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Abstract

Exoplanets or planets around other stars than the Sun are ubiquitous in the galaxy,
with great diversity in stellar and planetary environments. The hundreds of known
terrestrial exoplanets with mass and radius similar to Earth are preferentially found
around M-dwarf stars. The James Webb Space Telescope (JWST) is providing the
first glimpses into the atmospheres of these terrestrial exoplanets which is most
easily achieved for planets on close-in orbits around a small and cool host star. The
close-in orbits induce strong star-planet gravitational interactions that synchronize the
planet’s orbital and rotational velocity in a process called tidal locking, producing
spin-orbit resonances akin to the Moon’s 1:1 and Mercury’s 3:2 spin-orbit reson-
ance. Understanding the effects of spin-orbit resonances on atmospheric physics and
chemistry is crucial to determine habitability, interpret spectroscopic observations,
and put potential biosignatures (signs of biological processes in an atmosphere) into
the environmental context.

Comprehensive 3D General Circulation Models (GCMs) that describe the physical
processes in a planetary atmosphere have been employed to explore the habitability
and observability of such exoplanets. The simulations show that heat transport from
a permanent dayside to a permanent nightside prevents atmospheric collapse for 1:1
resonant exoplanets. The atmospheric circulation depends on the planet’s rotation
rate and orbital configuration and determines the distribution of clouds and hazes. A
3:2 resonant orbit with a theoretically predicted eccentricity of 0.3 changes the stellar
irradiation pattern and generally warms the planetary climate. Besides heating and
driving circulation, spatially asymmetric energetic radiation from the host star also
photolyses molecules, driving the atmospheric composition out of thermochemical
equilibrium and motivating the use of 3D coupled Climate-Chemistry Models (CCMs).
For 1:1 resonant exoplanets of an Earth-like atmospheric composition, photochem-
istry driven by M-dwarf radiation can form a global ozone layer, with stellar flares
affecting the chemistry and spatial distribution of ozone. The photochemistry is highly
sensitive to the stellar flux distribution, in particular at ultraviolet (UV) wavelengths.
Other drivers of disequilibrium chemistry such as lightning and circulation as well as
the dependence of 3D atmospheric chemistry on the orbital configuration are, as of
yet, underexplored. This thesis aims to build upon previous work and investigates the
3D coupled interactions between the physical and chemical processes that govern
planetary atmospheres for tidally locked exoplanets around M-dwarfs.



| employ and further develop a 3D CCM — consisting of the Met Office Unified Model
and the UK Chemistry and Aerosols framework — to simulate the physics and chem-
istry of exoplanet atmospheres. | configure two tidally locked exoplanets — nominally
Proxima Centauri b and TRAPPIST-1 d — that are known to exhibit distinct circulation
regimes, assuming 1:1 and eccentric 3:2 spin-orbit resonances and Earth-like atmo-
spheric composition (N>-O,-CO,-H,0). The photochemical simulations consider the
Chapman mechanism of ozone formation and the hydrogen oxide (HOy) and nitrogen
oxide (NOy) catalytic cycles of ozone destruction. The CCM was previously used
to simulate a 1:1 resonant exoplanet. For this study, | implement the calculation of
varying stellar radiation with eccentricity and improve the photochemistry scheme
to incorporate the latest stellar spectra in the calculation of spatially and temporally
varying photolysis rates. At the time of writing, this is one of only four models able to
do these calculations for exoplanets.

In Chapter 3, | demonstrate that using the latest stellar spectrum drives enhanced
ozone formation on Proxima Centauri b in a 1:1 spin-orbit resonance with ozone
column densities ten times higher than previously found. The global ozone layer
shows significant longitudinal variations with an accumulation at the location of per-
manent nightside gyres. | then investigate the potential for lightning initiation on a
tidally locked exoplanet, finding that vigorous convection on the dayside hemisphere
results in lightning flash rates (LFR) of up to 0.16 flashes km—2yr~!, aligning with
previously reported cloud coverage. The spatially asymmetric distribution of light-
ning flashes enhances the dayside hemisphere in NOy, which is then advected to
the nightside where it reacts to form more complex molecules in the absence of
photochemistry. Lightning-induced chemistry is not sufficiently abundant and found
too deep in the atmosphere to show detectable features in simulated transmission
spectra.

Since the photochemical production of ozone is limited to the dayside hemisphere for
1:1 resonant exoplanets, a connection between the dayside ozone production region
and the accumulation of ozone on the nightside has to exist. In Chapter 4, | investigate
such dayside-nightside connections and how these explain the longitudinally varying
ozone column densities. Transforming from the commonly used geographic to a tid-
ally locked coordinate system to identify inter-hemispheric connections, | find that a
stratospheric dayside-to-nightside circulation mechanism transports ozone from the
dayside production regions to the nightside, where ozone-rich air then subsides and
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accumulates at the locations of permanent gyres. With age-of-air tracer experiments,
| demonstrate that this circulation mechanism also affects other tracers, as long as
the dynamical timescales are shorter than chemical timescales and a stratospheric
dayside production mechanism is present.

Chapter 5 compares Proxima Centauri b and TRAPPIST-1 d for both 1:1 and 3:2 spin-
orbit resonances, the latter including an eccentricity of 0.3. These planets are known
to exhibit distinct circulation regimes for a 1:1 resonance. Regardless of the reson-
ance, TRAPPIST-1 d reaches the runaway greenhouse limit for its true irradiance
within 1060 days of simulation. | artificially reduce the irradiance by 22% to ensure a
stable climate for the 1:1 resonance, to still investigate the 3D atmospheric chemistry
for a planet in this circulation regime. | report stable climates for Proxima Centauri b
in both a 1:1 and 3:2 resonance. The 22% reduction in irradiance for TRAPPIST-1 d
prevents the runaway greenhouse climate in the 1:1 resonant case. The atmospheric
temperature of TRAPPIST-1 d in an eccentric 3:2 resonance increases significantly
due to the eccentric orbit and a weaker stabilising cloud feedback, again driving the
planet into a runaway greenhouse state. The distributions of ozone for the 3:2 reson-
ant Proxima Centauri b and the 1:1 resonant TRAPPIST-1 d show latitudinal variations
in ozone column densities, driven by an equator-to-pole circulation mechanism akin
to the Brewer-Dobson circulation that controls the ozone distribution on Earth. Ozone
production is stronger on Proxima Centauri b due to a higher UV flux. Ozone de-
struction is dominated by HOx cycling on Proxima Centauri and by NOy cycling on
TRAPPIST-1 d, resulting from a much higher LFR (up to 1000 flashes km~2yr—!) for
the latter.

| also demonstrate variability due to the rotation and eccentricity of Proxima Centauri
b in a 3:2 spin-orbit resonance in Chapter 5. Especially prominent are the daytime-
nighttime and periastron-apoastron cycles in water vapour (H,O (g)) column densities
at 48% and 12%, respectively. Surface temperature and ozone column densities have
less pronounced cycles, but all show a brief time lag after periastron and apoastron
passages, corresponding to the atmospheric response time. | use the 3D CCM data
to generate synthetic emission spectra focusing on the mid-infrared (MIR) range
(covered by JWST and also by the concept for the Large Interferometer For Exoplan-
ets or LIFE). The 3D spatial variations and the observed geometry result in spectral
fluctuations of up to 36 ppm for the 1:1 resonant exoplanets, depending on the or-
bital phase angle that we observe. The more homogeneous atmosphere of Proxima
Centauri b in a 3:2 spin-orbit resonance lacks spectral fluctuations, presenting a
discriminant from the 1:1 case and an important consideration for probing seasonally
varying biosignatures.
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The thesis highlights the complex 3D interplay in planetary atmospheres between
stellar radiation, orbital configuration, atmospheric dynamics, hydrological cycles in-
cluding cloud formation, lightning initiation, and (photo)chemistry. Chapters 3 and 5
illustrate how the magnitude of ozone production depends on the stellar UV irradi-
ation, but that ozone destruction can be controlled by either the hydrological cycles
(producing HOy) or lightning initiation (producing NOy) and the (photo)chemistry fol-
lowing these processes. Lightning initiation depends on the irradiation and thermo-
dynamics, while orbital parameters like the planet’s rotation rate and eccentricity
determine the distribution of incoming stellar radiation, in turn also affecting the at-
mospheric circulation and chemistry. | also illustrate how age-of-air experiments and
coordinate system transformations unveil the role of circulation-driven atmospheric
chemistry in Chapters 4 and 5, paving the way for further discoveries in climate-
dynamics-chemistry interactions as described in Chapter 6. Contrasting the simula-
tions of TRAPPIST-1 d in Chapter 5 underscores the sensitivity of planetary climates
to orbital configurations, with implications for habitability studies. Distinct 3D variations
in ozone distributions affect potential biosignature interpretation on rocky exoplanets.
The presence of spectral fluctuations for the 1:1 resonant cases and the constant
spectra for the 3:2 resonant cases provide an important discriminant between both
orbital configurations and needs to be considered when studying seasonally varying
biosignatures.

| suggest various avenues for further research including 1) climate-dynamics-chemistry
interactions, 2) additional disequilibrium chemical processes, 3) habitability for differ-

ent spin-orbit resonances, 4) intercomparisons for models and (lightning) paramet-

rizations, and 5) prebiotic chemistry in 3D. The 3D variations and potential spectral

fluctuations can only be predicted and interpreted using complex 3D CCMs, emphas-

izing an important role for CCM simulations in developing the science objectives for

observatories such as LIFE.
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Lay Summary

The past three decades have seen numerous detections of planets outside of our
Solar System or exoplanets. Hundreds of these are rocky exoplanets with a size
similar to Earth orbiting around relatively small and cool stars known as M-dwarfs.
The strong gravitational pull from the host star can lock the rotation and orbit of these
planets into a specific ratio, resulting in so-called spin-orbit resonances. A 1:1 spin-
orbit resonance means that the same side of the planet always faces the star, like the
Moon around the Earth. In a 3:2 resonance, a planet rotates three times around its
own axis for every two orbits around the star, like Mercury around the Sun.

We try to understand the effects of these resonances on the physical and chemical
processes in exoplanet atmospheres, by applying complex computer models — like
the ones used to simulate Earth’s weather, climate, and atmospheric chemistry — to
simulate exoplanet atmospheres. The simulations of exoplanet atmospheres help to
1) determine the habitability of exoplanets to understand whether they can support
life and 2) how we might detect chemical species and potential signs of biological
processes in their atmospheres.

Two of the main techniques to observe the temperature and chemical species in
exoplanet atmospheres are transmission and emission spectroscopy. When we see
a planet move in front of its host star, we observe a transmission spectrum of the
stellar light passing through the planetary atmosphere. The intensity of the light varies
with wavelength due to the interaction with molecules in the atmosphere, allowing
astronomers to identify which molecules are present. Emission spectroscopy instead
focuses on the light emitted by the planet, again varying with wavelength depending
on the molecules present in the atmosphere.

In this thesis, | apply a computer model of an exoplanet atmosphere for different
spin-orbit resonances. | aim to understand the effects on atmospheric chemistry and
habitability and to interpret future observations with space telescopes. | focus on two
distinct rocky planets, Proxima Centauri b and TRAPPIST-1 d. For these planets, |
simulate the chemistry related to ozone, an interesting molecule since it is a sign of
life on Earth and interacts strongly with stellar light. Because of this interaction, Earth’s
ozone layer protects the surface from harmful solar radiation. Ozone also forms due to



stellar light. | consider the three-dimensional structure of an atmosphere and simulate
the chemistry driven by temperature, photodissociation, atmospheric circulation, and
the presence of lightning flashes. These processes all depend on the planetary orbit
and the spin-orbit resonance.

In the thesis, | show how stellar radiation from M-dwarfs drives the formation of a
global ozone layer for both planets. The amount of ozone is much higher on Proxima
Centauri b than on TRAPPIST-1 d because of more stellar radiation at ultraviolet
(UV) wavelengths. | then study whether lightning occurs on exoplanets since lightning
flashes can produce molecules that destroy ozone in chemical reactions. Persistent
lightning storms cover the daysides of Proxima Centauri b and TRAPPIST-1 d in a
1:1 spin-orbit resonance. For TRAPPIST-1 d, the chemical effect of the storms is so
strong that it destroys ozone. | predict that we are unlikely to see this chemical effect
of lightning in transmission spectra.

The ozone on Proxima Centauri b shows spatial variations with large amounts on the
permanent nightside. The production of ozone needs sunlight and is limited to the
dayside. The thesis describes a specific circulation pattern transporting ozone from
the dayside production regions to the nightside. It shows how circulation patterns
affect the distribution of molecules in exoplanet atmospheres.

A comparison between the atmospheres of Proxima Centauri b and TRAPPIST-1 d
for different spin-orbit resonances shows that both planets have habitable climates
for a 1:1 resonance, although TRAPPIST-1 d requires an artificial reduction of the
incoming stellar radiation. Distinct wind patterns on the planets result in different
ozone distributions. TRAPPIST-1 d in a 3:2 resonance warms significantly due to a
runaway greenhouse effect with very high surface temperatures. Proxima Centauri b
still shows habitable surface temperatures in a 3:2 resonance. The resonance leads
to day-night cycles accompanied by time variations in surface radiation, temperature,
water vapour, and ozone. Emission spectra show signatures of molecules like ozone,
water vapour, and carbon dioxide. The spectra vary with time for exoplanets in a 1:1
resonance but not for a 3:2 resonant planet since the atmosphere is more uniform.
This distinction is crucial in our search for seasonally varying signs of biological
processes on exoplanets.

The thesis shows the intricate interactions between stellar radiation, planetary or-
bit, atmospheric circulation, lightning, and atmospheric chemistry within planetary
atmospheres. All of these processes are affected by spin-orbit resonances and the
associated day-night cycles. The interactions between these processes determine
the habitability of a planet and our ability to interpret molecules and potential signs of
biological processes in their atmospheres.



Beknopte Samenvatting

Sinds de eerste detectie in 1995 van een exoplaneet is een grote hoeveelheid plan-
eten buiten ons Zonnestelsel ontdekt. Honderden zijn rotsplaneten, vergelijkbaar in
grootte met de Aarde. De rotsplaneten worden vooral gevonden rondom relatief koele
en Kkleine sterren die we rode dwergen noemen. De sterke zwaartekracht van de
moederster kan de spin en de baan van een planeet vastzetten in een bepaalde ver-
houding, resulterend in een zogenaamde spin-baan resonantie. Een 1:1 resonantie
betekent dat dezelfde kant van de planeet altijd gericht is naar de ster en leidt tot
een permanente dag- en nachtzijde. Dit is vergelijkbaar met de baan van de Maan
rondom de Aarde. In een 3:2 resonantie draait een planeet drie keer om de eigen as
voor iedere twee banen rondom de ster, zoals Mercurius rondom de Zon.

Het is belangrijk dat wij deze resonanties en hun invloed op atmosferen begrijpen,
omdat deze gevolgen hebben voor dag en nacht cycli, temperaturen aan het opper-
vlak van de planeet, atmosferische circulatie, en atmosferische chemie. Wetenschap-
pers gebruiken geavanceerde computer modellen om de fysische en chemische pro-
cessen in de atmosferen van exoplaneten te bestuderen. Dezelfde modellen worden
ook gebruikt in de voorspellingen van het weer, klimaat, en de atmosferische chemie
op Aarde. De simulaties van exoplanetaire atmosferen helpen ten eerste om vast te
stellen wat de leefbaarheid van een exoplaneet is en ten tweede hoe we moleculen
en mogelijk tekenen van biologische processen kunnen waarnemen in de atmosfeer.

Astronomen gebruiken voornamelijk twee manieren om de temperatuur en moleculen
in exoplanetaire atmosferen te ontdekken: transmissie en emissie spectroscopie. In
transmissie beweegt de planeet voor de moederster langs en zien we een kleine dip
in de hoeveelheid sterlicht die we ontvangen. De sterkte van de dip hangt af van
de golflengte waarin we observeren door de interactie met moleculen in de atmos-
feer. Hierdoor kunnen we bepalen welke moleculen zich in de atmosfeer bevinden.
In emissie spectroscopie nemen we het licht waar dat wordt uitgezonden door de
planeet. Ook dit licht varieert met de golflengte door de aanwezigheid van moleculen
in de atmosfeer.

In deze thesis gebruik ik een computer model van een exoplanetaire atmosfeer voor
verschillende spin-baan resonanties. Het doel is om de gevolgen voor atmosferische
chemie en leefbaarheid te bepalen en om toekomstige observaties met ruimtetele-
scopen te verklaren. De modellen simuleren de chemie gerelateerd aan ozon op twee
rotsplaneten, Proxima Centauri b en TRAPPIST-1 d. Ozon is een interessant molecuul
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omdat het een gevolg is van leven op Aarde en veel interacties heeft met sterstral-
ing. Deze interacties zorgen bijvoorbeeld voor de bescherming tegen schadelijke
ultraviolette zonnestraling op Aarde. Ik beschouw de driedimensionale structuur van
een atmosfeer en simuleer de chemie ten gevolge van temperatuur, fotodissociatie,
atmosferische circulatie, en de aanwezigheid van bliksemschichten. Deze processen
hangen sterk af van de planetaire baan en spin-baan resonanties.

In de thesis toon ik aan hoe sterstraling van rode dwergen de formatie van een globale
ozonlaag kan aandrijven op beide planeten. De relatief sterke sterstraling produceert
meer ozon op Proxima Centauri b dan op TRAPPIST-1 d. Hierna onderzoek ik of
bliksem kan ontstaan op exoplaneten, aangezien bliksem moleculen kan produceren
die ozon vernietigen in chemische reacties in de atmosfeer. Aanhoudend onweer
bedekt de dagzijde van planeten in een 1:1 resonantie. Voor TRAPPIST-1 d is het
chemische effect van onweer zo sterk dat ozon wordt vernietigd. Voorspelde trans-
missie spectra voor Proxima Centauri b tonen geen merkbaar direct effect van de
moleculen die geproduceerd of vernietigd worden door bliksem.

De ozonlaag op Proxima Centauri b in een 1:1 resonantie toont ruimtelijke variaties,
met een grote hoeveelheid ozon op de nachtzijde van de planeet. De productie van
ozon hangt af van sterstraling en vindt alleen plaats op de dagzijde. De thesis bes-
chrijft hoe de atmosferische circulatie zorgt voor transport van ozon van de dag- naar
de nachtzijde. Dit toont aan hoe atmosferische circulatie de distributie van moleculen
in een atmosfeer kan beinvioeden.

Een vergelijking tussen de atmosferen van Proxima Centauri b en TRAPPIST-1 d
voor verschillende resonanties toont dat beide planeten leefbare klimaten hebben
voor een 1:1 resonantie, hoewel TRAPPIST-1 d een kunstmatige reductie van de
hoeveelheid sterstraling nodig heeft. Diverse windpatronen resulteren in verschillende
ruimtelijke distributies van de ozonlaag. TRAPPIST-1 d in een 3:2 resonantie laat
een dramatische opwarming zien door een op hol geslagen broeikaseffect met zeer
hoge temperaturen aan het oppervlak. Proxima Centauri b heeft nog steeds leefbare
temperaturen voor een 3:2 resonantie. De resonantie brengt dag en nacht cycli met
variaties in de sterstraling, temperatuur, waterdamp, en ozon. Emissie spectra bev-
atten indicaties van moleculen als ozon, waterdamp, en koolstofdioxide. De spectra
variéren met de tijd voor exoplaneten in een 1:1 resonantie terwijl de spectra voor een
3:2 resonantie constant zijn door een meer homogene atmosfeer. Dit onderscheid
is cruciaal voor de zoektocht naar seizoensgebonden tekenen van biologische pro-
cessen op exoplaneten.
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De thesis toont de ingewikkelde interacties in planetaire atmosferen, tussen sterstral-
ing, planeetbaan, atmosferische circulatie, bliksem, en atmosferische chemie. Al deze
processen worden beinvioed door spin-baan rotaties en de bijkomende of afwezige
dag- en nacht-cycli. De interacties tussen deze processen bepalen de leefbaarheid
van exoplaneten en ons perspectief om de kenmerken van moleculen en mogelijke
tekenen van biologische processen in observaties van een atmosfeer te verklaren.
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Koarte Gearfetting

Sant de earste deteksje yn 1995 bin der hast 6,000 planeten blten Us Sinnestelsel
antdekt, saneamde eksoplaneten. Hinderten binne rotsplaneten, ferlykber yn grutte
mei de lerde. De rotsplaneten wurde foaral fin rnom relatyf kalde en lytse stjerren
dy 't wy reade dwergen neame. De sterke swiertekréft fan de memmestjer kin de
ferhalding tusken de spin en de omgong fan in planeet féstsette, resultearjend yn in
saneamde spin-omgong resonansije. In 1:1 resonansje betsjut dat deselde kant fan ’e
planeet altyd rjochte is nei de stjer en resultearred yn in permaninte dei- en nachtside.
Dit is fergelykber mei de omgong fan de Moanne om de lerde. Yn in 3:2 resonénsje
draait in planeet trije kear om de eigen as foar elke twa omgongen om de stjer hinne,
lykas Mercurius om de Sinne.

It is wichtich dat wy dizze resonéansjes en harren ynfloed op atmosfearen begripe,
omdat dy gefolgen hawwe foar de dei en nacht syklus, temperatueren oan it oerflak
fan de planeet, atmosfearyske sirkulaasje, en atmosfearyske gemy. Wittenskippers
brike komplekse kompjatermodellen om de fysyske en gemyske prosessen yn ’e at-
mosfearen fan eksoplaneten te bestudearjen. Deselde modellen wurde ek brlkt yn de
foarsizzingen fan it waar, it klimaat, en de atmosfearyske gemy op lerde. Earst, helpe
de simulaasjes fan eksoplanetére atmosfearen om fést te stellen wat de leefberens
fan in eksoplaneet is. Twads, helpe de simulaasjes fést te stellen hoe 't wy moleculen
en mooglik tekenjen fan libjen waarnimme kinne yn 'e atmosfear.

Astronomen brike benammen twa wizen om de temperatuer en molekulen yn ek-
soplanetére atmosfearen te intdekken: transmisje en emisje spektroskopy. Yn trans-
misje beweecht de planeet foar de memmestjer del en sjogge wy in lytse dip yn
hoefolle stjerljocht wy (ntfange. De grutte fan ’e dip hinget 6f fan ’e golflingte dér 't
wy yn observearje troch de ynteraksje mei molekulen yn e atmosfear. Dértroch kinne
wy bepale hokker moleculen oft der yn ’e atmosfear binne. Yn emisje spektroskopy
observearje wy it ljocht dat Utstjoerd wurdt troch de planeet. Dit ljocht fariearret ek
mei de golflingte troch de oanwézigens fan molekulen yn ‘e atmosfear.

