Chapters 3 and 4 highlight the importance of 3-D effects in modelling
because of, among other things, transport of clouds and hazes. This conflict reveals a gap
in the scientific software ecosystem: fast, low-resolution, simplified 3-D atmosphere models
with a modular design and a high model top. Given the vast parameter space represented
by the exoplanet population, faster and more flexible models that can map this parameter
space at reasonable computational cost are at least as necessary as sophisticated but slow
coupled chemistry-climate models. As a modular, intermediate complexity GCM, ExoPlaSim
represents a step in this direction, though it is hampered by difficulties simulating deep at-
mospheres with higher model tops. The development of 3-D models that prioritise quantity
over quality would be a valuable innovation for exoplanet science, even if performed under
the aegis of informatics or computational fluid dynamics, without offering immediate scientific
findings about exoplanets. Such exoplanet-specific GCMs could dispense with some model
features more useful to Earth science—such as higher resolution near the surface—in favour of
designs oriented towards the specific challenges of modelling exoplanets. A next step, already
being explored by the exoplanet community, is to incorporate these findings into atmospheric
retrievals through parameterisations or into machine learning approaches through 3-D forward
models.

If sufficient advances in modelling are made, the spatial and temporal variability described in
this thesis promise novel insights into planetary climates. Chapters 3 and 4 describe differ-
ences in cloud and haze abundances between the eastern and western terminator as a direct
result of the general circulation. Observing such limb asymmetries in aerosol and gaseous
species abundances and incorporating them into retrievals could help constrain the circulation
regime, in particular the presence and location of Rossby gyres. Tracer simulations consist-
ently indicate that the gyres are a unique, chemically enriched region of the atmosphere
(Braam et al., 2023; Parmentier et al., 2013; Steinrueck et al., 2021; Yates et al., 2020). If
the gyres extend across the limb as in the double jet regime, transit spectroscopy will probe
this region during egress (but not during ingress). Limb asymmetries could then be due to
the gyres rather than temperature differences (as proposed in Ehrenreich et al. (2020)) or
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redistribution from the substellar point by jets. If, as explored in Chapter 3, the gyres also
regularly shift and cross between the dayside and nightside, they will periodically be exposed
to the host star’s light, triggering photochemical reactions and perturbing their internal chem-
ical environment. This could have implications for detections of chemical disequilibrium, which
could have origins in dynamical causes rather than, say, biological processes.

An understanding of atmospheric variability is ultimately indispensable to interpreting obser-
vations. Solar system planets exhibit many kinds of variability: the quasi-quadrennial and
quasi-periodic oscillations on Jupiter and Saturn, respectively (analogues to Earth’s QBO and
semi-annual oscillation); the seasonal methane cycle of Mars; the sporadic Venusian ozone
layer; and variations in thermal structure and chemical composition on Titan. As individual
exoplanets are observed on multiple occasions and the archive of exoplanet data grows, a
theoretical understanding of potential forms of atmospheric variability will become necessary
to distinguish genuine physical phenomena from sources of noise and error.

5.3 Future work

This thesis suggests several avenues for future work. One simple approach would be to
expand these studies to larger, more observable planets. Stratospheric oscillations are physic-
ally possible and could be more easily detected on gas planets. It is as yet unexplored whether
stationary Rossby waves on tidally locked sub-Neptunes and hot Jupiters shift locations and
what impact this could have on the regional atmospheric composition and on observations.
Likewise, repeating the parameter space study in Chapter 4 with a low mean molecular weight
atmosphere (hydrogen/helium) could yield different results, as the atmospheric composition
will affect viscosity and settling velocities.