Yn dizze skripsje brik ik in kompjatermodel fan in eksoplanetére atmosfear foar fer-
skillende spin-baan resonansjes. Ik stribje dernei om de gefolgen foar atmosfearyske
gemy en leefberens te bepalen en om takomstige observaasjes mei romteteleskopen
te ferklearjen. De modellen simulearje de gemy relatearre oan oazon op twa planeten,
Proxima Centauri b en TRAPPIST-1 d. Oazon is in ynteressant molekuul omdat it
in gefolch is fan libben op lerde en in soad ynteraksjes hat mei stjerstrieling. Dy
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ynteraksjes soargje ek foar de beskerming tsjin skealik ultrafiolette sinnestrieling op
lerde. |k beskdgje de trijediminsjonale struktuer fan in atmosfear en simulearje de
gemy as gefolch fan temperatuer, fotodissosjaasje, atmosfearyske sirkulaasje, en de
oanwézigens fan bliksemskichten. Dizze prosessen hingje sterk 6f fan 'e planetére
omgong en spin-omgong resonansjes.

Stjerstrieling fan reade dwergen kin de formaasje fan in globale oazonlaach oandri-
uwe. De relatyf sterke stjerstrieling produsearret mear oazon op Proxima Centauri b.
Hjirnei Gndersykje ik oft bliksem (ntstean kin op eksoplaneten, om’t bliksem moleku-
len produsearje kin dy 't oazon ferneatigje yn gemyske reaksjes yn de atmosfear.
Oanhalden Gnwaar bedekt de side fan planeten ynin 1:1 resonansje. Foar TRAPPIST-
1 d is it gemyske effekt fan Onwaar sa sterk dat it oazon ferneatiget. Foarseine
transmisje spektra fan Proxima Centauri b litte gjin merkber direkt effekt sjen fan de
molekulen dy 't produsearre wurde troch bliksem.

De oazonlaach op Proxima Centauri b yn in 1:1 resonénsie lit romtlike feriaasjes sjen,
mei in grutte hoemannichte oazon op ’e nachtside fan ’e planeet. De produksje fan
oazon hinget 6f fan stjerstrieling en is allinich op ‘e deiside. De skripsje beskriuwt hoe
't de atmosfearyske sirkulaasje soarget foar transport fan oazon fan de deiside nei de
nachtside. Dat lit sjen hoe 't atmosfearyske sirkulaasje molekulen yn in atmosfear kin
distribuearre.

In ferliking tusken de atmosfearen fan Proxima Centauri b en TRAPPIST-1 d foar
1:1 en 3:2 resonansijes lit sjen dat beide planeten leefbere klimaten hawwe foar in 1:1
resonansie, al hat TRAPPIST-1 d in keunstmijittige reduksje fan de sterstrieling nedich.
In Gnderskied yn wynpatroanen resultearret yn ferskillende romtlike distribusjes fan de
oazonlaach. TRAPPIST-1 d yn in 3:2 resonansje lit in dramatyske opwaarming sjen
troch in broeikaseffekt mei tige hege temperatueren oan it oerflak. Proxima Centauri
hat lykwols noch leefbere temperatueren foar in 3:2 resonansje. De resonansje bringt
dei en nacht sykly mei fariaasjes yn ’e stjerstrieling, temperatuer, wetterdamp, en
oazon. Emisje spektra befetsje yndikaasjes fan molekulen as oazon, wetterdamp, en
koalstofdiokside. De spektra fariearje mei de tiid foar eksoplaneten yn in 1:1 resonan-
sje wylst de spekira foar in 3:2 resonansje konstant binne troch in mear homogene
atmosfear. Dit (nderskied is krusjaal foar de syktocht nei seizoensbiine tekens fan
libben op eksoplaneten.
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De skripsje analysearret de yngewikkelde ynteraksjes yn planetére atmosfearen, tusken
stjerstrieling, planeetomgong, atmosfearyske sirkulaasje, bliksem, en atmosfearyske
gemy. Al dizze prosessen wurde beynfloede troch spin-omgong resonansjes en de
bykommende of 6fwézige dei en nacht sykly. De ynteraksjes tusken dizze prosessen
bepale de leefberens fan eksoplaneten en Us perspektyf om de tekens fan molekulen
en mooglike tekens fan libben yn observaasjes fan in atmosfear te ferklearjen.
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Geometries of two exoplanet orbits as seen from Earth: for a transiting planet on
the left and a non-transiting planet on the right. For a transiting-planet (as seen
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behind of its host star. In the former case, we probe the transmission of stellar
light through the limb of the atmosphere in a transmission spectrum. In the latter
case, we can learn about the planetary atmosphere due to the absence of the
planet’s thermal emission in the combined star-planet flux. With enough sensitivity
and angular resolution, we can measure the emission spectrum for the rest of the
orbit of a transiting planet and for a non-transiting exoplanet during the full orbit,
probing the thermal emission from the planet. When probing the thermal emission
at a specific wavelength as a function of orbital phase we obtain a planet’s phase
CUIVE. . o o i i e e e e e e e e e e e e
lllustration of the simplified vertical temperature distribution on rocky exoplanet at-
mospheres, along with key physical and chemical processes and the transparancy
to light at different wavelengths. As a function of increasing altitude (or decreasing
pressure), atmospheres are generally divided in the planetary boundary layer,
troposphere, stratosphere, mesosphere, and thermosphere. Figure taken from
Wordsworth and Kreidberg (2022). . . . . . . . . . . .. oo
Orbital period versus planetary mass for confirmed exoplanets (grey dots). Blue
dots denote planets with a calculated tidal locking timescale longer than 1 Gyr, and
orange dots are planets with a tidal locking timescale shorter than 1 Gyr. Data was
taken from the NASA Exoplanet Archive. Solar System planets are also shown
according to their first one or two letters, and the black dashed line indicates an
approximate distinction between terrestrial planets and gas giants. . . . . . . . .
lllustration of the Brewer-Dobson circulation on Earth. White and orange wavy
arrows represent atmospheric transport and mixing processes, whereas the thick
green lines indicate barriers for stratospheric transport and mixing. The main pho-
tochemical production region of ozone is indicated by the yellow square, with wavy
yellow arrows denoting incoming stellar radiation driving ozone production. The
Brewer-Dobson circulation transports ozone from its tropical production regions
to higher latitudes. Figure adapted from original version in Bonisch et al. (2011),
with creditto Dr. U. Schmidt. . . . . . . ... .. ... ... ... . ... ..
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lllustration of the horizontal (latitutde-longitude) and vertical (height or pressure)
grid used in the UM. In every gridbox, the model simulates a range of physical
and chemical processes including radiative transfer, atmospheric dynamics, cloud
formation, (photo)chemistry, and lightning generation. Note that the Earth’s con-
tinents are removed in the aquaplanet setup. Figure was adapted from NOAA. . .
The stellar spectra showing (a) the spectral radiant flux density in units of W

m~—2nm~! and (b) the spectral actinic flux in photons cm~—2s~'nm~!

, as received
by planets on a circular orbit for the Earth at 1 AU, Proxima Centauri b at 0.0485 AU,
and TRAPPIST-1 d at 0.0223 AU. Panel (b) focuses on the wavelengths used to
calculate photolysis rates (see Equation 2.30), with the different Fast-JX wavelength
bins indicated by grey patches. The Schuman-Runge (S-R) bands are covered by

wavelength bins of enhanced resolution. . . . . . .. ... ... ... ... ...

Top-of-the-atmosphere fluxes received on Earth and Proxima Centauri b. The red
line shows the flux for the composite MUSCLES spectrum of Proxima Centauri,
as used in this study; and the orange line denotes the stellar flux generated by
the BT-Settl spectrum that was used by Boutle et al. (2017) and Yates et al.
(2020). Fast-JX treats fluxes at wavelengths between 177 (the dashed vertical
line) and 850 nm. The solid horizontal black lines denote the flux per bin for Fast-
JX bins 5-18 and are numbered accordingly. Bins 1—4 and part of bin 5 contain
a combination of the Schumann-Runge (S-R) bands (Bian & Prather, 2002) and
treat the fluxes falling in the shaded rectangular patch, or between 177 and 202.5
NM. e e e e e e e e e
Time-mean (120 days) indicator of shallow, mid-level and deep convection over
the planetary surface. The indicator is equal to 1 if a convection type is diagnosed
or 0 if not, and the diagnosis of convection is based on undilute parcel ascent
from the near surface, for grid boxes where the surface buoyancy flux is positive
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Annual lightning flash rates on Proxima Centauri b, following parametrizations
shown in Equation 3.1 (Price & Rind, 1992; Luhar et al., 2021). The mean of
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scaledtoannualrates. . . . . . . . . . .
Convective cloud depths for Proxima Centauri b from 10 days of simulation at a
high temporal resolution of 4 minutes. Depths were calculated as the difference
between the convective cloud top and convective cloud base. Also indicated is
the threshold for the classification of a thundercloud in the lightning scheme, as
described in Section 3.2.4. . . . . . . ..
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Hemispheric mean vertical ozone VMR profiles (mole mole™!) for different chem-
ical schemes (Table 3.2). The left and right panels show the day- and nightside
hemisphere respectively. . . . . . . . . . . . .. Lo
Dayside and nightside reaction rates (molecules cm~3 s~!) and the corresponding
ozone profile (VMR) in black using the improved spectral flux distribution. Results
are from my third experiment, including the Chapman mechanism and HO, and
NOx chemistry. Solid, dotted, and dashed lines denote reaction rates relevant
to the Chapman mechanism, HOy cycle 1, and HOx cycle 2, respectively. The
common termination reaction (R13) for both HO, cycles is plotted as a dash-
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Spatial distribution of O3 around the planet, for my third experiment in Table 3.2.
The panel on the left shows the vertical column densities in DU. Right-hand side
panels show the meridional mean VMR (mean over latitude) as a function of
longitude and altitude. Relative depletion on the dayside and accumulation of O3
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Reaction rates and ozone profile using the spectral flux distribution as presented
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Reaction rates and ozone profile using the improved spectral flux distribution (Bian
& Prather, 2002) for the BT-Settl spectrum. Results shown are from using the
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Overview of the main chemical reactions that are initiated by lightning-induced
NO. Arrows run from the reactant to the product. The chemical reaction is numbered
as RXX, corresponding to the main text. Reactions in red only occur on the
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HO,NO,, and N,O are omitted in this diagram but also included in the network. .
Hemispheric mean reaction rates (molecules cm~3 s~!) for nitrogen chemistry,
below altitudes of 40 km. Reaction numbers are explained in Section 3.3.5 and
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Spatial distributions of NO, NO,, NO3, HNOj3, and N,Os. Left-hand side panels
show the vertical column densities calculated from a mass-weighted vertical in-
tegral. Furthermore, they show the wind vectors at altitudes of 6850 m, where the
superrotating jet speed is the largest. Right-hand side panels show the meridional
mean VMR (mean over latitude) as a function of longitude and altitude. . . . . .
Transmission spectra for this setup of Proxima Centauri b, assuming it transits.
Spectra are shown with and without lightning-induced NOy present in the atmo-
sphere. . . . .

Geographic coordinate system (a) showing latitude ¢ and longitude A, with the
substellar point (SP) located at (0°,0°). In the tidally-locked coordinate system,
| use tidally-locked latitude ¢’ and tidally-locked longitude A’. Panel b illustrates
tidally-locked latitudes, with the substellar point located at ¢’=90°, the terminator
at ¢’=0°, and the nightside corresponding to negative ¢’. Panel ¢ shows tidally-
locked longitudes, illustrating how lines of constant tidally-locked longitude con-
nect the substellar and antistellar (AP) points. Figures based on Koll and Abbot
(2015). . . . e
Temporal mean surface temperature over 50 orbits of Proxima Centauri b, using
(a) the geographic coordinate system and (b) the tidally-locked coordinate system
(Koll & Abbot, 2015). The substellar point (SP) is transformed from (¢,A1)=(0°,0°)
in geographic coordinates (white dot) to ¢’=90° in tidally-locked coordinates, as
also shown in Figure 4.1. Overplotted are the horizontal wind vectors at P~400 hPa,
showing both the tropospheric jet and the existence of the Rossby gyres on the
nightside. The plots also show the location of the antistellar point (AP). . . . . . .
(a) Total ozone column density and (b) mole fraction xo,, both taking means
over 50 orbits of Proxima Centauri b. Both plots illustrate the spatially variable
ozone layer with accumulation at the locations of the nightside Rossby gyres
(—60<¢’<0). The substellar and antistellar point are denoted as SP and AP,
respectively. . . . . . . L
Meridional mean ozone chemical tendency (production-loss) in tidally-locked co-
ordinates, showing that ozone production is limited to the planet’s dayside. . . . .
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Zonal mean meridional mass streamfunctions illustrating different aspects of at-
mospheric circulation. Positive values (red) indicate clockwise and negative val-
ues (blue) anticlockwise motion. (a) The meridional mass streamfunction in geo-
graphic coordinates ¥,,, (Equation 4.1) shows equator-to-pole stratospheric trans-
port like the Brewer-Dobson circulation. (b) The meridional mass streamfunction
in tidally-locked coordinates ¥/, (Equation 4.3) shows an overturning dayside-to-

nightside circulation including a strong stratospheric component (above ~100 hPa).

(c) The meridional ozone mass streamfunction ‘I’;,l703 (Equation 4.4) shows that
this stratospheric component is significant in terms of transporting ozone from the
dayside to the nightside. . . . . . . . . . . .. o
The zonal mean meridional ozone mass streamfunction lP;’n,o3 (Equation 4.4) in
tidally-locked coordinates, for ranges of tidally-locked longitude A" as shown by the
titles of each of the four panels. Panels a and ¢ denote A’-ranges corresponding
to the locations of the ozone accumulation in the Rossby gyres, following the
distribution of ozone in Figure 4.3. The A’-ranges in panels b and d correspond to
the regions containing the superrotating jet. As such, panels a and ¢ map out the
meridional extent of the transport of ozone-rich air to the nightside. . . . . . . . .
Age-of-air tracer during the spin-up of the simulation, showing the mean me-
ridional distribution in tidally-locked coordinates. As a passive tracer, it is only
affected by dynamical processes (advective and convective). As such, the age-of-
air measures the time it takes a parcel to rise from the lowest atmospheric layers
(at ~2 km or 700 hPa) into the stratosphere. The tracer values are reset to 0 in the
lowest atmospheric layers at every model timestep. | also show the tidally-locked
latitudes corresponding to the nightside gyresingrey. . . . . . . .. .. ... ..
Ozone mole fraction during the spin-up of the simulation, showing the mean me-
ridional distribution in tidally-locked coordinates. Similar to Figure 4.7, but now for
a chemically active species. | also show the tidally-locked latitudes corresponding
to the nightside gyresingrey. . . . . . . . . . . L Lo
Vertical flux of ozone (Fo, in molecules m~2 s~!) between P,,,,=190 hPa and
P,i»=8.2 hPa. The predominantly downward exchange at the locations of the
Rossby gyres illustrates how the enhanced ozone column densities are driven
by the downward motions that are part of the stratospheric dayside-to-nightside
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Dynamical and chemical lifetimes over four locations in the atmosphere: the sub-
stellar point, two regions over the gyres and one region over the nightside jet.
(a) t,, 7» and 1,, denote the dynamical lifetime versus zonal, meridional, and
vertical transport, respectively. Tcpa, and Taox show the chemical lifetimes of
ozone versus loss by the Chapman termination reaction (R1) and the dominant
HOy catalytic cycle (R2), respectively. From the comparatively long chemical life-
times, | deduce that dynamical processes control the chemical abundances. (b)
The fraction of the zonal to vertical dynamical lifetimes in the lower stratosphere
(between 100 hPa and 10 hPa) and troposphere (<100 hPa), along with a vertical
line indicating where they are equal (7, /7,=1). Vertical transport is the dominant
process for 1, /1,,>1 and horizontal transport for 7, /7,<1. . . . . .. ... ... 99
Total ozone column density, over 50 orbits of Proxima Centauri b for the 0.01 PAL
O, case, again showing the spatially variable ozone layer with accumulation at
the locations of the nightside Rossby gyres (—60<¢'<0). . . . . . ... ... .. 101
Ozone mole fraction during the spin-up of the simulation for the 0.01 PAL O, case,
showing the mean meridional distribution in tidally-locked coordinates. | also show
the tidally-locked latitudes corresponding to the nightside gyres in grey, and can
see that the accumulation of ozone here happens in a similar way as in Figure 4.8. 102
Atmospheric heating (and cooling) rates, for (a) the SW radiation and (b) LW
radiation. Solid lines show the hemispheric average over the dayside and dashed
lines over the nightside. The coloured lines indicate the individual components
contributing to the total heating rates in black, showing that CO, (green) becomes
the dominant contributor to the dayside SW heating rates and that LW cooling is
also mainly drivenby CO,. . . . . . . . . .. 104
Temporal evolution of the locations of extremes in the ozone column density (see
Figure 4.3) and vertical ozone flux Fop, as defined in Equation 4.9. | extract the
tidally-locked latitude ¢’ and longitude A’ corresponding to the maximum ozone
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downward flux, shown as the blue hexagons), to look for correlations between the
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Simulated emission spectra of Proxima Centauri b, for a range of 6-day intervals
informed by extrema in the gyre locations (Figure 4.14). The legend shows the
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Chapter 1

Introduction

1.1 Planets Near and Far

Amongst the first discoveries of planets around other stars than the Sun were the discov-
ery of exoplanets orbiting a neutron star (Wolszczan & Frail, 1992) and a Sun-like (G-type)
star (Mayor & Queloz, 1995). About three decades later, the count of confirmed exoplanets
has now reached 5,602'. These exoplanets provide interesting opportunities to investigate
whether the Solar System is unique and, ultimately, whether Earth is unique. Simply con-
sidering bulk planetary parameters, Solar System planets seem to fall into a relatively tight
temperature range of ~70-700 K, for Neptune and Venus, respectively. The Solar System
demonstrates three tight ranges of planetary mass and radius (see e.g. de Pater & Lissauer,
2015, Chapter 1, for an overview): 0.05-1 Mg and 0.38-1 R for the rocky planets, 14.5—
17.2 Mg and 3.9-4.0 Rg for the ice giants, and 95.2-317.8 Mg and 9.4—11.2 Rq, for the gas
giants. Our current sample of confirmed exoplanets already reveals an astonishingly wide
parameter space compared to this, with a much more continuous distribution of equilibrium
temperatures ranging from 55-4000 K, masses ranging from 10~2—10* M, and radii between
0.27-24 Rg. One of the many fascinating discoveries is the common existence of exoplanets
with sizes between Earth and Neptune that have no counterpart in the Solar System (see
the review by Bean et al., 2021). The definition of a rocky or terrestrial planet is commonly
based on the bulk composition that follows from constraints on mass and radii (e.g. Rogers,
2015). Upper limits to be consistent with rocky compositions are R<1.6 Rg (Rogers, 2015)
or M<10 Mg (e.g. Stevens & Gaudi, 2013). For a larger radius (>2 Rg) or mass a planet
will become gaseous due to rapid gas accretion (e.g. Ida & Lin, 2004), leaving the radius gap
in between (Fulton et al., 2017). The confirmed exoplanets include 1,052 planets with mass
and radius consistent with a rocky composition'. The occurrence rate of rocky exoplanets is
estimated at 0.15 planet per FGK star (Howard et al., 2012; Fressin et al., 2013; Petigura et al.,
2013; Kunimoto & Matthews, 2020) and increases to 0.46 planet per M-dwarf stars (Dressing
& Charbonneau, 2013, 2015).

1. As of 05/04/2024, from the NASA Exoplanet Archive (https://exoplanetarchive.ipac.caltech.edu)
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Despite the tight ranges in bulk planetary parameters, the Solar System planets (and their
moons) exhibit a great diversity in their atmospheres. This diversity includes (but is by no
means limited to) atmospheric pressures ranging from 92 bar on Venus to a seasonally
variable 4-9 mbar Mars (Hess et al., 1980), persistent giant storms and lightning on Jupiter
(Vasavada & Showman, 2005), sulfuric acid clouds (Young, 1973) and reportedly phosphine
(Greaves et al., 2021) on Venus, variable methane levels on Mars (Webster et al., 2018),
complex organic chemistry on Titan (Yung et al., 1984), and seasonal hazes on Pluto (Glad-
stone et al., 2016). Earth’s oxygen-rich atmosphere has been altered significantly by biological
processes on the planet, and these indications of biological processes in Earth’s atmosphere
are known as biosignatures. However, we also know that the atmospheric composition of
Earth has evolved considerably over geological timescales and only became rich in oxygen
after the Oxidation Events ~2.5 and 0.54 Gyr ago (e.g. Lyons et al., 2014). Rocky planet
atmospheres are generally depleted in volatile elements as compared to the Sun due to a
range of atmospheric formation and loss processes (Wordsworth & Kreidberg, 2022). The
diversity in Solar System atmospheres provides a glimpse of the atmospheric diversity that
we may expect and are beginning to uncover for the diverse set of exoplanets.

1.2 The Formation of Atmospheres

The Solar System shows a distinction between hydrogen-dominated atmospheres for the giant
planets and atmospheres of three rocky planets (Earth, Mars, Venus) dominated by high mean
molecular weight gases. Planetary atmospheres can form through 1) the accretion of nebular
gas from the protoplanetary disk (primordial), 2) release of gas following the accretion of
planetesimals (primary), or 3) outgassing from the planetary interior (secondary). Several
geological and atmospheric processes can modify the atmospheres of rocky exoplanets to
evolve from primordial or primary to secondary atmospheres, see Lichtenberg et al. (2023) for
a comprehensive overview.

Particularly important is the tendency of young rocky planets to lose their primordial atmo-
spheres through hydrodynamical escape processes, with light species such as hydrogen par-
ticularly affected. This escape can be driven by XUV radiation (X-ray and extreme-ultraviolet or
A<121.6 nm), which has affected Earth’s atmosphere during stages of enhanced XUV lumin-
osity of the Sun (e.g. Zahnle & Walker, 1982; Ribas et al., 2005). After the loss of hydrogen,
atmospheres are more stable against escape due to a higher mean molecular mass. In the
context of exoplanets, both XUV-driven hydrodynamic escape (Lopez & Fortney, 2013; Owen
& Wu, 2013) and core-powered mass loss (lkoma & Hori, 2012; Gupta & Schlichting, 2019)
can explain the radius gap between 1.6 and 2.0 Rg,. Since M-dwarfs have a relatively long
phase of enhanced luminosity in their early lifetime (Baraffe et al., 2015) and emit a relatively
large fraction of their radiation in the XUV (France et al., 2016; Ribas et al., 2017), planets
around M-dwarfs will be particularly susceptible to these escape processes.
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After the disk phase, planetary atmospheres will be strongly affected by interior-atmosphere
interactions and geochemical cycles along with impact degassing (Chyba, 1990). The forma-
tion of such secondary atmospheres is complex and depends on volatile abundances in the
mantle, the redox state, and the degassing pressure (Lichtenberg et al., 2023). The redox
state is an important chemical principle in this context: a system is reducing if it contains
relatively high amounts of reducing species such as H or Fe” that donate electrons, whereas
a system is oxidizing if it contains high amounts of species like O that accept electrons. For
Venus, Earth, and similarly sized exoplanets we expect an oxidized interior with CO, and H,O
as dominant outgassed volatiles and for more reduced planets we expect an atmosphere rich
in hydrogen (Gaillard et al., 2021; Lichtenberg et al., 2023). The solubility of volatiles in magma
determines what is outgassed (Sossi et al., 2020) and the solubility of volatiles in water
controls weathering rates on planets with oceans and thus affects the atmospheric content
of volatiles, as shown by Earth’s carbonate-silicate cycle (see e.g. Pierrehumbert, 2010b,
Chapter 8). Hence, given the range of possible outgassing rates and interior-atmosphere
interactions, atmospheric compositions may vary considerably across terrestrial exoplanets.

1.3 Observing Exoplanet Atmospheres

Several techniques exist to probe the signals of exoplanet atmospheres and distinguish them
from a much brighter star nearby. Figure 1.1 illustrates the techniques that rely on measure-
ments of the combined star-planet flux (Seager & Sasselov, 2000). Due to the varying geo-
metry of the star-planet system as seen from Earth, we observe variations in the brightness
or flux. For a transiting exoplanet (left in Figure 1.1), we measure a transmission spectrum
when the planet passes in front of its host star. The stellar flux that is transmitted through the
limb of the planetary atmosphere is affected by absorption and scattering due to constituents
of the planetary atmosphere. At a phase of 180° later in the orbit, the planet passes behind
the host star in the secondary eclipse. In this case, the missing thermal emission from the
planet can be used to infer planet properties such as the temperature. For the rest of this orbit
and for the full orbit of the non-transiting exoplanet (right), we can probe the thermal emission
from the planet, given sufficient sensitivity and angular resolution of a telescope. Probing the
thermal emission in a specific wavelength band as a function of the orbital phase will result in
a phase curve, with a signal varying as a function of the orbital phase. Other ways to observe
exoplanet atmospheres include high-resolution spectroscopy in which we resolve individual
absorption lines (e.g. Snellen et al., 2010) and direct imaging techniques that block out the
stellar light using coronography, a promising approach to future characterisation of terrestrial
exoplanets on wide orbits around Sun-like (G-type) stars (like the Earth) (Feng et al., 2018).
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Figure 1.1: Geometries of two exoplanet orbits as seen from Earth: for a transiting planet on
the left and a non-transiting planet on the right. For a transiting-planet (as seen from Earth),
we can infer planet properties when the planet moves in front or behind of its host star. In the
former case, we probe the transmission of stellar light through the limb of the atmosphere in a
transmission spectrum. In the latter case, we can learn about the planetary atmosphere due
to the absence of the planet’s thermal emission in the combined star-planet flux. With enough
sensitivity and angular resolution, we can measure the emission spectrum for the rest of the
orbit of a transiting planet and for a non-transiting exoplanet during the full orbit, probing the
thermal emission from the planet. When probing the thermal emission at a specific wavelength
as a function of orbital phase we obtain a planet’s phase curve.

Focusing on the methods that observe combined star-planet fluxes, the main challenge is
to separate a planet from its host star that is at least a million times brighter. Terrestrial
exoplanets around M-dwarfs provide an opportunity since they are: 1) the most commonly
found stellar type, 2) relatively small stars, making exoplanet atmospheric signatures easier
to detect, and 3) relatively cool stars, meaning that temperate terrestrial exoplanets have a
close-in orbit with an enhanced probability to transit. Table 1 of Wordsworth and Kreidberg
(2022) lists the most promising transiting exoplanets. Of particular interest here is the system
of seven rocky exoplanets orbiting the cool M-dwarf TRAPPIST-1 (Gillon et al., 2017). On the
other hand, Proxima Centauri b (Anglada-Escudé et al., 2016) presents the most promising
non-transiting target to probe thermal emission.

The Hubble Space Telescope (HST) has observed twelve terrestrial planets orbiting M-dwarfs,
finding featureless spectra and ruling out H,-dominated atmospheres for LHS 1140 b (Ed-
wards et al., 2020), TRAPPIST-1 b-h (de Wit et al., 2016, 2018; Garcia et al., 2022), L
98-59 b—d (Zhou et al., 2022, 2023), Kepler-138 d (Piaulet et al., 2023), and GJ 1132 b
(Libby-Roberts et al., 2022). For GJ 1132b b, this put earlier reported detections into question
(Southworth et al., 2017; Swain et al., 2021). LHS 1140 b reportedly had water features but
these might also be explained by stellar contamination (Edwards et al., 2020). Therefore, it
seems that planets have atmospheres with a high mean molecular weight, clouds or hazes
blocking the spectral features, or no atmosphere at all. More recently, observations with JWST
have been published for five planets, generally also finding featureless spectra for LHS 475 b
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(Lustig-Yaeger et al., 2023), TRAPPIST-1 b (Lim et al., 2023), GJ 1132 b (May et al., 2023),
GJ 486 b (Moran et al., 2023), and GJ 341 b (Kirk et al., 2024). Water features due to stellar
contamination are commonly observed in these transmission spectra, specifically due to the
relatively low temperatures in stellar atmospheres of M-dwarfs (Rackham et al., 2018).

Thermal emission measurements offer a complementary view since they probe the global
temperatures and heat circulation of a planet (e.g. Selsis et al., 2011). Additionally, since
emission spectra originate in the part of the atmosphere that is optically thick at particular
wavelengths, emission spectra are sensitive to the vertical atmospheric structure (Madhusud-
han & Seager, 2009). Using Spitzer at 4.5 um, Kreidberg et al. (2019) probed the thermal
emission for LHS 3844 b, finding a large dayside-nightside temperature gradient and thus an
absence of an atmosphere with strong heat circulation. By measuring the thermal emission
from TRAPPIST-1 b and c, both Greene et al. (2023) and Zieba et al. (2023) report high day-
side temperatures with little heat redistribution and thus rule out CO,-rich atmospheres. The
coming years will see more discoveries by JWST in rocky exoplanet atmospheres, potentially
confirming an atmosphere for the first time.

Soon, ground-based instruments such as the Extremely Large Telescope (ELT) will provide
high spectral and angular resolution, which can be used to characterise rocky exoplanet
atmospheres and search for biosignatures using high-resolution spectroscopy (Snellen et
al.,, 2013) and high-contrast imaging (Vaughan et al., 2024). Furthermore, the search for
biosignatures has motivated the conceptualization of the next-generation space missions.
The Habitable Worlds Observatory (HWO) is a planned NASA mission focusing on direct
detection of reflected lights from temperate exoplanets, making use of a coronograph. The
Large Interferometer For Exoplanets (LIFE) mission concept instead focuses on the detection
of thermal emission from a range of temperate exoplanets (Quanz et al., 2022). Hence,
detailed characterisation of rocky exoplanet atmospheres is on the doorstep.

1.4 Terrestrial Atmospheric Structure

The vertical distribution of the temperature in a planetary atmosphere differs significantly
from planet to planet, and may even show substantial spatial and temporal variations on
a single planet. Nevertheless, as shown in Figure 1.2, some general processes apply to
all atmospheres (Wordsworth & Kreidberg, 2022). As a function of increasing altitude (or
decreasing pressure), Figure 1.2 shows that the planetary boundary layer is a highly tur-
bulent and therefore well-mixed region connected to the surface, which is also where interior-
atmosphere interactions will occur. The troposphere is dominated by convection (Sergeev
et al., 2020) driving an upward vertical flux of water vapour following the evaporation from
the surface oceans. The pressure in the rising air parcel decreases to match that of the
surrounding air, which is accompanied by expansion and thus cooling of the parcel. The
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saturation threshold decreases with this cooling, causing an enhanced relative humidity. Once
the relative humidity passes 100%, clouds start to form. A convective cloud deck over the
substellar point of 1:1 resonant exoplanets can provide a stabilizing climate feedback by
reflecting incoming stellar radiation (Yang et al., 2013; Kopparapu et al., 2016). Additionally,
most of the heat transport happens in the troposphere (Showman et al., 2013). Due to the cold
trap at the tropopause (or the boundary between the troposphere and stratosphere), there is
only a small amount of exchange between these regions. The stratosphere is in radiative
balance with little vertical mixing. On Earth, oxygen molecules in the stratosphere absorb
incoming UV radiation and form ozone at these altitudes (Chapman, 1930). Consequently, the
stratosphere will be important for the production of photochemical gaseous species and hazes
on exoplanets. The presence of a strong UV absorber such as ozone can lead to stratospheric
heating and result in a temperature inversion (Godolt et al., 2015), though the extent of heating
will depend on the stellar flux distribution. For Earth, the next layer is the mesosphere in
which temperature decreases with altitude until the coldest point in the atmosphere (Seinfeld
& Pandis, 2016). Above the mesosphere we find the thermosphere, absorbing stellar XUV ra-
diation and therefore reaching high temperatures (Seinfeld & Pandis, 2016) with the potential
for atmospheric escape (Wordsworth & Kreidberg, 2022). Most atmospheres are transparent
to the incoming visible radiation, which heats the planetary surface. Subsequently, the surface
emits radiation at infrared (IR) wavelengths, which is absorbed by molecules such as CO,,
CHyg4, N> O, thereby heating the planet through the greenhouse effect (Pierrehumbert, 2010b).

1.5 Terrestrial Exoplanets: Orbits

Terrestrial exoplanets are exciting opportunities to test the uniqueness of Earth, motivating
considerable effort into studying their habitability around different stellar types (e.g. Shields
et al., 2016). The current concept of habitability revolves around the availability of liquid
water and is summarized in the concept of the Habitable Zone (HZ; Kasting et al., 1993;
Kopparapu et al., 2013), the circumstellar zone in which liquid water can exist on a planetary
surface. At the inner edge of the HZ, the high surface temperatures cause the evaporation of
water vapour, with subsequent water photolysis and hydrogen escape leading to the loss
of a planet’s water inventory (Kasting, 1988). Before this would happen, the lower atmo-
sphere becomes opaque to outgoing radiation and thus surface temperatures will increase
in a runaway greenhouse (Simpson, 1928; Ingersoll, 1969; Nakajima et al., 1992; Goldblatt &
Watson, 2012; Chaverot et al., 2022). The radiation limit or Simpson-Nakajima limit in outgoing
radiation is 282 W m~2. The outer edge is defined by CO, condensation resulting in the
weakening of the greenhouse effect due to CO,. To first order, the HZ boundaries can be
based on the stellar flux and orbital distance, conveniently the parameters that we know best
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Figure 1.2: lllustration of the simplified vertical temperature distribution on rocky exoplanet
atmospheres, along with key physical and chemical processes and the transparancy to
light at different wavelengths. As a function of increasing altitude (or decreasing pressure),
atmospheres are generally divided in the planetary boundary layer, troposphere, stratosphere,
mesosphere, and thermosphere. Figure taken from Wordsworth and Kreidberg (2022).

for exoplanets. Therefore, despite the limitations and the many additional factors determining
planetary habitability (e.g. Meadows & Barnes, 2018), the HZ remains a very useful concept.
Out of the currently confirmed exoplanets, 106 orbit inside the HZ of their host star (Childs
et al., 2022).

Due to the relatively low temperatures of M-type stars, the circumstellar HZ is located close
to the host star. Consequently, an exoplanet orbiting in the HZ will experience a differential
gravitational field from the host star which induces strong tidal torques on the planet (Barnes,
2017). These torques affect the planet’s angular momentum, producing specific frequencies
between a planet’s orbital and spin velocity in a process called tidal locking (e.g. Barnes, 2017;
Pierrehumbert & Hammond, 2019). These frequencies are known as spin-orbit resonances,
given by p=w/n where w is the planet’s spin velocity and n=27 /P the orbital angular velocity
for a planet of orbital period P. Nearby examples of spin-orbit resonances include the Moon’s
1:1 spin-orbit resonance around the Earth and Mercury’s 3:2 spin-orbit resonance around the
Sun. Besides planets orbiting M-dwarfs, tidal locking can also occur for planets around K- and
G-type stars or those in multiplanet systems (Barnes, 2017).
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Following Goldreich and Soter (1966) and Pierrehumbert and Hammond (2019), the time (in
years) for a planet on a circular orbit at an orbital distance » (AU) and with an initial spin
velocity Qg (in units of present Earth’s spin Qg) to become tidally locked is given by:

pQor® 0
M2 k'

foek = 3.01 x 108 (1.1)
for a mean planet density p (in units of Earth’s density ps) and stellar mass M, (in Mg).
Hence, the prefactor accounts for the unit conversions and the conversion from seconds to
years. Q is a measure of tidal dissipation and depends on the rheology of the planet and the
Love number k; depends on a planet’s rigidity. These parameters are uncertain, but #;,.; is
mainly driven by the r° dependence. Following Pierrehumbert and Hammond (2019), we use
an estimated Q/k,=1000 for rocky planets, whereas Q/k,=103/0.3 = 3.3 x 10° for gaseous
planets (e.g., Goldreich & Soter, 1966; Kramm et al., 2012). Assuming an initial spin velocity
equal to Earth’s angular velocity (7.292x 107> rad s~!) and known values for p, r, and M, 2,
we can estimate the tidal locking timescale for exoplanets. Figure 1.3 shows the exoplanet
population in terms of orbital period (F,,) and planetary mass (M,). Simply looking at the
distribution in F,,,—M, space already shows the wide diversity in exoplanet parameters as
mentioned in Section 1.1 and confirms the continuous mass range between 10~2=10* My,
Compared to Solar System planets (as indicated by the letters), we indeed see that the current
exoplanet population is found on relatively close-in orbits, partly due to the observational bias
(e.g. Mordasini et al., 2009). Such close-in orbits are particularly prominent when we consider
planets that could be rocky, using an approximate upper limit of 10 Mg, (the dashed horizontal
line in Figure 1.3) following Stevens and Gaudi (2013). For all exoplanets in Figure 1.3 that
have the relevant parameters available, | use Equation 1.1 to calculate their tidal locking
timescale and indicate planets with #;,;,>1 Gyr as blue dots and planets with 7, <1 Gyr
as orange dots. Compared to planetary lifetimes, 1 Gyr is a short amount of time. Since
Figure 1.3 indicates that most exoplanets can be tidally locked within only 1 Gyr, | argue that
we need to understand tidally locked exoplanets in the context of exoplanet habitability.

The final planetary spin states resulting from the process of tidal locking depend on the
orbital eccentricity of a planet (Goldreich, 1966; Goldreich & Peale, 1966; Dobrovolskis, 2007;
Makarov, 2012; Noyelles et al., 2014; Barnes, 2017). For planets with a low eccentricity
(e<0.2), planets are highly likely captured in a 1:1 spin-orbit resonance or synchronous rota-
tion. For a slightly higher eccentricity between ~0.2—0.35, planets are likely captured in a 3:2
spin-orbit resonance or sesqui-synchronous rotation. Higher-order resonances are possible
for higher eccentricities (see Figure 6 of Dobrovolskis, 2007), such as a 2:1 resonance for
e~0.4 or even a 10:1 resonance for e~0.77. Given Mercury’s ¢=0.2056, the entrapment in
a 3:2 resonance is a likely outcome of its orbital evolution (Dobrovolskis, 2007; Makarov,

2. Using data in the NASA Exoplanet Archive on 05/04/2024 (https://exoplanetarchive.ipac.caltech.edu)
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Figure 1.3: Orbital period versus planetary mass for confirmed exoplanets (grey dots). Blue
dots denote planets with a calculated tidal locking timescale longer than 1 Gyr, and orange
dots are planets with a tidal locking timescale shorter than 1 Gyr. Data was taken from the
NASA Exoplanet Archive. Solar System planets are also shown according to their first one or
two letters, and the black dashed line indicates an approximate distinction between terrestrial

planets and gas giants.
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2012; Noyelles et al., 2014). A planet can go through different resonance states during its
evolution, as Makarov et al. (2018) suggest for TRAPPIST-1 b, d, and e. The 1:1 spin-orbit
resonance presents the most extreme case of tidal locking and will lead to a permanent
dayside and nightside hemisphere, with dramatic consequences for the planet’s irradiation
pattern (Dobrovolskis, 2015), affecting the planetary atmosphere, climate, and habitability. For
a 3:2 resonance, a 360° shift in the substellar point — thus defining a day and night for every
location on the planet — will take two orbits around the host star, since the substellar point
shifts 180° in longitude for every orbit. Therefore, the daytime hemisphere changes with every
orbit for a planet in a 3:2 spin-orbit resonance. Higher-order resonances will have a more
frequent change of the daytime hemisphere: for example, a 2:1 resonant planet will have a
full day-night cycle globally for every orbit and a 10:1 resonant planet will have nine day-night
cycles. The resulting instellation patterns will have more subtle changes (Dobrovolskis, 2015)
compared to the 3:2 resonant planets and therefore have less dramatic consequences for
planetary atmospheres and habitability.

1.6 Exoplanet Habitability

As said, a first-order approximation of the planetary climate and therefore its habitability can
be based on the incident stellar flux and orbital configuration, but many more factors play a
role (see Figure 2 of Meadows & Barnes, 2018, for an overview). A holistic approach is the
ultimate goal but by isolating a number of these factors we are starting to understand their
effects on potential habitability. The state and composition of an atmosphere, if it exists, is
an essential factor in habitability studies. The atmosphere can serve as a protective layer, for
example via the absorption of UV radiation by ozone (e.g. Seinfeld & Pandis, 2016), and its
composition determines the amount of greenhouse warming, energy (re)distribution and part
of the planetary albedo (Pierrehumbert, 2010b; Kaltenegger, 2017). The possible existence
of clouds and hazes (aerosols) can further influence the climate of terrestrial planets by
scattering incident stellar light and trapping outgoing thermal radiation, motivating a range of
exoplanet studies (e.g. Yang et al., 2013; Yang & Abbot, 2014; Arney et al., 2016; Kopparapu
et al., 2016; Arney et al., 2017; Mak et al., 2024). Kasting et al. (1993) assume Earth-like N;-
CO,-H,O atmospheres, but a wide variety of atmospheric compositions may produce appro-
priate surface temperatures for liquid water, e.g. N»-, CO,- and H,-dominated atmospheres
(Seager, 2013). The latter of these would, for example, greatly extend the HZ outer edge
due to the greenhouse effect from collision-induced absorption by H,-H, pairs (Seager et al.,
2013). Another important role is played by climate feedbacks, which can maintain habitable
environments despite changes in stellar flux and atmospheric compositions. On Earth, an
example of such a process is the carbonate-silicate cycle, which in turn depends on the
presence of plate tectonics (Walker et al., 1981). The spectral type of the host star is of
key importance: firstly, the spectral energy distribution varies per spectral type, affecting the
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climate and photochemistry (e.g. Segura et al., 2003; Rugheimer et al., 2013; Godolt et al.,
2015; Rugheimer et al., 2015a). Besides that, the more luminous O- and B-type stars have
relatively short lifetimes while the faint M-type stars have long lifetimes but can showcase
variability in their energy output (France et al., 2016; Loyd et al., 2016; Youngblood et al.,
2016).

1.6.1 Climate Modeling

The initial determinations of the HZ used 1D radiative-convective climate models (Kasting
et al., 1993; Kopparapu et al., 2013). These models simplify the planetary atmosphere and
climate system to a single column from the surface to the top of the atmosphere. The passage
of (stellar) radiation, convection, temperature, and humidity are simulated through the column,
given the star-planet configuration and the background atmospheric composition. Moving
beyond 1D, the key processes acting in a climate system include (Forget & Leconte, 2014):

. Radiative transfer through the atmosphere

. Large-scale atmospheric circulation, primarily forced by temperature differences

. Vertical mixing and transport due to convection and turbulence

. Phase changes of volatiles

. Photochemistry, affecting the atmospheric composition and driving aerosol formation
. Surface thermal properties and potentially plate tectonics.

Most of these processes can not be accurately accounted for in 1D models. Moreover, given
the variations in instellation patterns for different planetary orbits, we need to understand
the atmosphere in 3D, including spatial and temporal variations in instellation, atmospheric
dynamics, and cloud formation. To this end, several studies have adapted 3D GCMs — initially
developed to simulate Earth’s weather and climate — to the study of exoplanets and their
habitability. GCMs are based on the conservation of momentum and energy and, starting
from some initial condition, the equations of motions are solved on discrete timesteps to
simulate the evolution of circulation. The GCM divides the atmosphere up into a spherical
grid of longitude, latitude, and height or pressure. For each model grid point, the dynamical
core can be coupled to, for example, a radiative transfer solver, parametrizations of turbulence
and convection, cloud models, modelled surface properties, and a chemical network (Forget &
Leconte, 2014). In this way, GCMs study many physical processes in a planetary atmosphere
in a self-consistent manner.

For planets in 1:1 resonances, GCM simulations were first performed by Joshi et al. (1997),
showing distinct conditions and large temperature differences between the dayside and night-
side hemispheres. Initially, it was thought that the nightside hemisphere might be so cold that
the bulk species of the atmosphere condense out, cold-trapping the volatiles and reducing
the atmospheric pressure, a process known as atmospheric collapse. A (partly) collapsed
atmosphere is present on Mars, Triton, and Pluto (Wordsworth & Kreidberg, 2022). Joshi et al.
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(1997) and Joshi (2003) showed that heat transport can prevent atmospheric collapse on 1:1
resonant exoplanets around M-dwarfs, opening up investigations into their habitability. The
atmospheric circulation of such exoplanets exhibits distinct regimes depending on a planet’s
rotation rate and radius (e.g. Merlis & Schneider, 2010; Edson et al., 2011; Carone et al.,
2014, 2015, 2016; Kopparapu et al., 2017; Noda et al., 2017; Carone et al., 2018; Haqgg-Misra
et al., 2018). Furthermore, Sergeev et al. (2022a) show that a single planet close to a regime
transition in terms of its rotation rate can fall in two circulation regimes, depending on initial
conditions and model parametrizations. Haqqg-Misra et al. (2018) investigate the circulation
regimes and the transitions between them using the Rossby deformation radius (indicating
the maximum extent of the mean zonal circulation from the dayside to the nightside) and the
Rhines length (denoting the latitudinal scale at which turbulent flow can organise into zonal
jets). For Earth-size planets with a 1 bar N,-H,O atmosphere, they denote planets in the
different circulation regimes as fast or rapid rotators (for orbital periods <5 days) and slow
rotators (for orbital periods >20 days), with the planets in the transition regime between the
two known as Rhines rotators (for orbital periods 5-20 days). In this thesis, | will investigate
two distinct circulation regimes, that have also been assigned other names:

. The first regime exhibits weak superrotation with a single equatorial jet. This is known
as the ‘Rhines rotator’ (Hagg-Misra et al., 2018), “Type Il circulation’ (Noda et al., 2017),
and the ‘single jet’ regime (Sergeev et al., 2022a). Proxima Centauri b is thought to fall
in this regime.

. The second regime exhibits superrotation in a pair of midlatitude jets. This is also known
as the ‘fast rotator’ (Hagg-Misra et al., 2018), “Type IV circulation’ (Noda et al., 2017),
and the ‘double jet’ regime (Sergeev et al., 2022a). TRAPPIST-1 d is thought to fall in
this regime.