One significant area where theoretical understanding remains lacking is the formation and role
of the stationary Rossby waves and Rossby gyres on tidally locked planets. How consistent is
the location of the gyres in simulations by different models? Do other models besides the
Unified Model predict regular shifts in the gyre location? If so, what is the period of this
oscillation? What is the chemical environment in the gyres predicted by coupled chemistry-
climate models? How does this environment change in response to periodic exposure to
radiation when the gyres are on the dayside? One important question is how far the gyres
extend into the upper atmosphere and whether they continue to show enhanced tracer profiles
at higher altitudes. A fruitful approach might be to simulate the environment in the gyres, rather
than at the substellar or antistellar point, using existing 1-D chemistry or aerosol codes. A next
step could be to simulate periodic irradiation of the equilibrium chemical environment in the

gyres.
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The additions to ExoPlaSim also open up potential for exploration of a much larger parameter
space of aerosols. Recent and upcoming laboratory studies of exoplanet aerosols are making
complex refractive indices of photochemical hazes available to modellers (He et al., 2018a,
2023). ExoPlaSim allows for rapid investigation of the impact of different hazes on a planet’s
general circulation and climate, as well as of the sensitivity of the haze distribution to source
location, source strength, particle size, particle density, and the other existing parameters
characterising the model. A few potential approaches could be: to compare the impact of
various laboratory-created haze analogues, soot-like hazes, and Titan’s tholins on the general
circulation; to vary the source mass mixing ratio for a given haze to determine when the haze
abundance becomes radiatively and observationally relevant; or to systematically vary the
stellar forcing and spectrum to identify associated haze distribution regimes.

To follow up on Chapter 4, | have run simulations of the eight cases described with a model
top fixed at 1 pbar and the haze source maintained in the same location just above the tro-
popause. This will allow me to compare the haze distribution in the upper atmosphere across
the parameter space, to generate simulated transmission spectra and potentially transmission
strings, and to perform atmospheric retrievals using the simulation data. The aim of this follow-
up work is to determine whether the circulation regimes can be distinguished by, for example,
differences in transit depths, and to test whether separate retrievals of the eastern and western
terminators can leverage terminator asymmetry to draw conclusions about the circulation and
spatial variability in atmospheric composition.

The goal of such future work would be to test whether the theoretical predictions in this thesis
are observable. An observation of a periodic reversal of wind direction or warming and cooling
of the atmosphere on a gas giant could confirm the existence of a LASO. Terminator asym-
metry on a hazy exoplanet or a transmission string matching one of the optical depth profiles
shown in Chapter 4 could indicate a planet with a double jet circulation regime. These findings
would enrich our understanding of other planets, expanding them from unresolved points with
a few known chemical species in the atmosphere to dynamic worlds with winds, weather, and
climate. Atmospheric dynamics in turn play a role in contextualising detections of chemical
disequilibrium and determining whether such disequilibrium is a potential biosignature. As the
James Webb Space Telescope and many upcoming missions begin to characterise exoplanet
atmospheres in greater and greater detail, 4-D simulations will become ever more important
in bringing together different observations into a coherent picture of a planet — and it is these
global views which will ultimately help us understand how the Earth fits into the exoplanet
population and whether the world we inhabit is truly unique.



Appendix A

Haze transport and radiative transfer
parameterisations

A.1 Gravitational settling scheme

ExoPlaSim includes a gridspace tracer transport module with a flux-form semi-Lagrangian
transport scheme based on S.-J. Lin and Rood (1996) and S.-J. Lin, Chao, Sud, and Walker
(1994) that can be used to calculate the passive transport of gas-phase tracers. Vertical
transport is calculated by a piecewise parabolic method as described in Colella and Wood-
ward (1984). To represent solid-phase particle transport, | repurposed the advection fluxes in
the zonal, meridional, and vertical directions from the existing flux-form scheme and added
an additional vertical flux from gravitational settling based on Steinrueck et al. (2021) and
Parmentier et al. (2013).

According to this parameterisation, the haze mass mixing ratio is described by the equation:

Dy d(pgxVs)
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where D% is the total derivative, ) is the mass mixing ratio (kg/kg), g is the gravitational
constant (m/s?), pg is the surrounding gas density (kg/m?3), V; is the terminal velocity of the
falling particles (m/s), p is the pressure (Pa), P is the production term (kg/kg), and L is the
loss term (kg/kg). The first term on the right-hand side represents gravitational settling of a

solid-phase particle under gravity. The terminal velocity is given by:
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where a is the particle radius (m), g is the gravitational constant (m/s?), pp is the particle
density (kg/m?), pg is the surrounding gas density (kg/m?), B is the Cunningham correction
factor (dimensionless), and 1 is the viscosity (Pa - s). The Cunningham factor is a correction
to the Stokes’ drag force to account for the case in which the mean free path of the gas is
similar to the particle size. Stokes’ law assumes a no-slip condition, but this assumption is not
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valid for small particles, which experience the surrounding gas as a non-continuous medium.
In this case, drag is generated by particles interacting with the surrounding individual gas
molecules rather than by the viscosity of the gas. The Cunningham factor accounts for this
effect and is defined by:

B =1+Kn(1.256+40.4¢ "1/Kn, (A.3)

where Kn is the Knudsen number, the ratio of the mean free path A of the gas to the particle
size a. The mean free path is calculated as:

kpT

where kg is the Boltzmann constant, T is the air temperature (K), d is the molecular diameter
of the surrounding gas (m), and P is the air pressure (Pa). The viscosity is calculated using a
parameterisation described by Rosner (1986):
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where m is the molecular mass (kg) and € is the depth of the Lennard-Jones potential well. |
use the following values for N gas: m = 4.652 x 10726 kg, d = 3.64 x 10~ m, and & = 95.5k;,
T. The parameterisation represents particles with a single, uniform radius.

A.2 Haze radiative transfer scheme

ExoPlaSim’s shortwave radiation module is based on the work of Lacis and Hansen (1974)
for the clear sky fraction, with cloud parameterizations from Stephens (1984) and Stephens
(1978) for the cloud cover fraction. The model uses a two-stream method to represent multi-
scattering by clouds in two shortwave bands and a diffusivity factor of 0.5 for diffuse light.
Cloud is treated as scattering but not absorbing in shortwave band 1 (blue), and as both
scattering and absorbing in shortwave band 2 (red). | added a haze radiative transfer scheme
based on the cloud scheme, with adaptations to include empirically measured optical data for
hazes rather than internally calculated values from parameterisations as for the clouds. Haze
radiative effects are included only for the clear sky fraction; in cloudy areas, cloud scattering
and/or absorption is assumed to dominate the radiative transfer.
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A.2.1 Cloud scheme

The cloud treatment for shortwave band 1 is given in the Planet Simulator Reference Manual.
| do not reproduce it here, as my additions to code are based only on the cloud scheme for
shortwave band 2. The cloud treatment in shortwave band 2, representing both scattering and
absorption, is as follows: A
u
Trep = R (A.6)
where Tr is the transmissivity through a layer of cloud and,

2= (L= +2Pham) (A7)

(1—ap)

where @y is the single scattering albedo (the ratio of the scattering efficiency to the total ex-
tinction efficiency and f3; is the backscatter ratio (the backscattered fraction of monodirectional
incident radiation at a given zenith angle, calculated from a parameterisation based on fields
within the model) for shortwave band 2, and

R=(u+ l)zexp(reff) —(u— l)zexp(—’ceff), (A.8)

where 7,7 is the effective optical depth. The value of 7./ is calculated using a parameterisa-
tion based on the cloud liquid water path, the single scattering albedo, the backscatter ratio,
and the cosine of the solar zenith angle taken from Stephens (1978). The PlaSim Reference
Manual provides more detailed information about this parameterisation.

In addition, the reflectivity from a layer of cloud is given by:

lexp(Ters) — exp(—Tess)l(u® — 1)
R )

Recr = (A.9)

where u, R, and 7.sr are as given above. The transmissivity Tr and the reflectivity Re are
unitless and are expressed as fractions with a value between 0 and 1. Detailed derivations of
all the above equations are given in the PlaSim Reference Manual and in Stephens (1978).



A.2. Haze radiative transfer scheme 107

A.2.2 Haze scheme
The haze treatment in both shortwave bands 1 and 2 uses the same equations for Tr, Re, u
and R as the cloud scheme above. The haze optical depth of a haze layer is given as:

Ty = NQu 1?82, (A.10)

where N is the number density in particles per m3, Q.. is the extinction efficiency, r is the
particle radius in meters, and 6z is the layer thickness in meters. The effective optical depth
T sy is then given by:
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in the formulation given by Stephens (1978) for an absorbing and scattering medium, where

Tops = (A.11)

@y is the single scattering albedo (the ratio of the scattering efficiency to the extinction ef-
ficiency), B is the backscatter ratio (calculated for the haze as Qpuck/Qscar> the ratio of the
backscattering efficiency to the scattering efficiency), and g is the cosine of the solar zenith
angle. Instead of being determined by parameterisations within the model, the values of Q,.;,
Opack» and Oy are read in from an external data file after being pre-calculated from the haze
complex refractive index and are then used to calculate @y and f3.