Like on Earth, non-uniform instellation is the driver of atmospheric circulation. The emergence

of superrotation is described by Showman et al. (2013). The dayside-nightside contrast on

1:1 resonant exoplanets leads to an overturning circulation, with upwelling on the dayside

and downwelling on the nightside (Showman et al., 2013). This vertical motion results in a

superposition of planetary-scale Rossby and Kelvin waves, which drives eddy momentum

equatorward (Showman & Polvani, 2010). A typical part of this wave structure is a pair of
quasi-stationary cyclonic gyres on the nightside (Showman & Polvani, 2010). The equator-
ward momentum feeds the superrotating jet (Showman & Polvani, 2011). The overturning
circulation is a dominant component of the dayside-to-nightside heat transport (Hammond &
Lewis, 2021).

The dayside of 1:1 resonant exoplanets may be covered by thick convective clouds, resulting
from near-surface convergence and convection at the substellar point (Yang et al., 2013),
which is similar to the development of the intertropical convergence zone (ITCZ) on Earth
(Faulk et al., 2017). The fact that these clouds are found at exactly the substellar point
reduces the incoming radiation and leads to a relatively high albedo, providing a negative



1.6. Exoplanet Habitability 13

climate feedback and enhancing the habitability of 1:1 resonant exoplanets (Yang et al., 2013;
Kopparapu et al., 2016). The cloud albedo feedback is sensitive to the planet’s orbital period
(Yang et al., 2013; Carone et al., 2016; Kopparapu et al., 2016; Carone et al., 2018). Different
stellar fluxes affect the climates of rapidly rotating terrestrial planets in the Habitable Zone
of FGK stars (Wolf et al., 2017) and synchronously rotating exoplanets around GM stars
(Eager et al., 2020). While most studies to date consider aquaplanets (i.e. planets without any
continents), other important influences on the climate are the presence and composition of
landmasses due to the impact on convection and water evaporation, which can lead to a wider
HZ (Abe et al., 2011; Lewis et al., 2018; Rushby et al., 2020), and/or ocean heat transport (Hu
& Yang, 2014; Del Genio et al., 2019). Furthermore, 3D simulations have shown the effect
of varying background abundances on climate (Pierrehumbert, 2010a; Turbet et al., 2016).
Remarkable planet candidates for surface habitability include Proxima Centauri b (Turbet
et al., 2016; Boutle et al., 2017) and TRAPPIST-1 e (Wolf, 2017; Turbet et al., 2018; Sergeev
et al., 2022a; Turbet et al., 2022).

As opposed to the dayside-nightside (or zonal) contrasts of an exoplanetin a 1:1 resonance, a
3:2 resonance results in a changing daytime hemisphere for the planet and exhibits meridional
(equator-to-pole) gradients in atmospheric quantities (e.g. Turbet et al., 2016; Boutle et al.,
2017; Del Genio et al., 2019). Therefore, Del Genio et al. (2019) suggest that — at least in
the absence of eccentricity — the circulation is more like that of a slowly rotating Earth (see
also Del Genio & Suozzo, 1987), with a meridional circulation including Hadley cells and
westward jets over the midlatitudes. As mentioned before, including eccentricity will cause
an insolation pattern and associated heating concentrated in two hot spots, one for each
hemisphere (Dobrovolskis, 2015; Boutle et al., 2017; Colose et al., 2021). Additionally, an
eccentric orbit will produce an increase in the mean flux over one orbit as compared to the
circular case (Williams & Pollard, 2002; Dressing et al., 2010; Bolmont et al., 2016). In this way,
spin-orbit resonances may affect the inner edge of the HZ, as defined by the moist greenhouse
limit of the maximum stratospheric water vapour abundances to retain the Earth’s oceans
(Kasting, 1988) or the Simpson-Nakajima limit in outgoing longwave radiation (e.g. Goldblatt
et al., 2013). However, Colose et al. (2021) find that higher-order resonances have little effect
on the inner edge since the warming of the planet is accompanied by a drier stratosphere.

For both resonances, the atmospheric dynamics controls the distribution of atmospheric tracers
such as clouds and chemical species. Previous work has shown that the distribution of clouds
depends on the rotation rate and circulation regime of 1:1 resonant planets (e.g. Komacek &
Abbot, 2019; Sergeev et al., 2022a), but for temperate rocky exoplanets generally follows the
strong dayside convection and thus shows zonal gradients (Yang et al., 2013). For 3:2 reson-
ant planets, the cloud cover follows the hot spots in temperature or show banded structures
but demonstrates mainly meridional gradients (Boutle et al., 2017; Colose et al., 2021).
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1.7 Exoplanet Atmospheric Chemistry

The chemical composition of an atmosphere affects the radiative balance of the planet through
the scattering and absorption of incoming and outgoing radiation (Pierrehumbert, 2010b).
Static chemical compositions have been investigated (Pierrehumbert, 2010a; Turbet et al.,
2016; Boutle et al., 2017), but ultimately the atmospheric chemistry is in a coupled balance
with the incoming stellar flux and atmospheric dynamics. A hierarchy of chemical principles
helps to uncover atmospheric chemistry systematically. The redox state (as defined in Sec-
tion 1.2) broadly classifies the atmospheric composition. For example, Titan’s Hy- and CHy-
rich atmosphere is highly reducing whereas Earth’s O,-rich atmosphere is oxidizing (Yung
& DeMore, 1999). The redox state already tells us something about habitability and the
potential to form prebiotic compounds (Rimmer & Rugheimer, 2019). If we know the bulk
composition, we can use equilibrium chemistry to determine the atmospheric composition as
a function of pressure, temperature, and initial abundances via minimization of Gibbs free
energy (e.g. Burrows et al., 1999; Heng et al., 2016; Woitke et al., 2018). For high pressures
and temperatures, such as the deep atmospheres of hot Jupiters, equilibrium chemistry is
justified since chemical timescales are very short (Moses, 2014; Drummond et al., 2018b).
The relatively cool environments of temperate rocky exoplanets lead to longer chemical times-
cales. The photodissociation timescale in the upper atmosphere and dynamical timescales in
the presence of strong transport processes may then be shorter than the chemical timescale
and, consequentially, these processes can drive disequilibrium chemistry.

On Earth, a significant driver of disequilibrium chemistry is the presence of life (Krissansen-
Totton et al., 2018), leaving chemical traces in the atmosphere that are known as biosignatures
(Schwieterman et al., 2018). An example of such a biosignature is the combined presence of
O, and CHy, including ozone as the photochemical byproduct of molecular oxygen (Lovelock,
1965; Sagan et al., 1993; Des Marais et al., 2002; Schwieterman et al., 2018). However,
various processes can drive disequilibrium chemistry, such as photochemistry driven by UV
radiation, stellar flares, lightning, atmospheric dynamics, volcanism, and meteorite impacts
(e.g. Owens et al., 1985; Zahnle, 1986; Segura et al., 2010; Rugheimer et al., 2015a; Aira-
petian et al., 2016; Rimmer & Helling, 2016; Ardaseva et al., 2017; Zahnle et al., 2020).

The most important driver of disequilibrium chemistry is photolysis and therefore the incoming
stellar radiation. To investigate the impact of such disequilibrium processes, 1D photochemical
kinetics models have been employed for a range of exoplanet conditions. These models
simulate interactive photo- and kinetic chemistry in a single atmospheric column — given P,
T, vertical mixing, and incoming stellar radiation — by solving for the coupled 1D continuity
equations (e.g. Kasting & Donahue, 1980; Yung et al., 1984; Owens et al., 1985; Zahnle, 1986;
Rimmer & Helling, 2016; Tsai et al., 2021). Key findings include the discovery of an abiotic
pathway to O, driven by photochemistry for CO,-rich planets around M-dwarfs (Hu et al.,
2012; Domagal-Goldman et al., 2014; Tian et al., 2014; Wordsworth & Pierrehumbert, 2014;
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Gao et al., 2015; Harman et al., 2015; Luger & Barnes, 2015) and accumulation of O, following
the photolysis of H,O and subsequent H escape (e.g. Tian, 2015b; Wordsworth et al., 2018;
Lincowski et al., 2019), presenting false positives scenarios in the search for biosignatures like
O, and O3. Kozakis et al. (2022) focus on the usage of O3 as a proxy for O, and find variations
in the O,—03 relationship as a function of the host star and initial conditions, affecting the
reliability of O3 as a biosignature. Energetic processes such as stellar flares (Segura et al.,
2010) and lightning (Chameides et al., 1977; Ardaseva et al., 2017; Harman et al., 2018)
can destroy strong molecular bonds (such as those of molecular nitrogen), opening up ozone
production mechanisms (Haagen-Smit, 1952) or catalytic cycles that destroy ozone (Crutzen,
1970), further affecting the reliability of these species as biosignatures. Additionally, these
energetic processes may have been important drivers of prebiotic chemistry in planetary
atmospheres (Miller, 1953; Chameides & Walker, 1981; Airapetian et al., 2016; Rimmer &
Helling, 2016), beyond the role of photochemistry (Zahnle, 1986; Rimmer & Rugheimer, 2019;
Pearce et al., 2022), affecting the potential for the origin of life on other planets. Clearly, not
all biosignatures originate exclusively from biological sources and need to be understood in
their environmental context, especially for the variety of potential exoplanet environments.

As discussed in Section 1.6, these environmental conditions can vary spatially and tempor-
ally and fundamentally depend on 3D processes in the planetary atmosphere. Additionally,
atmospheric circulation controls the distributions of tracers such as clouds and chemical
compounds. In turn, the tracers themselves are radiatively active (e.g. the greenhouse gases
or stratospheric warming by ozone, see Section 1.4) and affect the climate and dynamical
state of the atmosphere (Godolt et al., 2015; Hochman et al., 2022, 2023). Hence, many
potential climate-chemistry interactions exist, motivating the development of coupled CCMs
or even Earth System Models (ESMs; e.g. Ramanathan et al., 1987; Isaksen et al., 2009;
Archibald et al., 2020), also as part of the Intergovernmental Panel for Climate Change re-
ports (Masson-Delmotte et al., 2021). CCMs consist of a GCM coupled with a photochemical
network and allow the exploration of the intricate relationships between (photo)chemistry,
atmospheric dynamics, and the thermal structure of the atmosphere, to understand mech-
anisms like the Brewer-Dobson Circulation (Brewer, 1949; Dobson, 1956; Butchart, 2014) as
illustrated in Figure 1.4. The Brewer-Dobson circulation controls the distribution of ozone and
water vapour on Earth, following the photochemical production of ozone through the Chapman
mechanism (Chapman, 1930) which is strongest at the tropical latitudes (see the yellow
square). The Brewer-Dobson circulation then describes the ascent of ozone-rich air to the
upper troposphere and stratosphere (the white arrows), followed by equator-to-pole transport
and subsidence at the higher latitudes. Mixing barriers (thick green lines) are bypassed and,
in this way, the thickness of the ozone layer on Earth varies meridionally, with a relatively
enhanced ozone layer at higher latitudes.
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Figure 1.4: lllustration of the Brewer-Dobson circulation on Earth. White and orange wavy
arrows represent atmospheric transport and mixing processes, whereas the thick green lines
indicate barriers for stratospheric transport and mixing. The main photochemical production
region of ozone is indicated by the yellow square, with wavy yellow arrows denoting incoming
stellar radiation driving ozone production. The Brewer-Dobson circulation transports ozone

from its tropical production regions to higher latitudes. Figure adapted from original version in
Bonisch et al. (2011), with credit to Dr. U. Schmidt.
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A few studies have applied CCMs to the study of HZ exoplanets to investigate their atmo-
spheric chemistry in 3D, mainly focusing on planets in 1:1 spin-orbit resonances and for
Earth-like atmospheric composition. For a tidally locked Earth around the Sun, a breakdown
of the Brewer-Dobson circulation is reported (Proedrou & Hocke, 2016; Proedrou et al., 2016).
Instead, ozone accumulates on the nightside of a tidally locked Earth, where it has a compar-
atively long chemical lifetime. Carone et al. (2018) investigate the stratospheric dynamics
for a large set of exoplanets in terms of orbital period and radius, using a GCM without
interactive chemistry but providing detailed discussions on the effects for tracer distributions.
For planets on orbital periods between 6-25 days, they report the development of tropical
Rossby waves that induce equatorial jets in the stratosphere and facilitate pole-to-equator
transport, confining tracers to the equatorial regions in an ‘anti-Brewer-Dobson circulation’
(Carone et al., 2018), assuming shallow stratosphere wind breaking (waves break in the
lower stratosphere). Chen et al. (2019) demonstrate variations in the meridional distribution of
ozone using a CCM and confirm the confinement of ozone to the equatorial regions for such
short orbital period planets. However, the presence of extratropical Rossby waves or deep
stratosphere wind breaking (when waves can break high up in the stratosphere) prevents this
equatorial confinement and instead support equator-to-pole transport (Carone et al., 2018).
For planets on orbital periods <6 days, thermally-driven equator-to-pole circulation supports
the accumulation of tracers at higher latitudes (Carone et al., 2018; Chen et al., 2019). For
tidally locked M-dwarf planets, Chen et al. (2018) show that the shifts in stellar flux distribution,
illumination geometry and rotationally-induced circulation can affect the distribution of chem-
ical species, although the day-to-nightside variation in mixing ratio stays below 20% for the
majority of biosignatures. Simulations of synchronously rotating exoplanets predict significant
zonal variations in the ozone layer for planets around M-dwarfs like Proxima Centauri b (Yates
et al., 2020) and in the haze distribution for hot Jupiter atmospheres (Parmentier et al., 2013;
Steinrueck et al., 2021). Yates et al. (2020) report extended chemical lifetimes for ozone on the
nightside of synchronously rotating exoplanets, leading to an enhanced nightside ozone layer
following photochemical production on the dayside. Chen et al. (2021) study the influence of
flares (through enhanced UV activity and proton events) on N,-dominated atmospheres orbit-
ing around G, K, and M-dwarfs. The combination of a magnetic field, radiation environment
and atmospheric circulation determines the extent of chemical perturbations, which is seen
especially in the NO, OH, and Oj3 distributions for unmagnetized, tidally-locked planets around
K and M-dwarfs. Fast rotation and magnetic fields seem to counteract the effect of flares, but
it shows that space weather plays an important role for atmospheric chemistry, influencing the
habitability and detectability of atmospheric constituents (Chen et al., 2021).

The complex 3D interplay between stellar radiation, planetary orbit, atmospheric dynamics,
and (photo)chemistry determines the planetary climate and habitability as well as potential
spectroscopic observations. In emission, reflection, or transmission, each of these obser-
vations will be affected by 3D spatial and temporal variations (Turbet et al., 2016; Boutle
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et al., 2017; Cooke et al., 2023a). For hot Jupiters, fluctuations in temperature and chemical
composition between the dayside and nightside (Nixon & Madhusudhan, 2022; Pluriel, 2023),
alongside 3D wind-driven chemistry (Zamyatina et al., 2023) significantly impact the synthetic
spectra. On rocky planets, the spatial and temporal variability in water clouds introduces
internal atmospheric variability in observations (Komacek & Abbot, 2019; May et al., 2021; Co-
hen et al., 2023b), whereas stratospheric wind oscillations have been identified by Cohen et al.
(2022). Additionally, fluctuations in the distribution of gaseous chemical species, both spatially
and temporally, induce spectroscopic variations across orbital phases or observational angles
(Olson et al., 2018; Cooke et al., 2023a). Planets with obliquity or an eccentric orbit will show
seasonal effects in the atmosphere (Olson et al., 2018), with the variations following passage
through periastron and apoastron for a planet in an eccentric higher-order spin-orbit reson-
ance of particular importance for exoplanets. The ongoing discoveries of JWST and potential
discoveries with future observatories like the ELT, HWO, and LIFE (see Section 1.3) highlight
the need for comprehensive 3D simulations that describe the physical and chemical properties
of exoplanet atmospheres to understand habitability, interpret spectroscopic observations, put
biosignatures into environmental context, and determine the potential for life on exoplanets.

1.8 Thesis Aims

The overarching goal of this thesis is to perform 3D simulations and provide an in-depth invest-
igation of the 3D coupled interactions between stellar radiation, orbital configuration, atmo-
spheric dynamics, cloud formation, lightning, and (photo)chemistry for terrestrial exoplanets
in tidally locked orbits. | focus on specific known planets orbiting M-dwarf stars but emphasize
that the results are more generally applicable to planets in similar orbits and around similar
host stars. | apply and further develop a state-of-the-art 3D CCM — currently one of only four
that can do these calculations for exoplanet atmospheres — to simulate the 3D spatial and
temporal evolution, essentially making it a 4D exploration of exoplanet atmospheres. | use
the CCM simulations to determine the effect of various drivers of disequilibrium atmospheric
chemistry and the consequences for habitability, observability, and potential abiotic pathways
to false positive biosignatures.

The following questions will be investigated in the thesis as part of this overarching goal:

1. How do variations in quiescent stellar spectra drive 3D photochemistry in the atmo-
spheres of tidally locked exoplanets?

2. What is the potential for lightning formation on tidally locked exoplanets, and how does
this energetic (disequilibrium) process affect atmospheric chemistry in 3D?

3. How do 3D circulation patterns affect the atmospheric chemistry on tidally locked exo-
planets and can these explain spatially varying ozone layers as previously predicted?



1.8. Thesis Aims 19

4, What are the effects of distinct spin-orbit resonances on planetary climate and atmo-
spheric chemistry?

5. How does 3D atmospheric chemistry evolve for an eccentric orbit and does this produce
any variability?

6. What traces do these 3D effects in atmospheric chemistry leave in synthetic spectra
and will they be tractable in future observations?

In Chapter 2, | briefly introduce the underlying modelling frameworks that are used in this
thesis. Chapter 2 discusses the key components required for the adaptation of a compre-
hensive Earth System Model to the study of exoplanets and introduces the development that
| performed on the side of atmospheric chemistry modelling. Chapter 3 presents my findings
on the 3D atmospheric chemistry of Proxima Centauri b, using the latest observed stellar
spectrum as a driver of photochemistry. Proxima Centauri b is also the main target for my
investigation into the initiation and subsequent chemical effect of lightning, the first time this
is explored in 3D for exoplanets. Hence, Chapter 3 revolves around disequilibrium chemistry
resulting from photolysis and lightning. In Chapter 4 | focus on wind-driven disequilibrium
chemistry and investigate the spatially varying ozone layer that is predicted in Chapter 3 and
also found in earlier work by Yates et al. (2020). By transforming from the commonly used
geographic coordinate system to a tidally locked coordinate system, | identify the existence
of a stratospheric dayside-to-nightside circulation that drives ozone from the photochemically
active dayside to the inactive nightside. In Chapter 5, | compare simulations of two planets,
Proxima Centauri b and TRAPPIST-1 d, that are known to exhibit distinct circulation regimes
for 1:1 spin-orbit resonances. | compare the resulting 3D chemical distributions and add
simulations of both planets in a 3:2 resonance including the effect of orbital eccentricity.
These represent the first simulations of 3D exoplanet chemistry in higher-order spin-orbit
resonances. Finally, in Chapter 6, | summarise the main findings of this work along with its
implications and suggestions for future research.



Chapter 2

Modelling Atmospheric Chemistry in
3D

In this Chapter, | provide a general overview of the modeling framework that has been used
to model the atmospheric chemistry of rocky exoplanets in 3D. First, | will introduce the GCM
used (the Met Office Unified Model or UM) in Section 2.1, followed by a description of the
CCM (the UM coupled with the UK Chemistry and Aerosols framework or UM-UKCA) along
with required model developments in the adaptation to exoplanets. Figure 2.1 illustrates the
different model components and guides this Chapter. Chapters 3, 4, and 5 all have a Methods
Section describing the specific model setup used for the simulations in that Chapter.

2.1 The Unified Model

The UM is a GCM that simulates the 3D flow of the atmosphere and has been in continuous
development for almost 30 years, a general description of the model can be found in Walters
et al. (2019). The UM simulates the atmosphere of Earth over a wide range of temporal and
spatial scales and is commonly used for regional weather predictions over days to weeks and
for climate predictions over decades to centuries.

The UM has been adapted and applied to the simulation of a diverse set of exoplanets,
including terrestrial planets (e.g. Mayne et al., 2014a; Boutle et al., 2017; Lewis et al., 2018;
Eager et al., 2020; Joshi et al., 2020; Sergeev et al., 2020; Yates et al., 2020), sub-Neptunes
(Drummond et al., 2018a; Mayne et al., 2019), and hot Jupiters (Amundsen et al., 2014;
Mayne et al., 2014b; Amundsen et al., 2016; Drummond et al., 2016, 2018b; Lines et al.,
2018; Drummond et al., 2020). In this thesis, the UM is used in its Global Atmosphere 7.0
(GA7.0) configuration (Walters et al., 2019). As shown in Figure 2.1, | configure exoplanets
as aquaplanets with a slab of ocean covering the full surface. The mixed-layer ocean has
a heat capacity of 10’ J K~! m~2 and does not include any horizontal transport, following
the definition by Frierson et al. (2006). It would take an energy of 107 J to heat the mixed-
layer ocean by 1 K, which corresponds to a slab of depth 2.4 m (Boutle et al., 2017). In this
way, the heat capacity determines the change in surface temperature (due to the net surface

20
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Figure 2.1: lllustration of the horizontal (latitutde-longitude) and vertical (height or pressure)
grid used in the UM. In every gridbox, the model simulates a range of physical and
chemical processes including radiative transfer, atmospheric dynamics, cloud formation,
(photo)chemistry, and lightning generation. Note that the Earth’s continents are removed in
the aquaplanet setup. Figure was adapted from NOAA'.

irradiance, the latent heat of vaporization, and the sensible heat flux or the loss of energy due
to heat transfer to the atmosphere). Since we run the models to equilibrium, this will not affect
the mean temperatures, but is an important consideration for variability. In all simulations, |
assume a surface pressure of 10° Pa, thus determining the thickness of the atmosphere.

1. Source: https://celebrating200years.noaa.gov/breakthroughs/climate_model/modeling_schematic.html.
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2.1.1 The Equations of Motion

The dynamical core of the model (ENDGame) solves the equations of motion (Vallis, 2017) to
describe the fluid flow on a rotating sphere (Wood et al., 2014), with a horizontal grid based
on latitude (¢) and longitude (A) in degrees, and vertical levels corresponding to altitude z
in m. The formalism is semi-Lagrangian by using a Lagrangian approach on an Eulerian grid
to enhance stability, allow for wave propagation, and be able to apply damping (Wood et al.,
2014). ENDGame solves for the full equations of motion but is also able to apply commonly
used simplifications in GCMs such as (White et al., 2005; Mayne et al., 2014a; Mayne et al.,
2014b; Heng & Showman, 2015):

. The shallow-fluid approximation, which assumes that the atmosphere is thin as com-
pared to the planetary radius (the ratio is ~10~3 for Earth but 0.1 for hot Jupiters).

. The traditional approximation, which neglects several metric and rotation terms such
as the cos ¢ Coriolis terms (defined below). To ensure conservation of energy, angular
momentum, and potential vorticity, the shallow-fluid and traditional approximations need
to be applied together (White & Bromley, 1995). The violation is mainly due to the height
variation of angular momentum in the equation of motion relating to the Coriolis force
for the meridional direction, which will be introduced below.

. Constant gravity with altitude, which assumes that there is no contribution from the
atmosphere to the gravity.

. Vertical hydrostatic balance, which assumes that the gravitational force and pressure
term balance.

Using the first three assumptions results in the shallow-water equations and adding in the
fourth assumption gives the primitive equations. Below, | will describe the equations of motion
as used in this work, several previous papers provide a detailed description of the full and
primitive equations along with the effects of each of the potential approximations focused on
the UM (White & Bromley, 1995; White et al., 2005; Mayne et al., 2014a, 2019).

ENDGame can solve for the full equations of motion, but in our case still includes simplific-
ations in the form of a constant gravity g, and spherical symmetry as explained by Mayne
et al. (2014a). The conservation of momentum describes how the velocity or momentum of a
fluid react to internal and external forces and is described for the meridional (), zonal (v), and

vertical (w) wind inm s~ !:

Du uvtan¢g uw , cp0 JIl
= = L fw— 24D 2.1
Dt r r MEAR A rcos@ di +D(u), 2.1)
Dv Wtang  vw cp0 JI1
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Dt r r fu r d¢ +D() (22)
Dw  u?+V? , oIl

b gy —c,0
r tuf —gp—cp or’



2.1. The Unified Model 23

along with the conservation of mass or continuity equation:

Dp 1 Jdu 1 Jd(vcos¢) l&(rzw)
o P rcos¢ﬁ+rcos¢ ¢ +r2 ar |’ 24)

and the thermodynamic equation, associated with conservation of energy:

D6 Q
o = T Pe). (2.5)

and finally, the equation of state describing the properties of a fluid:

n = Kpo (2.6)
P

In the set of equations, the material derivative is used due to the Lagrangian formalism:

D 0 u od v 0

EEEerﬁJr;%vag. (2.7)
The zonal, meridional, and vertical wind flow in the longitudinal (A, in rad), latitudinal (¢, in
rad), and radial (r, in m) direction, respectively. Both the specific heat capacity ¢, (J K- 1kg™")
and specific gas constant R* (J K~! kg~!) depend on the chemical composition of the atmo-
sphere, with the unitless ratio between them x=c,/R*. P, is the reference (here surface)
pressure in Pa, Q the heating rate in K s~! (following from the radiative transfer, see Sec-
tion 2.1.2), and D(X) the diffusion operator relating to the quantity X. The diffusion operator
D(X) represents unresolved subgrid-scale mixing processes and transfer of kinetic energy
from large-scale flows to smaller scales (Mayne et al., 2014b) and is applied to the con-
servation of momentum for # and v winds (ms~2) as well as the thermodynamic equation
(Ks™!). This horizontal diffusion complements the inclusion of vertical boundary-layer diffusion
following Lock et al. (2000) and Brown et al. (2008). b represents a switch (1 or 0) to the
(quasi-)hydrostatic equations, depending on whether one also uses the assumptions for the
shallow-water equations. The density is given by p (kg m~3) and for these planets we assume
constant gravity g, inm s~2 (Mayne et al., 2014a). f and f’ represent the Coriolis parameters

for the planetary rotation rate Q inrad s~

f=2Qsing, (2.8)

' =2Qcos¢. (2.9)

The potential temperature 6 (in K) is given by:

_ PO R/cp
9_T<P> : (2.10)
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and the dimensionless Exner pressure I1 by:

P\Me T
n=(—] =<2 2.11
(7) =% @11)

Hence, the Coriolis term f'w in Equation 2.1 represents the height variation of angular mo-
mentum, which would be suppressed if we assume the shallow-fluid approximation (White &
Bromley, 1995). Therefore, we have to make the traditional approximation as well to ensure
conservation of angular momentum. For simulations of extended atmospheres (such as those
of hot Jupiter Mayne et al., 2014b), the UM is thus particularly suitable since it has the ability
to solve for the full equations of motion. Equations 2.1-2.6 are used for the simulations in this
thesis.

2.1.2 Radiative Transfer

The radiative transfer in the UM is described by the Suite of Community Radiative Transfer
codes based on Edwards and Slingo or SOCRATES (Edwards & Slingo, 1996; Manners
et al., 2021), using the two-stream approximation. The shortwave (SW) spectral bands in
SOCRATES treat the incoming stellar radiation that is absorbed and reflected in the atmo-
sphere and at the surface, this energy drives the atmospheric circulation. The longwave
(LW) spectral bands treat the radiation emitted from the planet, which interacts with the
atmosphere and redistributes heat, before the remainder is emitted to space. The spectral
bands for Proxima Centauri are distributed over non-overlapping wavelength regions following
the Global Atmosphere 7.0 configuration described by Walters et al. (2019), with 6 bands
describing the SW radiation from 0.2 — 10 um and 9 bands the LW radiation from 3.3 -
10000 um (see their Table 2). For TRAPPIST-1, a higher number of 21 SW (0.2—20 um) and
12 LW (3.3—10000 um) bands are used (Sergeev et al., 2022b; Turbet et al., 2022). Line-by-
line opacities for each species are treated in a smaller number of k-coefficients, with O,, CO,,
H,0, N,O, and O3 as radiatively active species. For overlapping species in a spectral band,
SOCRATES determines the dominant absorber in each model grid cell. For the dominant
absorber, the full k-distribution within the spectral band is used, whereas minor species are
then treated as gray opacities. A detailed description of this method known as equivalent
extinction can be found in Amundsen et al. (2017). A spectral file contains all the information
on the stellar radiation, absorbing gases, continua, collision-induced absorption, and potential
aerosol scattering and absorption parameters (Manners et al., 2021). The number and the
distribution of spectral bands depends on the atmospheric composition and the stellar spectral
energy distribution. A comparison of 1D radiative transfer models by Yang et al. (2016) shows
the sensitivity of climate to both the treatment of water vapour opacities and the choice of
spectral bands (see their figure 2), finding radiative fluxes that differ by up to 10 Wm~2. The
distribution of the spectral bands will affect the inner edge of the Habitable Zone (Kopparapu
et al.,, 2017). Wolf et al. (2022) show use the ExoCAM GCM - including SOCRATES to
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describe the radiative transfer — to show that the sensitivity to band choices is especially
prominent for CO,-dominated atmospheres, and less so for Ny-dominated atmospheres like
the ones simulated in this thesis (as further described in Section 2.2.5). The key output from
the radiative transfer calculations are the heating rates Q (K s~!) in each model grid cell, as
used in the thermodynamic equation (Equation 2.5).

The incoming stellar radiation and its passage through the atmosphere as well as the pho-
tolysis rates of chemical species will change over time with a dependence on the orbital
parameters. The inclusion of positional astronomy within SOCRATES (Edwards & Slingo,
1996; Manners et al., 2021) is based on the description in Smart (1944). For an eccentric
Keplerian orbit, the true anomaly v4 (¢) represents the angle (in radians) between the direction
of periastron from the barycenter and the position of a planet at time ¢. The mean anomaly
My (t) (in radians) is the fictitious angle from periastron for a planet on a circular orbit at the
same time ¢, assuming the same semi-major axis as for the true elliptical orbit. Hence, the
mean anomaly concerns the mean motion 27t/ P where P is the orbital period in seconds. The
mean anomaly at time (r—t,) after periastron is given by:

2r(t—1p)

MA(I) = P

(2.12)
Here, ¢ indicates the current time, 7, the time when the planet is at periastron, and P the length
of a year or orbital period (all in seconds). For a Keplerian orbit of eccentricity e, My (¢) can be
used to calculate the true anomaly v4(t), or the angular distance of a planet on an eccentric
orbit from periastron. In SOCRATES, v, (t) is represented as the third-order approximation
of a series expansion known as the equation of the center, following the derivation by Smart
(1944):

va(t) = My(1) + <2e — ‘j) sin(My (1)) + %2 sin(2M (1)) + %é sin(3Ma(¢)).  (2.13)

Using Kepler's second law, vy is then used to calculate the normally incoming stellar radiation
or irradiance at the top of the planetary atmosphere (S7o4) in W m~=2:

2.14
— o2 (2.14)

2
Stoa(t) = So (HECOS(VA("))> ’

where Sy is the stellar constant, the normally incoming stellar radiation at the mean star-planet
distance a in W m~—2. Sy can be calculated from the stellar radiant flux density F:

_ AmRZF



2.1. The Unified Model 26

where R, is the stellar radius. 47IR§F represents the integration over wavelength of the spec-
tral stellar radiant flux density F (1) at the surface of the star (ranging from 0 to 10 um in

SOCRATES):
10 um

F= F(L)dA. (2.16)
0 um

The incoming radiation will, however, depend on the local stellar zenith angle (). To determine

¢, we use the orbital parameters to calculate the stellar declination 8, denoting the latitude at

which the star is vertically overhead:

sin(6) = sin(¢g) sin(a). (2.17)

The declination depends on the obliquity € (0 in our case) and angular distance of the planet
relative to vernal equinox o (or right ascension).

Additionally, we need to know the hour angle HA of the star, denoting the angle (in radians)
through which a planet has rotated since stellar noon or the angle of the star from the local
meridian:

HA:l+n<2t—1>, (2.18)
Tp

where Tp is the length of the day and for longitude A. If we consider the astronomical meas-
urement of time on Earth based on the Earth’s rotation, the solar day represents the length
of time between two successive returns of the Sun to some meridian. The time system
based on the solar day is the apparent solar time. However, the apparent solar day has a
variable length with seasonal deviations of up to 16 minutes, due to: 1) the Earth’s eccentricity,
which causes variations in the Earth’s orbital velocity as it speeds up close to periastron
and slows down close to apoastron, and 2) the Earth’s obliquity, meaning that the Sun’s
annual motion lies in the ecliptic which is tilted to the Earth’s celestial equator. The mean
solar time follows a theoretical motion of the mean sun moving at a uniform rate along the
equator. The mean solar day then represents the average of the apparent solar days in a year.
The discrepancy between the apparent and mean solar time is described by the equation of
time. Two formulations of the equation of time exist in the UM, based on Smart (1944) and
Mueller (1995). The equation of time derived by Mueller (1995) contains higher-order terms
and therefore is more appropriate for the relatively high eccentricity considered in this thesis.

Using the local hour angle HA as a function of time allows us to calculate { at latitude ¢ and
longitude A (through HA):

cos(&) = cos(¢)cos(d)cos(HA) +sin(¢) sin(5). (2.19)
The incoming stellar radiation S can then be calculated at any location as:

S(l‘) = STOA(I) X COS(C). (2.20)
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2.1.3 Parametrizations of Small-scale Processes

Parametrizations are required to describe sub-gridscale processes in the model. Convection
in the simulations is based on a mass-flux approach following Gregory and Rowntree (1990).
The parametrization decomposes the atmospheric column into updrafts, downdrafts, and a
subsiding environment (Arakawa, 2004; Rio et al., 2019; Sergeev et al., 2020). The surface
buoyancy flux then triggers convection and the ascent of an undilute parcel (so no mixing
or interaction with the surroundings). This undilute parcel ascends to the level of neutral
buoyancy, from which either deep, mid-level, or shallow convection is diagnosed, based on
the height of the levels of neutral buoyancy and that of strong vertical updrafts (Walters et al.,
2019; Sergeev et al., 2020). The closure determines the balance between the generation of
convective energy (e.g., heating at the surface, advection of warm air aloft) and dissipation of
convective energy (e.g., precipitation, downdrafts, mixing). Convective cloud formation drives
a bulk vertical flux of heat, moisture, and momentum, and is accompanied by entrainment and
detrainment of background air in and out of the convective plume, as illustrated by the con-
vective cloud in Figure 2.1. Turbulent mixing in the atmosphere follows the implementations
by Lock et al. (2000) and Brown et al. (2008).

Large-scale clouds are described by the Prognostic Cloud and Prognostic Condensate (PC2)
scheme (Wilson et al., 2008) with additional parametrizations for cloud erosion and the critical
relative humidity. The scheme calculates increments to the prognostic variables of liquid, ice,
and total cloud fractions and the mixing ratios of water, liquid, and ice clouds based on the
physical processes in the model (e.g., advection, radiation, convection, microphysics, bound-
ary layer processes, adiabatic expansion). The parametrization determines both the amount
of condensate in one gridbox and the fractional cloud coverage in the box. Precipitation
resulting from the large-scale clouds is described by Wilson and Ballard (1999) and Boutle
et al. (2014). The formation of lightning flashes in the atmosphere fundamentally depends
on the cloud formation processes. The model uses parametrizations of lightning flash rates
(LFRs) in terms of the cloud-top height, that were derived from the laws of electricity and
have been empirically tested (Vonnegut, 1963; Williams, 1985; Price & Rind, 1992; Luhar
et al., 2021). The parametrization of LFRs will be described in more detail in Chapter 3 for its
application to exoplanet simulations.
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2.2 UK Chemistry and Aerosols

UKCA is a framework to model global atmospheric composition, which includes aerosol and
gas-phase chemistry and is coupled to the UM for large-scale advection, convective transport,
and boundary layer mixing of its aerosol and chemical tracers (Morgenstern et al., 2009;
O’Connor et al., 2014; Archibald et al., 2020). In this thesis, | will only use the UKCA descrip-
tion of gas-phase chemistry.

2.2.1 Chemical Kinetics

To predict the evolution of atmospheric chemistry, UKCA explicitly simulates the effect of
individual chemical reactions using the A Self-contained Atmospheric chemistry coDe (ASAD)
chemical solver (Carver et al., 1997; Wild & Prather, 2000). A chemical network is a collection
of all the known reactions required to solve for the chemistry of a particular atmosphere (or
part of an atmosphere). To predict their temporal evolution, a description of chemical kinetics
is required. Behind the field of chemical kinetics lies the conservation of mass or continuity
equation. For chemical species j=1,...,J with J the number of species in a system, the
continuity equation reads as:

onj

o/ =Pj—L;=V¥;+E;—DD;~WD,. (2.21)

P; and L; denote the chemical production and loss of the species j, respectively. £; denotes
emissions (a source) and DD; and WD, denote the sinks due to dry and wet deposition,
respectively. The net change due to transport of a species is given by V¥; and follows the

large-scale flow in the atmosphere. All right-hand terms have units of molecules cm™3s~!,

giving the rate of change in species concentrations in molecules cm—3s™!

. Chemical species
are treated as tracers with mixing ratios g; and follow the conservation of mass as shown
in Equation 2.4. The UM uses an Eulerian grid but a Lagrangian approach to track where
a tracer comes from (the departure point), signifying the semi-Lagrangian approach. For
every species, ¢, at the departure point is interpolated and used to determine the advected
abundances to the arrival point or current position. The scheme is described in detail by
Davies et al. (2005) and Wood et al. (2014). For the P; and L; terms in Equation 2.21, UKCA

considers unimolecular, bimolecular, termolecular, and photolysis reactions.

For a standard bimolecular reaction A + B —— C + D, the rate of change or reaction rate
(molecules cm—3s~!) is calculated as follows:
dny  dnp

A _ TP 2.22
” o knang (2.22)
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for number densities n4 and np in molecules cm—3. The rate constant k (cm3 molecules ™!
s~!) is given by the modified Arrhenius equation:

T\ (-eu/rr)
k=A(—— ~Ea/RT 2.23
(305) ¢, 229
with A the pre-exponential factor (depending on the frequency of suitable collisions), ¢ denot-
ing the temperature dependence, and E, giving the activition energy of a chemical reaction.

In a termolecular reaction, two species collide with sufficient energy to provide an interme-
diate compound. The presence of a third body M to take up excess energy can prevent the
intermediate compound from decomposing and instead stabilize to be the reaction product.
The standard reaction is A + B+ M — AB + M and the reaction rate is given by:

dnyp
dt

= —knAanM, (224)

with k now the three-body rate constant (cm®molecules2s~!). Due to the dependence on the
third body, the reaction rate depends on the pressure, giving separate rate constants for low
(ko) and high (k) pressure:

T \*
h)=n41<300) el ~Ea/RT) (2.25)
koo = A (71>%e(@ﬂmi (2.26)
=72\ 300
UKCA uses the Troe formalism to describe the three-body rate constant at any pressure:
. -1
‘= (1+I/i§ZZ/kw> pLHHECRT) (2.27)

with F, following from the Troe formalism, typically reported as a species-dependent constant
and sometimes including a significant temperature dependence (Carver et al., 1997). Un-
imolecular reactions also follow a varying order depending on pressure (Carver et al., 1997),
since the theory of unimolecular rates involves a second-order bimolecular activation step (A +
M — A* + M with rate constant k;) followed by a rate-limiting unimolecular step (A* — B +
C with rate constant k). At low pressures, the reaction rate follows:

d
7’;;4 — —kinany, (2.28)
and at high pressures:
d
DA _ _fong. (2.29)

dt
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The pressure-dependent rate constants for unimolecular reactions are again calculated using
the Troe formalism as specified in Equations 2.25-2.27.

2.2.2 Photolysis

As described in Section 1.7, stellar radiation is the most important driver of atmospheric
chemistry. It affects the atmospheric temperature (see Section 2.1.2) and drives changes in
humidity, precipitation, pressure, and lightning, which all affect atmospheric chemistry in turn.
However, the primary effect is the process of photolysis or photodissociation. For the standard
reaction AB + hv — A + B, the photolysis reaction rate is given by:

dnap
dt

R / " (A Dan(A)I(L)dA, (2.30)
where J45 denotes the photolysis rate constant (s~'), oap(A) the absorption cross section
or probability for photon absorption (cm? molecules™!), and ®4p(A) the quantum yield or the
number of molecules photolysed per absorbed photon (molecules photon™!). I(1) represents
the stellar actinic flux or the radiative flux on a volume of air from all directions (photons
cm~2s~'nm~!). Within UKCA, the Fast-JX photolysis scheme interactively calculates pho-
tolysis rate constants Jsp of chemical species in the atmosphere (Wild et al., 2000; Bian
& Prather, 2002; Neu et al., 2007; Telford et al., 2013). The stellar radiation at the top-of-
the-atmosphere is distributed over 18 wavelength bins covering 177-850 nm (Wild et al.,
2000; Bian & Prather, 2002). Fast-JX uses multi-scattering eight-stream radiative transfer to
calculate the passage of the actinic flux through the atmosphere, using the UM output to
account for the local stellar zenith angle and the varying optical depths of Rayleigh scattering,
absorbing gases, clouds, and aerosols. The local solar zenith angle affects 7(1) and the
temperature dependence of both c45(A) and ®45(1) also follow from the UM simulations. In
this way, Fast-JX interactively determines photolysis rate constants which are then fed to the

ASAD chemical solver (Telford et al., 2013).

In adapting the photolysis calculations to exoplanets, we need to account for the changes
in incoming stellar radiation. For Proxima Centauri, | use the composite spectrum from the
MUSCLES spectral survey (France et al., 2016; Loyd et al., 2016; Youngblood et al., 2016).
TRAPPIST-1 was part of the follow-on Mega-MUSCLES survey and its spectrum is taken
from Wilson et al. (2021). In Figure 2.2, | show the stellar spectral radiant flux density F (1)
(panel a) and spectral actinic flux I(1) (panel b) that are received by Proxima Centauri b
(blue) and TRAPPIST-1 d (red), as compared to that received by Earth around the Sun
(black). Figure 2.2a shows that the spectral radiant flux density received by Earth peaks at
much shorter wavelengths than that received by Proxima Centauri b and TRAPPIST-1 d, with
instead more infrared flux received by the latter two (as expected for planets around M-dwarfs).
This will drive the radiative transfer as described in Section 2.1.2. Focusing on the photolysis
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Figure 2.2: The stellar spectra showing (a) the spectral radiant flux density in units of W

m~2nm~! and (b) the spectral actinic flux in photons cm~2s~!nm~!, as received by planets

on a circular orbit for the Earth at 1 AU, Proxima Centauri b at 0.0485 AU, and TRAPPIST-1
d at 0.0223 AU. Panel (b) focuses on the wavelengths used to calculate photolysis rates (see
Equation 2.30), with the different Fast-JX wavelength bins indicated by grey patches. The
Schuman-Runge (S-R) bands are covered by wavelength bins of enhanced resolution.

region in Figure 2.2b, Proxima Centauri b and TRAPPIST-1 d receive significantly lower total
actinic flux in the 177-850 nm region than the Earth. The alternating grey patches indicate
the Fast-JX wavelength bins. The Schuman-Runge (S-R) bands, important for O, photolysis,
fall into the cyan region and are covered by wavelength bins of enhanced resolution (Bian &
Prather, 2002). The division of stellar actinic flux along with c45(4) and ®45(A) over these
wavelength bins determine the flexible calculation of photolysis rates through Equation 2.30.
The calculation of these photolysis rates will be further described in Section 3.2.3 for the case
study of Proxima Centauri b.

2.2.3 Deposition and Emissions

Dry deposition is the removal of atmospheric chemical species by turbulent transfer and
uptake at the Earth’s surface, occurring in the planetary boundary layer (see Figures 1.4 and
2.1). UKCA has different options for the inclusion of dry deposition (O’Connor et al., 2014), in
this thesis | use the tabulated dry deposition velocities (vp, in m s~!). Per species, vp depends
on the particular surface type but | only consider their deposition onto water surfaces due to
the aquaplanet model configurations (Section 2.1). Values for vp are given at 1 m above the
surface for O3, NO,, NO3, N»,Os, HNO3, HO,NO,, and H,O, (Ganzeveld & Lelieveld, 1995;
Sander & Crutzen, 1996) and extrapolated to the mid-point of the lowest model layer following
Sorteberg and Hov (1996). The deposition rate is then calculated as DD = (n; x vp)/h with
number density n; in molecules m~3 and A the height of the lowest model layer in m.
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Wet deposition is parametrized as a first-order loss rate following the convective and large-
scale precipitation in the UM (O’Connor et al., 2014), as described in Section 2.1.3. The wet
deposition rate in each model grid box is calculated using:

WDj=n;xA;xp(l), (2.31)

where A represents the scavenging coefficient (based on removal by Brownian diffusion,
interception, and inertial impaction) for species j (m~!) and p(l) the precipitation rate from
model level I (m s~!). The scheme calculates scavenging rates for each species for convective
and large-scale precipitation separately, following the fraction of each species in aquaeous
phase as described by Henry’s Law. A detailed description is given by O’Connor et al. (2014).

UKCA has a variety of options to include both natural and anthropogenic emissions that affect
atmospheric chemistry (O’'Connor et al., 2014; Archibald et al., 2020). For the work in this
thesis | limit myself to only one emission source, the emissions of nitric oxide (NO) due to the
presence of lightning flashes (see Section 2.1.3). The emissions in UKCA are set at 216 moles
NO per flash to match the global lightning-NO production on Earth (Archibald et al., 2020;
Luhar et al., 2021). The emitted NO is added to the NO tracer as shown in Equation 2.21.
In Chapter 3, | will present a detailed discussion on the lightning parametrization and its
subsequent impact on atmospheric chemistry.

2.2.4 Chemical Solver

Simulating the temporal evolution of the chemical kinetics then involves solving the system of
nonlinear Ordinary Differential Equations (ODEs) such as Equation 2.21, with one ODE for
each species involved. Atmospheric chemistry involves stiff ODEs due to reaction timescales
that vary by orders of magnitude. Within UKCA, the ASAD chemical package performs the
time integration for the gas-phase chemistry (Carver et al., 1997; Wild & Prather, 2000;
Esentirk et al., 2018). It uses a backward Euler implicit numerical scheme to integrate the
ODEs. The implicit scheme provides enhanced stability over explicit schemes and is thus
particularly suited to solve for stiff systems (Esentirk et al., 2018).