A.3 Mie efficiency calculations

| use the Python package MiePython (Prahl, 2023) to calculate the Mie extinction, scattering,
and backscattering efficiencies. MiePython uses algorithms based on Wiscombe (1980) to
calculate these efficiencies. The online documentation for the MiePython package contains
detailed descriptions of the formulas used and examples of calculations, as well as validations
against test cases reported in Wiscombe (1980) and Bohren and Huffman (1998). | reproduce
below the formulas used by the MiePython packages to calculate the extinction, scattering,
and backscattering efficiencies:

Extinction efficiency:

2 (e}
Qe = 571 (2n+ 1) (|l + ba]?) (A12)
Scattering efficiency:
2 (o]
Oscar = ;Zn:] (2n+1)-Re{a,+b,} (A.13)

where in both cases x is the size parameter of the particle, ﬁﬂ with a the particle radius and

Avac the wavelength of incoming light in a vacuum, and
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[mDy (mx) +n/x] W (x) — Y1 (x)
[mDy,(mx) +n/x] 8, (x) — &u—1(x)

b, =

(A.15)

where x is again the size parameter, m is the complex refractive index of the particle, and y
and & are equivalent to:

Wy (x) = xjn(x) (A.16)

Sn(x) = xjn(x) + ixyn(x) (A.17)

Here j,(x) and y,(x) are spherical Bessel functions. The factor D, in Equations A.14 and
A.15 is the logarithmic derivative computed using the continued fraction method developed

by Lentz (1990). As the description of this method is lengthy and is fully documented in Prahl
(2023) and Lentz (1990), | refer the reader to these publications for a full derivation.

Finally, | calculate the backscattering efficiency using MiePython as:

1
Opack = ;\ZZ’:I(Zn—l—1)(—1)2(an—bn)\2 (A.18)

where a,, and b,, are defined as in Equations A.14 and A.15 above.

The calculation of the backscattering efficiency by MiePython is based on a definition of
the backscattering cross-section used in optics, which differs by a factor of 47 from the
definition used in meteorology. | quote from the American Meteorological Society’s Glossary
of Meteorology:

“ Backscattering cross-section:

For plane-wave radiation incident on a scattering object or a scattering medium, the ratio of
the intensity scattered in the direction toward the source to the incident irradiance.

So defined, the backscattering cross section has units of area per unit solid angle, for example,
square meters per steradian.

In common usage, synonymous with radar cross section, although this can be confusing
because the radar cross section is 47 times the backscattering cross section as defined in
1) and has units of area, for example, square meters.”

(American Meteorological Society, 2023: Backscattering cross section,
https://glossary.ametsoc.org/wiki/Backscattering_cross_section)

By this definition, MiePython computes the radar cross-section, which can in some cases be
larger than the scattering cross-section. However, the radiative transfer scheme described in
Appendix Section ?? requires as input the backscatter ratio, the proportion of incident light
scattered back towards the source. This ratio must be less than or equal to one and the
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backscattering cross-section must be less than or equal to the total scattering cross-section.
To arrive at the meteorological definition of the backscattering cross-section, therefore, the
value computed by MiePython must be divided by a factor of 47. As the backscattering
efficiency differs from the backscattering cross-section only by a factor of the geometric cross-
section (constant for a given particle radius, as in my simulations), | take the backscattering
efficiency calculated by MiePython and divide it by a factor of 47 to obtain the values of the
backscattering efficiencies given in Table 4.1.

The Mie efficiencies input into the ExoPlaSim model need not be calculated using MiePython,
but can be obtained by other methods chosen by the user. However, care should be taken
that the backscattering efficiency used is equivalent to the American Meteorological Society
definition and that its value does not exceed that of the scattering efficiency.
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