Given the standard Equation 2.21, we follow Esentiirk et al. (2018), and write:

a .
vinj) = %, (2.32)

and take n;(0)=n; ¢ as the initial concentration of species j. We can then discretise the time
variable into timesteps At:

nj(te +At) —n;j(t.)
At

=yj(nj(t.+Ar)), (2.33)
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where ¢, represents the current time. The species concentrations at the next timestep (n(z. +
At)) appears on both sides of the nonlinear equation, and y; is dependent on the state of the
system at both the current and nex timestep, making it implicit. This can be solved for by using
Newton-Raphson iteration. The first step is to rewrite Equation 2.33:

nj(t) —n,(t)

Y;(nj(t)) =~ = —yj(n;(r)) =0, (2.34)

using ¢ = t. + At. The Jacobian matrix J is built from the system of ODEs and nonlinear
reaction rates. Given the Jacobian, the Newton-Raphson iteration starts with an initial guess
for nj(t) (calculated based on the chemical concentrations from the previous timestep) and
iteratively solves for:

J(n/j‘)(Anl;) = —Yj(nﬁ), (2.35)
where J(r%) represents the Jacobian at the kth iteration and the increment An% = nf*! —nf.

The initial guess is improved for every iteration and will approach the solution to Equation 2.34.
Once the increment falls below the tolerance limit (10~*, Esentiirk et al., 2018), the model will
output the concentrations at the next timestep. If the solver fails to converge, the timestep is
halved and the routine repeated. The Newton-Raphson iteration method was further updated
using the Quasi-Newton method by Esentlrk et al. (2018), speeding up the processes of
finding the roots of a nonlinear function as shown in Equation 2.34.

2.2.5 Chemical Network

In this thesis, | mainly use UKCA'’s Stratospheric-Tropospheric (StratTrop, Archibald et al.,
2020) chemistry scheme. Originally, StratTrop includes 75 chemical species that are con-
nected by 283 reactions (Archibald et al., 2020). | use a reduced version of the StratTrop
scheme, to better identify the impact of the different chemical mechanisms on the atmo-
spheric chemistry of exoplanets. In Table 2.1, | show the 21 species included along with
their initial abundances. The other 54 species in StratTrop are shown for completeness but
with zero abundance. The 21 species are connected by 71 reactions that are shown in
Table 2.2. The network includes a description of the Chapman mechanism of ozone formation
(Chapman, 1930), following Yates et al. (2020). Additionally, | simulate the reactive hydrogen
(HOy) catalytic cycle, where HO denotes the ensemble of atomic hydrogen (H), the hydroxyl
radical (OH) and the hydroperoxy radical (HO,), to account for ozone destruction following the
oxidation and photolysis of water vapour. Lastly, | add the nitrogen oxide (NOy) catalytic cycle,
including NO and nitrogen dioxide (NO,), to the network. More complex oxidised nitrogen
species, such as nitrate (NO3), nitrous oxide (N,O), and the reservoirs nitric acid (HNO3) and
dinitrogen pentoxide (N,Os), are also simulated. Following the Earth-like atmospheric setup
from Boutle et al. (2017), the initialisation of N, O, and CO; is based on pre-industrial Earth
abundances and an atmospheric pressure of 1 bar. These species are assumed to be well-
mixed and constant as a function of altitude (see Table 2.1). Initial values for H,O are based
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on evaporation from the slab ocean. As described in Section 1.7, abiotic pathways to oxygen-
rich conditions similar to the pre-industrial Earth exist (e.g. Hu et al., 2012; Domagal-Goldman
et al., 2014; Luger & Barnes, 2015; Tian, 2015a). The 1 bar atmospheric pre-industrial Earth
composition was chosen as a starting point for the 3D simulations in this thesis as this is the
situation we know best. In doing so, we also build upon many 3D GCM studies (e.g. Joshi
et al., 1997; Merlis & Schneider, 2010; Turbet et al., 2016; Boutle et al., 2017) including model
intercomparisons (Fauchez et al., 2022; Sergeev et al., 2022b; Turbet et al., 2022) as well as
CCM studies (Chen et al., 2018, 2019; Yates et al., 2020; Chen et al., 2021).

To avoid the impact of initial conditions that are far from steady-state values, the remainder of
the HO, and the NOy species are initialised at mass mixing ratios of 10~ and 10~ 13, respect-
ively. All the other species are initially set to zero and do not participate in the subsequent
atmospheric chemistry. Table 2.1 also shows which species are active in the SOCRATES
radiation scheme and/or result from lightning emissions. The lightning-induced species will be
further discussed in Section 3.2.4.

2.2.6 Nomenclature

Throughout this thesis, several measures of atmospheric composition will be used by con-
sidering the atmosphere as a chemical mixture. The mass mixing ratio g; of a species j is
defined as the mass of one constituent m; (in kg) compared to that of all other constituents in
an atmosphere:

mj

qj = (2.36)

Myoy — M
The mass mixing ratio becomes huge when considering bulk species and using mass fraction
is more sensible. When species j is a trace gas in the atmosphere, m;<m,,, and thus the
mass mixing ratio is equivalent to the mass fraction:

mj

wj = (2.37)

Myor .
The mole fraction (y;), equivalent to volume mixing ratio (VMR) for trace gases, denotes the
amount of a constituent divided by the total amount in a chemical mixture:
nj

xXji=

)
Ntor

(2.38)

with 2 denoting number densities in molecules m~3. In an atmosphere, we can convert between
w; and y; with the help of the molar mass M; and M, (or the mean molecular weight u of
the atmosphere), in units kg mol =

.
xj_ifi H

= =w;—. 2.39
m,oth JM] ( )
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The mean molecular weight is calculated as the sum of all species j that make up the
atmosphere:

u= ZM]'W i (2.40)
J

The concentration of a species represents the amount of substance per unit volume and
can be expressed as number density »; in and mass density p; in kg m~3. Integrating the
number density over the vertical extent of the atmosphere results in the column density in

molecules m—2.
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Species Initial w Notes

N> 0.78084 Uniform

0O, 0.2314 Uniform, rad active
CO, 5.941 x 10~*  Uniform, rad active
H,O N/A4 Rad active

N,O (1 x1071)  Lightning-induced, rad active
CHy 0.0

CFCs 0.0

Cl-bearers” 0.0

Br-bearers® 0.0

H, 1x107°

O3 1x107° Rad active

O(P) 1x107°

0o('D) 1x107°

H,0, 1x107°

H 1x107°

OH 1x107°

HO, 1x107°

NO (1 x1071)  Lightning-induced
NO, (1x10~1)  Lightning-induced
NO; (1 x10~1%)  Lightning-induced
N,Os (1x10~1)  Lightning-induced
HONO (1x10~1)  Lightning-induced
HNO; (1x1071)  Lightning-induced
HO,NO, (1x1071)  Lightning-induced
N (1 x10~1)  Lightning-induced
co 0.0

HCHO 0.0

MeOO 0.0

MeOOH 0.0

H,S 0.0

SOs 0.0

DMS 0.0

SO, 0.0

H,SO4 0.0

MSA 0.0

CS; 0.0

NH;3 0.0

Table 2.1: Abundances used for the chemistry initialisation. ‘Rad active’ indicates that a
species is used in the UM radiative transfer. The ozone abundance is fed back from UKCA
to the UM for this radiative transfer. ¢ H,O follows from evaporation from the slab ocean; bgl-
bearers include Cl, CIO, Cl,0,, OCIO, BrCl, HOCI, CIONO,, CFCIs, CF,Cl,, HCI; “Br-bearers
include Br, BrO, BrCIl, BrONO,, HBr, HOBr, MeBr
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Reaction Scheme
1 O('D)+ 0, — OCP) + O, Chapman
2 O('D)+N; — OCP) + N, Chapman
3 O(D)+CO; — OFP) + CO, Chapman
4 O(D) + 03 — 0, + O(P) + Chapman
O(P)
5 O(D)+0;3 — 0,+0, Chapman
6 OCP)+03— 0,+0, Chapman
7 OCP)+0+M —03+M Chapman
8 0,+hv—0OCP)+0(P) Chapman
9 0Oy+hv—0(P)+0('D) Chapman
10 O3 +hv — O, + O(P) Chapman
11 O3 +hv — O, + O('D) Chapman
12 H,O0+0O('D) — 20H HO,
13 HO; + OPP) — OH + O, HO,
14 HO, + 03 — OH + 20, HO,
15 OH+ HO, — H,0 + O, HO,
16 OH+ 03 — HO, + O, HO,
17 H+HO, — Hy + O, HO,
18 H+HO, — O(’P) + H,0O HO,
19 H+HO, — OH + OH HO,
20 H+03 — OH+0, HOx
21 HO; + HO; — H,05 + O, HO,
22 O('D)+H, — OH+H HO,
23 O(P)+H, — OH +H HO,
24 OCP) + H,0, — OH + HO, HO,
25 OCP)+OH — 0y +H HO,
26 OH+H; — H,O + HO, HO
27 OH + H,0, — HO, + H,0 HO,
28 OH + OH — H,O + O(P) HO,
29 H+0,+M—HO, + M HO,
30 HO; +HO; +M — H,O2+02+ HOy
M
31 OH+OH+M— H;O, + M HOy
32 H,O+hv— OH+H HO,
33 H,0, +hv — OH + OH HO,
34 H+NO, — OH + NO NOy
35 HNO; + OH — NO3 + H,0 NOy

Table 2.2: Reactions included in the different chemical networks. The associated rate

constants can be found in Archibald et al. (2020). Continues on next page.



2.2. UK Chemistry and Aerosols

38

Reaction Scheme
36 HO; + NO — OH + NO, NOx
37 HO; +NO3; —s OH+NO, +0, NO,
38 N+NO— N, +O(P) NOy
39 N+NO, — N,O + O(P) NO,
40 N+0O, — NO +O(P) NOy
41 N>Os + H,O — HONO, + NO,
HONO,
42  NO + NO3; — NO» + NO, NOy
43 NO +0O3 — NOy + Oy NO
44 NO; +NO3; —> NO +NO, + O, NOy
45 NO, + O(*P) — NO + O, NOy
46 NO; + O3 —> NO3 + O, NO,
47 O('D)+N,O — N, + O, NO,
48 O('D) + N,O — NO + NO NO,
49 OCP) + NO3 — 0, + NO, NO,
50 OH+HO;NO; — H,O+NOs+ NOy
Oy
51 OH+HONO — H,0 + NO, NOy
52 OH + NO3 — HO; + NO, NOy
53 HO; + NO; + M —— HO,NO,; +  NOy
M
54 HO;NO; + M —— HO, + NO; +  NOy
M
55 NO +NO+0; —> NO; + NO,  NOy
56 NO; +OH+M — HNO3; +M  NO,
57 NO3 +NO; + M — N,Os+M  NOy
58 N>Os+M—>NO> +NO3 +M  NO,
59 O('D)+Nr+M— NO+M NOy
60 OCP)+NO+M—NO,+M  NO,
61 OCP)+NO>,+M — NO3;+M NO,
62 OH+NO+M— HONO+M  NO,
63 HNO;3 + hv — NO, + OH NO,
64 HONO + hv — OH + NO NO,
65 HO,NO; + hv — HO, + NO,  NO,
66 NO +hv — N+ O(’P) NO,
67 NO, + hv — NO + O(*P) NOy
68 NO3 +hv — NO + O, NOy

Table 2.2: Reactions included in the different chemical networks. The associated rate

constants can be found in Archibald et al. (2020). Continues on next page.
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Reaction Scheme
69 NO3 + hv — NO, + O(*P) NO,
70 N,O+hv — N, + O('D) NOy
71 NOs + hv — NO3 + NO, NO,

Table 2.2: Reactions included in the different chemical networks. The associated rate
constants can be found in Archibald et al. (2020).
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3.1 Introduction

We know that exoplanets are ubiquitous in the galaxy (e.g. Kopparapu et al., 2013; Hsu et al.,
2019), but for those that support an atmosphere, we know little about the associated phys-
ical and chemical properties. This gap in our knowledge has implications for understanding
whether these planets are potentially habitable and whether they could present false-positive
biosignatures (e.g. Scalo et al., 2007; Schwieterman et al., 2018). With the successful launch
of the James Webb Space Telescope (JWST) in late 2021 and the construction of new ground-
based facilities (such as the Extremely Large Telescope, ELT), we can expect the first insights
into the atmospheres of some observationally favourable and potentially habitable exoplanets
(e.g. Lustig-Yaeger et al., 2019). Simulating the physical and chemical properties of these
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atmospheres is essential to interpreting the observations. Here, | focus on understanding the
atmospheric composition of an Earth-like exoplanet orbiting an M-dwarf star, which is likely
to sustain habitable surface conditions for a range of atmospheric compositions (Turbet et al.,
2016; Boutle et al., 2017; Yates et al., 2020).

Earth-size planets are preferentially discovered in close-in orbits around M-dwarf stars (Dress-
ing & Charbonneau, 2015) and their potential habitability is an active area of research (e.g.
Shields et al., 2016). M stars are cooler and smaller compared to other types of stars. Con-
sequently, the circumstellar Habitable Zone (HZ) (Kasting et al., 1993; Kopparapu et al., 2013)
moves inward. A planet orbiting in this HZ is likely to be tidally locked (e.g. Barnes, 2017),
which results in large temperature differences between the dayside and nightside of a planet.
Proxima Centauri b (Anglada-Escudé et al., 2016) is a nearby example of a planet orbiting in
the HZ of an M star. Assuming the planet has an atmosphere, hemispheric mean temperatures
from simulations can differ by ~60 K for Proxima Centauri b (Boutle et al., 2017; Sergeev et al.,
2020), and the planet is a candidate for surface habitability (see also Ribas et al., 2016; Turbet
et al., 2016; Lewis et al., 2018). The tidally locked configuration has implications for winds
and vertical transport that require an understanding of the full three-dimensional circulation
including clouds. This motivates the adaptation of general circulation models (GCMs), used
for weather and climate predictions for Earth, to exoplanets. The Met Office Unified Model
(UM) has been adapted and applied to a wide range of exoplanets (e.g. Mayne et al., 2014a;
Mayne et al., 2014b; Boutle et al., 2017; Drummond et al., 2018a; Drummond et al., 2020)
and was also included in the recent THAI project (Fauchez et al., 2022; Sergeev et al., 2022b;
Turbet et al., 2022), an intercomparison of GCM outputs for potentially habitable atmospheres
on TRAPPIST-1 e.

The main driver of atmospheric circulation on terrestrial exoplanets is the incoming stellar
irradiation. The impact of different spectral energy distributions has been studied for fast-
rotating exoplanets (Shields et al., 2013; Wolf et al., 2017) and for tidally locked planets (Eager
et al., 2020). For tidally locked planets, the day-night contrast in stellar radiation results, in
many cases, in the development and maintenance of equatorial jets that redistribute heat to
the nightside (Showman & Guillot, 2002; Showman & Polvani, 2011; Koll & Abbot, 2016). This
redistribution can help to prevent atmospheric collapse on the nightside (Joshi et al., 1997;
Turbet et al., 2018). Besides the jet, many 3D GCM simulations show stationary gyres at
mid-latitudes and moderate divergence at the substellar point (e.g. Carone et al., 2014, 2015;
Hammond et al., 2020; Hammond & Lewis, 2021). The circulation regime also varies with
orbital period (e.g. Merlis & Schneider, 2010; Edson et al., 2011; Carone et al., 2015, 2018)
and time-dependent wave phenomena can further impact our ability to interpret observations
(Cohen et al., 2022). Yang et al. (2013) show that the dayside is covered by a thick cloud
deck, resulting from vigorous convection centred at the substellar point. This results in a cloud
albedo feedback that is also sensitive to the orbital period (Yang et al., 2013). For Proxima
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Centauri b, nightside Rossby gyres develop on either side of the equatorial jet (Turbet et al.,
2016; Boutle et al., 2017). These gyres trap air, that experiences extensive radiative cooling
(Yang & Abbot, 2014), as described by Boutle et al. (2017) and Yates et al. (2020). As a
consequence, the atmospheric pressure decreases locally and atmospheric constituents such
as ozone are drawn downwards to lower altitudes thereby increasing local ozone column
abundances (Yates et al., 2020). Most GCM studies assume aquaplanets with a slab ocean,
but ocean heat transport can also increase the habitable area of a (tidally locked) planet (Hu
& Yang, 2014; Del Genio et al., 2019). The existence and distribution of landmasses further
influence the planetary climate through changes in convection and water evaporation (e.g. Abe
et al., 2011; Lewis et al., 2018; Rushby et al., 2020). Finally, the chemical composition of the
atmosphere also affects the radiative balance of the planet through scattering and absorption
of incoming and outgoing radiation. Static chemical compositions have been investigated (e.g.
Pierrehumbert, 2010a; Turbet et al., 2016; Boutle et al., 2017), but there is a balance between
the irradiation, the atmospheric physics and chemistry (in particular constituents that have
significant opacities under the incident stellar radiation).

This balance motivates the need for coupled climate-chemistry models (CCMs) to study the
relationships between radiatively active atmospheric constituents (gases and aerosols) and
the atmospheric dynamics of the planet. There is a growing body of work investigating 3D
atmospheric photochemistry on exoplanets orbiting in the HZ, from understanding the impact
of tidal locking on Earth’s ozone distribution (Proedrou & Hocke, 2016) to understanding
how the stellar flux distributions of M-dwarfs influence both the magnitude and distribution of
atmospheric biosignature gases (Chen et al., 2018) and an ozone layer on Proxima Centauri
b through changes in chemical production and loss rates (Yates et al., 2020). Perturbations in
the incident stellar radiation will influence the planetary atmospheric chemistry and physics.
The magnitude of chemical perturbations due to stellar flares (through enhanced UV activity
and proton events), for example, is determined by a combination of the planetary magnetic
field, radiation environment and atmospheric circulation (Chen et al., 2021). Perturbations are
seen especially in distributions of NO, OH, and ozone for unmagnetized, tidally locked planets
around K and M stars. Planets that have protective magnetic fields are able to (partially)
counteract the effect of flares (Chen et al., 2021), emphasizing the potential role of stellar
activity in determining the habitability of a planet. Furthermore, both inter-annual and seasonal
variations in clouds and chemistry can impact the observability of spectral features on Earth-
analogue exoplanets (Cooke et al., 2023b).

On Earth, the presence of lightning discharges can lead to local perturbations in atmospheric
chemistry. Lightning has sufficient energy to thermally decompose molecular nitrogen and
oxygen to form an abiotic source of nitrogen oxides (NOx=NO+NO,, Crutzen 1970; Schumann
and Huntrieser 2007). Through atmospheric chemistry, NOy can influence the distribution of
atmospheric ozone. Ozone is the photochemical byproduct of molecular oxygen and thus
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depends on oxygen levels, as is shown by the 3D CCM simulations of Cooke et al. (2022)
for various epochs in Earth’s history. Furthermore, the nonlinear oxygen-ozone relationship
depends on the host star's UV spectrum (Kozakis et al., 2022). Since oxygen on Earth is
largely produced by sources of biological origin (Schwieterman et al., 2018), its photochemical
product ozone can be seen as a potential biosignature. However, pathways to false positives
for abiotic oxygen and ozone on planets orbiting M-dwarfs exist, including accumulation of
O, following the photolysis of H,O and subsequent H escape (e.g. Tian, 2015b; Wordsworth
et al., 2018; Lincowski et al., 2019) and CO, photolysis releasing oxygen atoms (e.g. Kasting
& Catling, 2003; Domagal-Goldman et al., 2014; Harman et al., 2015). Understanding these
abiotic influences is essential for the interpretation of spectral signatures (Schwieterman et al.,
2018).

Studies using 1-D photochemical models have considered the impact of global thunderstorms
on exoplanetary atmospheric chemistry (Rimmer & Helling, 2016; Ardaseva et al., 2017;
Harman et al., 2018). It was found that the chemical effect of lightning would be hard to detect
on Earth-like exoplanets (Ardaseva et al., 2017). Harman et al. (2018) showed that catalytic
cycles following NO production from lightning enhance the reliability of O, as a biosignature,
assuming Earth-like chemical composition. However, just like planetary atmospheres and
climates, the emergence of lightning is a 3D process, that depends on a combination of cloud
formation, particle charging and charge separation (Helling, 2019). In GCMs of Earth, lightning
is usually parametrized in terms of convective parameters, such as cloud-top height (Price &
Rind, 1992; Luhar et al., 2021), convective precipitation and mass flux (Allen & Pickering,
2002), and upward cloud ice flux (Finney et al., 2014). Lightning has already been observed
on the giant planets in the Solar System (e.g. Aplin, 2006; Hodosan et al., 2016), but is yet to
be detected on exoplanets. However, GCMs predict a thick and convective cloud deck to cover
the dayside of tidally locked planets (e.g. Yang et al., 2013) and the first evidence for clouds on
exoplanets is being obtained (Pont et al., 2013; Kreidberg et al., 2014; Diamond-Lowe et al.,
2018). Therefore, lightning on exoplanets is a reasonable expectation (Helling, 2019), leading
to potentially important disruptions of the atmospheric chemistry.

Here, | investigate the impact of lightning-induced chemistry on a tidally locked exoplanet
in the HZ. | use the UM in the configuration of a planet orbiting an M-dwarf star, nominally
Proxima Centauri b, building on previous studies (Boutle et al., 2017; Yates et al., 2020). |
also use the UK Chemistry and Aerosol framework (UKCA), coupled with the UM, to describe
gas-phase chemistry, with lightning as the main source of nitric oxide (NO). In Section 3.2, |
describe the model setup, the process of making UKCA compatible with the M-dwarf setup
and the choice of lightning parametrization. In Section 3.3 | present the results, briefly dis-
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cussing the planetary climate before presenting the emergence of lightning and the resulting
atmospheric chemistry. | discuss the importance of stellar fluxes, comparison to other results
and potential observability in Section 3.4. Finally, | present the conclusions of the study in
Section 3.5.

3.2 Methods

In this Section, | describe the different components of the CCM, the lightning parametrization,
and, lastly, | specify the experimental setup of these simulations.

3.2.1 Unified Model

| use the UM, a 3D GCM, in its Global Atmosphere 7.0 configuration (Walters et al., 2019),
as introduced in Section 2.1. The ENDGAME dynamical core solves the non-hydrostatic
fully compressible deep-atmosphere equations of motion (Wood et al., 2014). Parametrized
sub-grid scale processes include convection that is described using a mass flux-based ap-
proach (Gregory & Rowntree, 1990), water cloud physics that is described using a prognostic
condensate scheme (Wilson et al., 2008), and turbulent mixing (Lock et al., 2000; Brown
et al.,, 2008). The atmospheric radiative transfer is described by the Suite of Community
Radiative Transfer codes based on Edwards and Slingo (SOCRATES) scheme, which uses
the correlated-k method (Edwards & Slingo, 1996; Manners et al., 2021). The UM is typically
used to study Earth’s weather and climate but recently has been adapted to study different
types of exoplanets (e.g Mayne et al., 2014a; Mayne et al., 2014b; Boutle et al., 2017; Mayne
et al., 2017; Drummond et al., 2018a; Lewis et al., 2018; Drummond et al., 2020; Eager et al.,
2020; Sergeev et al., 2020; Yates et al., 2020).

Here, | adapt the UM to investigate the climate dynamics and atmospheric chemistry of
Proxima Centauri b (Anglada-Escudé et al., 2016), in a circular, tidally locked orbit around
its host star following previous studies (Boutle et al., 2017; Yates et al., 2020). The stellar,
orbital and planetary parameters are listed in Table 3.1. The horizontal resolution is 2 by 2.5° in
latitude and longitude, respectively. The atmosphere is divided into 60 vertical levels extending
from the surface to 85 km, with quadratic stretching to enhance resolution near the surface,
following Yates et al. (2020). To describe stellar radiation, | use the composite spectrum at
version 2.2 as presented by the MUSCLES spectral survey (France et al., 2016; Loyd et al.,
2016; Youngblood et al., 2016). This spectral energy distribution was created from archival
data of XMM-Newton and the Hubble Space Telescope (HST) and covers wavelengths from
0.5 nm to 5.5 um. Since the 6 ‘shortwave’ bands of SOCRATES treat incoming radiation
up to 10 um, | extended the spectrum by using the spectrum presented by Ribas et al.
(2017) for wavelengths between 5.5 and 10 um. This final composite spectrum was used
to recalculate correlated-k absorption coefficients. Previous UM studies of Proxima Centauri
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b used a synthetic BT-Settl spectrum, appropriate for the host star properties (Boutle et al.,
2017; Yates et al., 2020). | assume an aquaplanet covered by a 2.4 m slab ocean mixed
layer with a total heat capacity of 107 J K~! m~2. Sea ice formation is not included in these
simulations, but the associated ice-albedo feedback is weak for planets around M-dwarfs
(Joshi & Haberle, 2012; Shields et al., 2013).

| assume a surface pressure of one bar for these simulations, building on previous work with
the UM as well as other GCM studies (e.g. Joshi, 2003; Merlis & Schneider, 2010; Yang et al.,
2013; Carone et al., 2014; Kopparapu et al., 2016; Boutle et al., 2017; Rushby et al., 2020;
Sergeev et al., 2022b; Turbet et al., 2022). One bar of surface pressure is also a common
assumption for many other photochemical models, ranging from 1-D (e.g. Domagal-Goldman
et al., 2014; Tian et al., 2014; Harman et al., 2015, 2018) to global 3D CCM studies (Chen
et al., 2018, 2019; Yates et al., 2020; Chen et al., 2021). | acknowledge that stellar activity
can potentially have detrimental effects on the atmospheric mass and thus surface pressure
of Proxima Centauri b, as shown by Garraffo et al., 2016; Airapetian et al., 2017; Garcia-Sage
et al., 2017; Airapetian et al., 2020. For this first investigation of lightning-induced chemistry, |
opted for the case of a 1 bar surface pressure, since 1) we are currently unable to constrain
any particular value of the surface pressure as the best value, so a sensible starting point for
this first study is to use the atmospheric parameters that we understand in the greatest detail,
and 2) the results apply more generally for tidally locked planets that reside in the HZ of their
M-dwarf host star. This may include planets with the potential to sustain a 1 bar N,-dominated
atmosphere, for example the outer planets of the TRAPPIST-1 system (Turbet et al., 2020).

In this work, | focus on the impacts of lightning and use a time-averaged stellar spectrum.
However, this work has been performed in close collaboration with a complementary study,
using the UM but including the impact of stellar activity while omitting lightning. This study,
Ridgway et al. (2023), is also based on Proxima Centauri b, but uses SOCRATES to calculate
the photolysis rates and a simplified idealised chemistry scheme to capture the ozone inter-
actions (Drummond et al., 2016; Drummond et al., 2020). The complementarity of these two
studies has provided an excellent opportunity for mutual testing and development.

3.2.2 UK Chemistry and Aerosol Framework

The UK Chemistry and Aerosol (UKCA) model (Morgenstern et al., 2009; O’Connor et al.,
2014; Archibald et al., 2020) is a framework to describe the global atmospheric chemical
composition of the simulated exoplanet. A detailed description of the UKCA framework is
given in Section 2.2, here | will provide a brief overview. UKCA includes aerosol and gas-
phase chemistry and is coupled to the UM dynamics. It uses the UM components for large
scale advection, convective transport and boundary layer mixing of its aerosol and chemical
tracers (O’Connor et al., 2014; Archibald et al., 2020). UKCA contains a large number of
gas-phase and heterogeneous chemical reactions, some of which | have included in the
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Table 3.1: Orbital and planetary parameters for the Proxima Centauri b setup, following Boutle
et al. (2017).

Parameter Value
Semi-major axis (AU) 0.0485
Stellar Irradiance (W m~2) 881.7
Orbital Period (days) 11.186
Rotation rate (rad s™!) 6.501 x 107°
Eccentricity 0

Obliquity 0

Radius (Rg) 1.1

Surface gravity (m s~2) 10.9

chemical network. Furthermore, the chemistry schemes in UKCA describe wet and dry depos-
ition (Giannakopoulos et al., 1999). In this study, | use the Stratospheric (Strat, Morgenstern
et al.,, 2009) and Stratospheric-Tropospheric (StratTrop, Archibald et al., 2020) chemistry
schemes. Originally, StratTrop includes 75 chemical species that are connected by 283 re-
actions (Archibald et al., 2020). | used a reduced version of the UKCA chemistry schemes
(Table 3.2), to quantify the impact of the different chemical mechanisms on the atmospheric
chemistry of a tidally locked exoplanet. First, | use a simple network that describes the Chap-
man mechanism of ozone formation (Chapman, 1930), following Yates et al. (2020). Second,
| add the reactive hydrogen (HO) catalytic cycle, where HO denotes the ensemble of atomic
hydrogen (H), the hydroxyl radical (OH) and the hydroperoxy radical (HO;). | include this cycle
to account for ozone chemistry following the oxidation and photolysis of water vapour. Lastly,
| add the nitrogen oxide (NOy) catalytic cycle, including NO and nitrogen dioxide (NO,), to the
network. | also include other oxidised nitrogen species, such as nitrate (NO3), nitrous oxide
(N20), and the reservoirs nitric acid (HNO3) and dinitrogen pentoxide (N,Os). Collectively,
these nitrogen species belong to the NO, family and can also influence ozone chemistry. In
these simulations, lightning is the main source of NO that initiates further NOy chemistry, as
described in Section 3.2.4. In the upper atmosphere, the slow termolecular reaction between
N, and O('D) provides another source of NOy, but this does not impact the lightning-induced
chemistry that occurs at altitudes below 20 km.

The complete list of species, reactions, initial conditions and details about deposition states
in each of the 3 reduced schemes can be found in Tables 2.1 and 2.2, respectively. | also
note which species are active in the SOCRATES radiation scheme. Following the Earth-
like atmospheric setup from Boutle et al. (2017), the initialisation of Ny, O, and CO, is
based on pre-industrial Earth abundances, and these species are assumed to be well-mixed.
Initial values for H,O are based on evaporation from the slab ocean. To avoid the impact
of initial conditions that are far from steady-state values, the remainder of the HOx and the
NOy species are initialised at mass mixing ratios of 1072 and 10~", respectively. All the
other species are initially set to zero and do not participate in the subsequent atmospheric
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Table 3.2: Specifications of the different chemistry schemes that were used in this study. The
schemes presented are reduced versions of UKCA’s Strat (Morgenstern et al., 2009) and
StratTrop chemistry schemes (Archibald et al., 2020). Each row also includes the chemistry
from the rows above, hence ‘+NOx’ means NOx-chemistry added to HO, and the Chapman
mechanism. Tables 2.1 and 2.2 give a full overview of the chemical species and reactions
included in each scheme.

Chemistry | Species Bimolecular Termolecular Photolysis Total Chemistry  Lightning-NOx
Reactions Reactions Reactions Reactions Scheme

Chapman 6 6 1 4 11 Strat No

+HO 12 23 4 6 33 StratTrop No

+NOy 21 42 14 15 71 StratTrop Yes

chemistry. UKCA also includes surface emissions, but | set them to zero. Lightning discharges
produce atmospheric emissions of NO, which | describe in Section 3.2.4. Since lightning is
the only source of NO in the lower 20 km of the atmosphere, this initiates the subsequent NOy
chemistry.

3.2.3 Fast-JX Photolysis Code

Besides participating in chemical reactions, atmospheric species can be photolysed by the
interaction with ultraviolet (UV) and visible radiation (Bian & Prather, 2002). To describe
atmospheric photolysis, UKCA uses the Fast-JX photolysis scheme (Wild & Prather, 2000;
Bian & Prather, 2002; Neu et al., 2007; Telford et al., 2013). Fast-JX is an efficient photolysis
scheme that takes into account the varying optical depths of Rayleigh scattering, absorbing
gases, clouds and aerosols. In this way, Fast-JX provides an interactive treatment of photolysis
in modelling (3D) atmospheric compositions. The radiation is divided over 18 wavelength bins,
with 11 bins covering 177-291 nm and seven bins covering 291-850 nm. These bins group
regions of similar absorption as specified by Bian and Prather (2002). Fast-JX calculates how
many photons of each wavelength are absorbed and/or scattered as light passes through the
plane-parallel atmosphere (Telford et al., 2013). Photolysis rates are then calculated from the
actinic flux, cross-sections and quantum yields in each bin.

For Fast-JX, | extract the radiation between 177 and 850 nm from the MUSCLES spectrum
for Proxima Centauri. To describe non-Earth orbits in UKCA, | follow Yates et al. (2020) and
scaled the M-dwarf fluxes to find the top-of-the-atmosphere (TOA) flux received by a planet
at 1 AU. A synchronization to the orbital distance of Proxima Centauri b is added to UKCA
to determine the TOA flux received by the planet. This is shown in Figure 3.1, along with the
TOA flux for Earth.

| regroup the fluxes over the wavelength bins, following Bian and Prather (2002), to produce
the TOA fluxes at 1 AU as shown in Table 3.3 (and as the horizontal black lines in Figure 3.1).
Precursor work by Yates et al. (2020) using the BT-Settl spectrum did not include this regroup-
ing and instead erroneously divided the fluxes over 18 bins in terms of increasing wavelength
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Figure 3.1: Top-of-the-atmosphere fluxes received on Earth and Proxima Centauri b. The red
line shows the flux for the composite MUSCLES spectrum of Proxima Centauri, as used in
this study; and the orange line denotes the stellar flux generated by the BT-Settl spectrum that
was used by Boutle et al. (2017) and Yates et al. (2020). Fast-JX treats fluxes at wavelengths
between 177 (the dashed vertical line) and 850 nm. The solid horizontal black lines denote
the flux per bin for Fast-JX bins 5-18 and are numbered accordingly. Bins 1-4 and part of
bin 5 contain a combination of the Schumann-Runge (S-R) bands (Bian & Prather, 2002) and
treat the fluxes falling in the shaded rectangular patch, or between 177 and 202.5 nm.



3.2. Methods 49

Table 3.3: Top-of-the-atmosphere flux for a planet orbiting at 1 AU around Proxima Centauri.

Bin# TOAfluxat1 AU

(photons s~ 'cm—2)
1 1.091 x 108
2 1.011 x 108
3 9.240 x 107
4 4.550 x 107
5 3.301 x 108
6 1.189 x 108
7 1.392 x 108
8 1.371 x 108
9 4.739 x 10°
10 5.773 x 10°
11 5.922 x 108
12 6.467 x 108
13 6.881 x 108
14 2.596 x 108
15 5.086 x 108
16 5.761 x 10°
17 9.321 x 1010
18 5.625 x 10'3

(see Table 1 of Yates et al., 2020). Comparing my results with those from Yates et al. (2020)
highlights significant differences between most of the bins, such as bin 18, for which the
flux from Yates et al. (2020) is ~2 orders of magnitude higher than either the BT-Settl or
MUSCLES spectra. This is due to lumping together fluxes up to 2150 nm, beyond the 850 nm
upper limit for Fast-JX. This affects, for example, ozone absorption in the Chappuis bands
(Burrows et al., 1999) to produce molecular oxygen and O(*P); correcting this error reduces
photolysis rates for this reaction by a factor of 20. Hence, this removes the destruction of
ozone due to unphysical reasons. As is also seen from Figure 3.1, the MUSCLES spectrum is
stronger by up to 8 orders of magnitude at shorter wavelengths (A <300 nm). This UV radiation
plays an essential role in atmospheric chemistry by driving the photolysis of molecular oxygen
(A<240 nm and ozone (A <320 nm).

3.2.4 Emissions of NO from Lightning

| use a lightning parametrization based on simple scaling relations between the size of a
thundercloud and the electrical power output (Vonnegut, 1963). The scaling relations are
derived from the laws of electricity, assuming a thunderstorm as an electric dipole separated
by a distance characterised by the cloud dimension. Since the number of lightning flashes

~1 can be

depends on the electrical power, the lightning flash rates (LFR) in flashes min
described in terms of the cloud-top height H (Williams, 1985; Price & Rind, 1992; Boccippio,

2002; Luhar et al., 2021). Parametrizations are derived for continental and oceanic LFRs.
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Since | assume an aquaplanet, | only use the oceanic parametrization:
LFRp =2.0 x 107 H*, (3.1)

The flash rates are calculated at locations where the convective cloud depth exceeds 5 km,
and the cloud depth is based on the base and top convective cloud heights from the convection
scheme. The threshold of 5 km follows from the range of data used to develop the paramet-
rization (Price & Rind, 1994). The flash rates are subsequently apportioned into cloud-to-
ground (CG) and intracloud (IC) flashes, based on an empirical ratio between the two (Price
& Rind, 1993). Extending the parametrization to extraterrestrial environments, justified by the
assumption of an Earth-like atmosphere and thus a similar process of charging and charge
separation on Proxima Centauri b, | can provide a first assessment of the spatial and temporal
distributions of lightning flashes in tidally locked environments and study the relation to the
planet’s convective activity.

Atmospheric electric discharges (including lightning) provide high-temperature channels of
up to 30,000 K. In these channels, new trace molecules can be produced from the ambient
atmospheric constituents (Rakov & Uman, 2003). In Earth’s atmosphere, the production of
NO affects ozone photochemistry (Crutzen, 1970) and the lifetimes of a range of other gases,
e.g. CO and nitrous oxide (N,O) (Rakov & Uman, 2003; Brune et al., 2021; Mao et al., 2021).
As the air cools rapidly, the abundances from the high-temperature reactions are ‘frozen in’
via the so-called Zel'dovich mechanism (Zeldovich et al., 1947). The exact consequences for
the atmospheric composition depend on the lightning flash rates and the amount of NO that
is produced per flash, terrestrial constraints on the amount of NO per flash are presented by
Schumann and Huntrieser (2007).

| use the UKCA emission formulation to describe emissions of NO from individual flashes
(Luhar et al., 2021). The production of NO per flash is a key uncertainty, ranging from ~33—
700 moles NO per flash with averages of 250 (Schumann & Huntrieser, 2007) and 180 moles
NO per flash (Bucsela et al., 2019). To match the global lightning-NOy production on Earth,
NO production rates are scaled to 216 moles NO per flash (Archibald et al., 2020; Luhar et al.,
2021). Furthermore, | do not distinguish between CG and IC flashes in the NO production
rate. The emitted NO is redistributed vertically, between 500 hPa (or ~4.4 km) and the cloud
top for IC flashes and between the surface and 500 hPa for CG flashes, and added to the
NO concentration in the chemistry scheme. With a global mean surface pressure equal to
1000 hPa, the midpoint in terms of atmospheric mass is at ~500 hPa.



3.2. Methods 51

3.2.5 Experimental Setup

To ensure model stability and to avoid violating the Courant-Friedrichs-Lewy conditions for
strong high-altitude winds, | ran the simulations at timesteps of four minutes for atmospheric
dynamics. The chemical timestep was left at the default of one hour, as in Yates et al. (2020).
From the initial conditions, as described in Sections 3.2.1 and 3.2.2, | run the simulations to a
steady state as determined by the balance of incoming and outgoing TOA radiation fluxes and
the stabilisation of the surface temperature. | find that the steady state for Proxima Centauri b
is generally reached by ~1000 Earth days. | also check that chemical steady state is reached
by examining the stabilisation of the total ozone column density and volume mixing ratio of
0zone, since ozone is a long-lived species. For Proxima Centauri b, this is typically reached
within 15 Earth years, depending on the complexity of the chemical network being used and
subject to stochastic changes in atmospheric dynamics. Following Yates et al. (2020), | run for
5 more years to a total of 20 years of spin-up time and report the results as the mean of the
following 120 days (or ~10 orbits of Proxima Centauri b).

3.3 Results

This section starts with a description of the planetary climate, followed by the distribution of
lightning flashes. Then | discuss the resulting atmospheric chemistry, first focusing on ozone
chemistry and, finally, on lightning-induced chemistry.

3.3.1 Background Climate

The overall climate resulting from the simulations is largely similar to that presented in Boutle
et al. (2017), which is unsurprising given the similarity in the model configurations. Here |
include a description of the main climate elements relevant to this study and refer the reader
to Boutle et al. (2017) for a more complete description.

A clear dayside-nightside contrast in surface temperature is simulated, with time-mean tem-
peratures ranging from a maximum of 291 K on the dayside to as low as 157 K over two
nightside Rossby gyres on either side of the equator, due to persistent radiative cooling.
In terms of sustaining liquid water on the planetary surface, ~45% of the planet’s dayside
remains at habitable surface temperatures (>273.15 K). Generally, | find much higher atmo-
spheric specific humidity on the dayside, due to evaporation (higher overall temperatures)
and convection, than on the nightside (Boutle et al., 2017; Yates et al., 2020). Clouds and
radiatively active gases such as ozone impede the penetration of UV radiation to the surface
so that levels are lower than those found on Earth (e.g. O’'Malley-James & Kaltenegger, 2017).
The dayside hemispheric mean level of UV surface radiation (A <320 nm) is reduced to 15%
of the TOA value. This is about 0.2% of the level on Earth’s surface (Segura et al., 2003),
comparable to the findings of Segura et al. (2005) for planets orbiting M-dwarfs.
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Figure 3.2: Time-mean (120 days) indicator of shallow, mid-level and deep convection over
the planetary surface. The indicator is equal to 1 if a convection type is diagnosed or 0 if not,
and the diagnosis of convection is based on undilute parcel ascent from the near surface, for
grid boxes where the surface buoyancy flux is positive (Walters et al., 2019).

The distribution of clouds is influenced by the zonally asymmetric stellar heating of the planet
due to the assumed tidally locked configuration in this study. Intense heating at the substellar
point drives deep convection and consequently water and ice cloud formation, resulting in a
thick cloud deck that covers a large fraction of the dayside hemisphere centred on the sub-
stellar point (e.g. Yang et al., 2013; Boutle et al., 2017; Sergeev et al., 2020). The equatorial
jet advects the high clouds downstream, creating an asymmetry in the high-cloud cover that
impacts the vertical extent of convective clouds (Boutle et al., 2017). Figure 3.2 shows that
deep convection occurs around the substellar point and falls off radially. Furthermore, deep
convective mixing tends to occur more intensely westward of the substellar point, coincident
with a source of gravity waves (Cohen et al., 2022). Due to a decreasing depth of convection
as a function of radial distance from the substellar point, lower-altitude clouds become more
frequent (Boutle et al., 2017; Sergeev et al., 2020).
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Figure 3.3: Annual lightning flash rates on Proxima Centauri b, following parametrizations
shown in Equation 3.1 (Price & Rind, 1992; Luhar et al., 2021). The mean of 120 days was
taken from the high-frequency flash rate output and subsequently scaled to annual rates.

3.3.2 Lightning Flash Rate Estimates

From Earth, we expect lightning flashes to occur mainly in regions of vigorous convective
activity and hence where high clouds develop, as is also evident from Equation 3.1. Figure 3.3
shows that, using the parametrization in terms of cloud-top height, lightning flashes are indeed
concentrated around the region of deep convective activity, associated with surface heating
over the substellar point. The asymmetry in the vertical extent of convective cloud cover results
in a crescent-like shape with rates of up to 0.16 flashes km—2yr—!. This LFR is generally
lower than observed values over the Earth’s oceans, where LFRs reach values of up to
~0.01 flashes km~2day~! (or ~3.65 flashes km~2yr~!; Han et al. 2021). Accounting for
the impacts of coastal regions and islands on oceanic flash rates on Earth (e.g. Williams
et al., 2004; Liu et al., 2012), | retrieved the original LIS/OTD datasets on observed LFRs on
Earth (Cecil et al., 2014). This was used to determine LFRs over parts of the oceans that are
island-free, and resulted in LFRs between 0.11-0.57 flashes km—2yr~!. Hence, my findings
for Proxima Centauri b fall into the lower end of this range.

To understand why LFRs for Proxima Centauri b are at the lower end of oceanic flash rates on
Earth, | plot the convective cloud depths for Proxima Centauri b in Figure 3.4. The convective
cloud depths are based on the analysis of output at a high temporal resolution (4 minutes)
for 10 days of the simulation, giving us over 4x10° data points over the entire planetary
surface. Cloud depths extend up to 15.7 km in altitude for Proxima Centauri b. For the oceanic
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regions in the tropics on Earth, clouds extend up to 17 km (Dessler et al., 2006; Bacmeister
& Stephens, 2011). This suggests that the convection driving the formation of these clouds
is weaker on Proxima Centauri b, resulting in a lower LFR. Besides that, Proxima Centauri b
(Tsurt~291 K) is generally cooler than Earth, even without the continents (Tg,t~300 K). At-
mospheric temperatures are generally also lower, resulting in a drier atmosphere and thereby
limiting cloud formation and the initiation of lightning. As discussed below, the flash rates and
the extended structures we see around the substellar point have a significant effect on the
atmospheric chemistry of Proxima Centauri b, and more generally on similar tidally locked
planets.

3.3.3 Ozone Chemistry

| use the refined spectral flux distribution as shown in Table 3.3 to simulate the atmospheric
chemistry of Proxima Centauri b, and report the results as 120-day means after 20 years
of spin-up from initial conditions. Figure 3.5 shows the hemispheric mean volume mixing
ratios (VMR) of ozone as a function of altitude, corresponding to the three different chemistry
schemes described in Table 3.2. In all three cases, incoming stellar radiation is sufficient
to establish and maintain an ozone layer, initiated by the Chapman mechanism (Chapman,
1930). This mechanism can be summarized by five chemical reactions:

0, + hv — O(P) + O(P), (R1)
OCP)+ 0 + M — O3 + M, (R2)
O3 + hv — O, + O(P), (R3)
O3 + hv — O, + O('D), (R4)
03 + OPP) — 0, + O;. (R5)

Reaction R1 initiates the production of ozone and R5 represents the termination step for the
Chapman mechanism. Reactions R2—4 describe the rapid interchange between O('D), O(*P),
O, and O3. Furthermore, O(' D) is de-excited following the interaction with N», O, and CO,.

Figure 3.5 shows that the Chapman mechanism results in the thickest ozone layer, peaking
at 40-60 km with VMRs of 43 and 47 ppm on the dayside and nightside, respectively. The
dayside ozone profile peaks at a lower VMR and a lower altitude (~48 km) compared to
the nightside peak at ~60 km due to active photochemistry on the dayside. O(*P) is still
transported to the nightside with the prevailing high-altitude horizontal winds. Combined, there
is less photolysis of ozone through reactions R3 and R4 and the shifted balance between R2
and R5 determine the higher nightside VMR at altitudes above ~50 km. Compared to Yates
et al. (2020), the refined bin distribution of the stellar spectra, described above, generally
results in an increase in radiation with wavelengths <240 nm and consequently a twenty-fold
increase in O, photolysis rates and increased ozone VMRs. Further details of this comparison



3.3. Results

55

Cloud depth (km)

[
(0]

=
(o)}

[
N

=
N

[
o

Minimum depth
for thundercloud

102 103 10% 10° 106

Frequency

Figure 3.4: Convective cloud depths for Proxima Centauri b from 10 days of simulation at
a high temporal resolution of 4 minutes. Depths were calculated as the difference between
the convective cloud top and convective cloud base. Also indicated is the threshold for the
classification of a thundercloud in the lightning scheme, as described in Section 3.2.4.
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Figure 3.5: Hemispheric mean vertical ozone VMR profiles (mole mole™!) for different
chemical schemes (Table 3.2). The left and right panels show the day- and nightside

hemisphere respectively.

are described in Section 3.3.4. The relatively high ozone VMR enhances transport of heat to
the nightside, which increases the nightside surface temperature especially at the location
of the cold traps, consistent with Yang and Abbot (2014) and the simulations from Boutle
et al. (2017) for an Earth-like atmospheric composition. The increased nightside temperatures

result in similar dayside and nightside ozone vertical profiles.

On Earth, several catalytic cycles destroy stratospheric ozone (e.g. Grenfell et al., 2006). In
this study, | consider two cycles that involve HOx and one that involves NO driven by lightning.

The two HOy cycles are:

HO cycle 1:

H,O + O('D) — 20H,
OH + O3 —> HO;, + Oy,
HO; + O3 — OH + 20y,
OH + HO; — Hy0 + O»,
and

HOx cycle 2:

H,O + hv — OH + H,

R10

R12
R13

,\A,\A
—_ — ~—~— —

(R14)
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O(P) + OH — O, + H, (R15)
H+Oy+M— HOy + M, (R16)
HO, + O(’P) — OH + O, (R17)
H+ O3 — OH + Oy, (R18)
OH + HO; — Hy0 + 0s. (R13)

These catalytic cycles are a consequence of water vapour in the atmosphere. Following
O('D) production from the photolysis of ozone in reaction R4, the oxidation of water vapour
in reaction R10 initiates HOx cycle 1 describing OH-HO, cycling, as previously studied by
Yates et al. (2020). The second HOy cycle is initiated by the photolysis of water vapour and
describes H-OH-HO; cycling.

Figure 3.6 shows hemispheric mean reaction rates (molecules cm~3 s~!) as a function of

altitude on the dayside and nightside of the planet, for the Chapman+HO4+NOy chemistry
scheme. Using these rates, we can identify which reactions are most important throughout the
atmosphere. The initiation (R1) and termination (R5) reactions of the Chapman mechanism
are shown as solid lines. The reaction rate associated with oxygen photolysis (R1) mostly
occurs on the dayside (nightside rates reflect those determined by scattered daytime radiation
at the terminators) and falls off rapidly with decreasing altitude after the maximum in the ozone
layer at 40 km. The peak rate of R5 between ~19 km and ~50 km reflects the coincident
altitude of the simulated ozone layer (Figure 3.5) and a peak in O(*P) production from ozone
and oxygen photolysis. On the dayside between ~19 and ~38.5 km, | find that ozone loss
is dominated by reaction R5. The lower nightside rate of R5 follows from the dependence on
photolysis reactions producing O(*P). Generally, nightside mean reaction rates are weaker
than dayside mean reaction rates (Figure 3.6) due to the absence of stellar radiation and due
to the slower progression of chemical reactions in the lower temperatures of the nightside
hemisphere.

Including the HOy catalytic cycles decreases the dayside and nightside peaks in the ozone
layer to 21 and 20 ppm, respectively (Figure 3.5), and moves them to lower altitudes. Both
HOx cycles lead to the consumption of odd oxygen molecules (O(*P) and/or O3), resulting in
a significant depletion of the ozone layer above ~38.5 km compared to the Chapman-only
scheme (Figure 3.5). The reaction rate of R1 increases between ~20-30 km when adding
in the HO4 chemistry, due to lower overhead ozone abundances and thus less UV shielding,
resulting in a higher ozone VMR at these altitudes. The dotted lines in Figure 3.6 correspond
to HOx cycle 1, for which R10 is the initiation reaction. Reactions R11 and R12 denote the
propagation steps responsible for the catalytic destruction of ozone, and reaction R13 denotes
the termination step. The net effect of this OH-HO, cycling is the consumption of two ozone
molecules. | find that this catalytic cycle dominates ozone loss in the lower atmosphere of
this tidally locked M-dwarf planet, in agreement with previous studies (Yates et al., 2020).
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Figure 3.6: Dayside and nightside reaction rates (molecules cm™ s™ ") and the corresponding
ozone profile (VMR) in black using the improved spectral flux distribution. Results are from my
third experiment, including the Chapman mechanism and HOx and NOy chemistry. Solid,
dotted, and dashed lines denote reaction rates relevant to the Chapman mechanism, HO
cycle 1, and HOy cycle 2, respectively. The common termination reaction (R13) for both HO,
cycles is plotted as a dash-dotted line.

From the purple dotted line in Figure 3.6, | find that the propagation reactions R11 and R12
dominate below ~19 and ~30 km on the dayside and nightside, respectively. As described
above, the termination step from the Chapman mechanism dominates ozone loss between
~19 and ~38.5 km on the dayside.

Above ~38.5 km, HOy cycle 2 begins to dominate, as can be seen from the dashed lines in
Figure 3.6. In terms of increasing altitude, HO, production is initially a combination of the oxid-
ation (R10) and photolysis (R14) of water vapour. Above ~44 km, H,O photolysis dominates.
In this cycle, both reactions R15 and R16 have to happen to convert OH into HO,, and the
cycle will then be completed by reaction R17 converting HO, back into OH. Another pathway
is R15 for the conversion of OH to H followed immediately by R18 to return OH, completing the
H-OH-HO, cycling. For the sake of readability, | combine these steps by plotting the sum of
reactions R15, R16, R17 and R18 in Figure 3.6. | find that the propagation steps for H-OH-HO,
cycling dominate above ~38.5 km on the dayside. The common termination step for the two
HO cycles is R13 (Figure 3.6). The reaction rates associated with the propagation reactions
from both cycles can be up to 1000 times higher than the termination or the initiation steps
(e.g. at 55 km). This means that one OH molecule can participate in these ozone-depleting
catalytic cycles as many as 1000 times, before being removed by the termination step.
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Figure 3.7: Spatial distribution of O3 around the planet, for my third experiment in Table 3.2.
The panel on the left shows the vertical column densities in DU. Right-hand side panels
show the meridional mean VMR (mean over latitude) as a function of longitude and altitude.
Relative depletion on the dayside and accumulation of O3 in the nightside cold traps (centred
at ~150°W) is clearly seen.

On the nightside, the weak O, (see R1 in Figure 3.6) and O3 photolysis resulting from scattered
radiation at the terminator limit the formation of atomic oxygen. Consequently, advection from
the dayside determines the abundance of O(*P) and OH, leading to significantly smaller
nightside abundances. As a result, reaction rates can be decreased by a factor of 100 (e.g.
the HO propagation steps, R11, R12, R15-R18) to 100,000 (R10). Below ~20 km, only small
amounts of ozone (tens of ppbs) are found, resulting from relatively weak oxygen photolysis,
losses due to deposition, and the effectiveness of HO, cycle 1 in the troposphere (0—20 km).

The net result of the Chapman mechanism and HOx cycles is a 3D ozone distribution similar
to previous work (Yates et al., 2020), shown in Figure 3.7. However, the corrected spectral dis-
tribution of stellar radiation leads to larger ozone production across the planet. Ozone column
densities are as thin as 269 Dobson Units (DU, where 1 DU=2.687 x 10?° molecules m~2) on
the dayside and peak at 1490 DU over the nightside Rossby gyres located at midlatitudes
and centred at ~150°W (Figure 3.7). This increased thickness is caused by the Rossby
gyres trapping air, which is subsequently exposed to extensive radiative cooling (so-called
cold traps). Due to this cooling, the atmosphere reduces in thickness locally, transporting
the ozone in the column down to the troposphere thereby increasing the column abundance
(Yates et al., 2020). The mean reaction rates associated with the HO cycle are up to 100
times smaller on the nightside below ~20 km. Combined, these two effects lead to higher
nightside ozone abundances at these altitudes (Figure 3.5).
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Figure 3.8: Photolysis rates (J, in s™!') as computed with Fast-JX offline runs. Every run
corresponds to 1-D column in an atmosphere assuming Earth-like conditions (e.g. O3 layer,
P-T structure, etc.). The only change between the runs is the stellar flux distribution.

3.3.4 Sensitivity of Ozone Chemistry to Stellar Spectra

The application of different stellar spectral energy distributions in this study (see Figure 3.1)
and the comparison with Yates et al. (2020) allow for an assessment of the sensitivity of
ozone chemistry to stellar spectra. As can be seen in Figure 3.1, the BT-Settl spectrum
represents a quiescent M-dwarf with minor UV output. The MUSCLES spectrum provides a
better representation of the UV output from M-dwarfs, though it does not account for time-
dependent stellar activity. To quantify the impact of UV fluxes on the ozone distribution,
Figure 3.8 shows the photolysis (or J-) rates as calculated by Equation 2.30 for reactions
R1 (O, photolysis), R3 (O3 photolysis into O(*P)) and R4 (O3 photolysis into O('D)). The
photolysis rates have been calculated using the offline version of Fast-JX (Wild & Prather,
2000; Bian & Prather, 2002), under the assumption of an Earth-like atmosphere (O3 layer,
P-T structure, cloud distributions, etc.). The Earth-like parameters were kept unchanged for
the sake of comparison as well as computational efficiency, while only changing the stellar flux
distributions according to the spectra shown in Figure 3.1. The photolysis rate is calculated in
each of the 18 wavelength bins, with a A,;, and A.x corresponding to each of the bins, as
described in Bian and Prather (2002) and shown for most bins in Figure 3.1.

First, the blue lines indicate the J-rates for the flux that Earth receives, and have been val-
idated in intercomparison studies (e.g. Chipperfield et al., 2010). The two orange lines in
Figure 3.8 both correspond to BT-Settl spectra for Proxima Centauri b. The dotted line shows
the photolysis rates for the rebinning of fluxes by Yates et al. (2020), while the solid line shows
the improved rebinning for BT-Settl. The J-rates for O, and Og(OlD) are similar between the
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Figure 3.9: Reaction rates and ozone profile using the spectral flux distribution as presented
in Table 2 of Yates et al. (2020). Can be compared to the lower row of their figure 2. Note that
the numbering of chemical reactions is different.

two cases, but O3(O3P) photolysis was a factor 10 stronger in the models from Yates et al.
(2020). As described in Section 3.2.3, this is caused by their extension of the upper limit of
bin 18. The improved BT-Settl spectrum results in an ozone layer peaking at ~1360 ppb (see
Figure 3.10), two times as high as the value found by Yates et al. (2020) (see Figure 3.9).

Basing the approach on observations, substituting the MUSCLES spectrum provides us with
more flux in the UV regions important for O, photolysis. Consequently, the red line in Fig-
ure 3.8 shows that J(O,) is ~100—1000 times higher than for the BT-Settl spectrum, still falling
short by a factor of ~100 as compared to a solar spectrum at Earth’s orbit. O, photolysis for
the MUSCLES spectrum is mainly driven by the stellar flux in the Schumann-Runge bands
through bins 3 and 5 and the flux in bin 10 at wavelengths of 221.5-233 nm (see Figure 3.1).
For both the BT-Settl and a Solar spectrum, fluxes at wavelengths of 215.5-240 nm are
predominantly driving O, photolysis. This illustrates the impact of the relatively flat MUSCLES
spectrum as seen in Figure 3.1. Nevertheless, the ozone layer of Proxima Centauri b peaks at
a higher VMR (~21 compared to ~12 ppm on Earth: Seinfeld and Pandis (2016)), since O3
photolysis rates are significantly lower. J(O3) is lower than the BT-Settl values for P<10? Pa,
which is caused by the respective flux distributions in bins 12—15. For MUSCLES, the flux in
bin 12 (291-298.3 nm) is higher, whereas the fluxes in BT-Settl bins 13—15 (298.3—-320.3 nm)
are higher. The impact on the O3 layer is in broad agreement with the results from Chen et al.
(2019), who also find a thinner O3 layer for a quiescent M-dwarf as compared to UV irradiation
from an active M-dwarf and enhanced Solar spectrum.
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Figure 3.10: Reaction rates and ozone profile using the improved spectral flux distribution
(Bian & Prather, 2002) for the BT-Settl spectrum. Results shown are from using the Chapman
mechanism and basic HO, chemistry. Can be compared to Figure 3.9 and the bottom panels
of figure 2 in Yates et al. (2020).

3.3.5 Lightning-induced NOy Chemistry

The third experiment focuses on NOy chemistry in the lower atmosphere (<20 km), where
lightning is the only source of NO at 216 moles NO per flash, and is denoted ‘NOy’ in
Table 3.2 and Figure 3.5. The magnitude and distribution of these flash rates are described in
Section 3.3.2 and shown in Figure 3.3. The resulting distribution of lightning-produced NO can
initiate catalytic cycles that result in the loss of ozone and consist of the following reactions:

NO + O3 — NO, + O, (R19

)
NO, + hv — NO + O(*P) (R20)
NO; + O3 — NO3 + Oy (R21)
NO3; + hv — NO» + O(*P) (R22)
NOs3; + hv — NO + O,. (R23)

NO quickly reacts with O3 to form NO, (R19). On the dayside, NO, can be photolysed back
into NO again (R20). Together, they form a first catalytic cycle leading to the destruction of
one ozone molecule. With a relatively small abundance of O(*P) below 20 km, NO, is likely
to react with O3 again through reaction R21 to produce NOj that is subsequently photolysed
to NO, (R22) or NO (R23). The photolysis rate for reaction R22 (flux at A>345 nm) is ~8
times higher than R23 (flux at A >412.5 nm) for the spectral flux distributions of the Sun and
Proxima Centauri. The net result of this second catalytic cycle is the destruction of two ozone
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molecules. The termination step in the NOy is the oxidation of NO, by OH:
NO, + OH + M —— HNO3 + M. (R24)

The reaction rates of R10 and R14 (Figure 3.6) show that OH (and thus HNO3) production
occurs predominantly on the dayside. NO, can further react with the NO3 produced through
reaction R21 to form N,Os:

NOj3; + NO; + M —— Ny O35 + M. (R25)

The species HNO3; and N,Os are more stable and therefore have a relatively long lifetime
against chemical loss. Eventually, they are converted back into NOy, for example, via:

HNO; + hv — NO, + OH (R26)
N,Os + hv — NO; + NO,. (R27)

In the presence of water, N,Os is also converted into HNOs:
N,Os + H,O — 2HNO:;. (R28)

Furthermore, HNOjs is subject to removal by deposition. On the nightside, the absence of
stellar radiation further enhances the lifetime of NO3, HNO3; and N,Os. Therefore, these
species serve as reservoirs for NOy. The reservoirs and NOy together form the NOy family.
The tidally locked configuration of Proxima Centauri b provides distinct radiation environments
on the dayside and nightside, which leads to a dayside-nightside contrast in NOy and its
reservoirs. A schematic summary of the mechanism that is initiated by NO produced from
lightning is shown in Figure 3.11, indicating chemical reactions that only occur on the dayside
hemisphere in red.

The dayside-nightside contrast in atmospheric chemistry involving nitrogen species is ex-
plored using the hemispheric-mean reaction rates in Figure 3.12. Following the production of
NO by lightning, NO; is predominantly formed on the dayside of the planet, with the reaction
rate that describes the conversion from NO to NO, (R19) being about 200 times higher on
the dayside than on the nightside. The photolysis of NO, (R20) also peaks on the dayside
and is smaller by a factor of ~2000 on the nightside. Hence, NO, is available for nightside
NOy chemistry, initiated by R21. | also find a strong decrease (103-10%) in nightside rates that
describe the photolysis of HNO3 (R26) and N,Os (R27). Notably, the reaction rate associated
with the photolysis of NO3 in R22 and R23 only triples on the dayside. This is because NO3
mainly absorbs radiation at wavelengths between ~550 and ~700 nm, which is more likely to
be scattered in the planet’s atmosphere than shorter wavelength radiation. The reaction rate
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Figure 3.11: Overview of the main chemical reactions that are initiated by lightning-induced
NO. Arrows run from the reactant to the product. The chemical reaction is numbered as RXX,
corresponding to the main text. Reactions in red only occur on the dayside of the planet,
reactions in blue can occur on both hemispheres. HONO, HO,NO,, and N,O are omitted in
this diagram but also included in the network.
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of R21 is twice as large on the dayside, and oxidation (by O(*P) and OH) further destroys
dayside NOj3. The production of N,O5 through R25 is ~700 times larger on the nightside. The
reaction with water vapour through R28 can again lead to the production of HNO3. HNOj; is
rapidly removed by dry deposition (DD) and wet deposition (WD), which is stronger on the
dayside of the planet due to a higher precipitation rate. Figure 3.12 shows that wet deposition
provides a loss term for HNO3 up to 12 km and dry deposition is limited to the surface. These
combined effects of chemistry and deposition on the NOy reservoirs indicate an accumulation
on the nightside.

Figure 3.13 shows the resulting spatial distribution of these important NO, and NOy, species.
Left-hand side panels show the vertically integrated column densities (in molec m~2) of each
species, with the wind vectors at an altitude of 6850 m, where the superrotating jet speed is
the largest (up to 40 km s~!). The column densities are calculated as the pressure-weighted
sum of the number densities in each vertical layer. Right-hand side panels show the meridional
mean VMR for each of the species. The first row of Figure 3.13 shows that lightning-induced
NO is produced on the dayside, most strongly in the crescent shape determined by the light-
ning flashes in convective clouds (Figure 3.3). To quantify hemispheric differences, | define
a day-to-nightside contrast following Chen et al. (2018) and Koll and Abbot (2016). However,
instead of using mean mixing ratios, | use hemispheric mean vertical column densities of
species to calculate the relative difference between hemispheres:

rdiff = M, (3.2)
Tglobal

where rqay, might @and rgiobar are the dayside, nightside and global mean vertical column dens-
ities (in molec m~2) of a chemical species, respectively. There is enhanced NO on the dayside
of the planet (Figure 3.13) with an associated rgir value of 198%. NO is most abundant
between 5.5 and 15 km, with a maximum of 0.117 ppt at 12.5 km. This is a consequence
of the parametrization of NO emissions per lightning flash: emitted NO is distributed between
500 hPa and the cloud top, as described in Section 3.2.4. Furthermore, the tidally locked
orbit, NO lifetime and wind structure allow for a maximum near the NO emission source. Dif-
ferences in NO at the eastward terminator between 12—14 km are due to eastward advection
and subsequent photolysis of NO, lower in the atmosphere (R20). The balance of chemical
reactions R19-R23 in a tidally locked configuration determines the vertical column densities of
NO, NO, and NOs (first three rows of Figure 3.13). The lightning-produced NO leads to NO,
and subsequently NO3 that spread around the dayside of the planet, following atmospheric
transport. NOs is rapidly photolysed, releasing NO, back. Consequently, NO, (rgi=80%)
has the largest vertical column densities, peaking at 6.2x10'® molecules m~2, westward
of the substellar point. We know from reaction R24 that the production of HNO3 occurs
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Figure 3.12: Hemispheric mean reaction rates (molecules cm~3 s™!) for nitrogen chemistry,
below altitudes of 40 km. Reaction numbers are explained in Section 3.3.5 and Figure 3.11.
The wet (WD) and dry deposition (DD) of HNOs3 are also shown. Wet deposition occurs up to
altitudes of ~12 km and dry deposition is limited to the surface.
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predominantly on the dayside. The decrease in the column density of HNOj3 in Figure 3.13,
towards the minimum value of 3.0x 10" molecules m~ close to the substellar point, shows
that HNOj; is susceptible to photolysis as well as to wet deposition following cloud formation
and precipitation.

In the absence of stellar radiation and lightning flashes, atmospheric chemistry is different on
the nightside. Here, the chemistry depends exclusively on the advection of chemical species
from the dayside of the planet. This can be seen from the NO, and HNO3 columns aligning
with the wind vectors in Figure 3.13, as these species are advected from the dayside to
the nightside. This dayside-to-nightside transport of chemical species was also discussed
in previous work on terrestrial exoplanets (Chen et al., 2018; Yates et al., 2020) and hot
Jupiters (e.g. Drummond et al., 2020). NO column densities are much smaller on the nightside
because the source is found on the dayside and because of the absence of photolysis of
the other nitrogen-bearing species. Without stellar radiation and with relatively low nightside
O(*P) abundances, the dominant loss pathways for nightside NO, result in the production of
NOy reservoir species. The oxidation by O3 (R21) still produces a significant amount of NOs.
In the absence of stellar radiation, NO3 and HNOs are no longer efficiently destroyed. This
results in a much thicker nightside NO3 column, evident from the rgi¢r of -200% for NO3, and a
slightly thicker mean HNO3 column on the nightside, with rgig=-8%. HNO3 has a smaller rg;s
since it depends on dayside production and is subject to deposition. Nightside NO, and NO3
are sufficiently abundant to initiate the production of N,O5 (R25). The fifth row in Figure 3.13
shows that, following the nightside production, N,Os is advected towards the dayside. In doing
so, N,Os passes across the western terminator after which it is rapidly destroyed due to
photolysis or the reaction with water vapour. The relative depletion of N,Os in the equatorial
regions between 90 and 180°E is linked to the same reaction with water vapour (transported
from the dayside). The tendency of N,Os to accumulate on the nightside can also be seen
from its rg;er of —95%. Since the conversion from NO3z, HNO3 or N,O5 back into NOy involves
either photolysis or the interaction with OH, the nitrogen reservoirs (NO3, HNO3; and N,Os)
have an extremely long lifetime on the planet’s nightside. It is this accumulation of the reservoir
species that is seen by the contrasting dayside and nightside vertical columns in the last three
rows of Figure 3.13. It should be stated that while the day-to-night contrasts are big in relative
terms, they are small in absolute terms.

Combined, lightning-induced NOy chemistry and the configuration of a tidally locked M-dwarf
planet lead to dayside-nightside distinctions. The chemical mechanism in Figure 3.11 sum-
marizes the main reactions responsible for these distinctions as well as where they occur on
the planet, initiated by lightning flashes that produce NO. Lightning and chemical reactions that
are limited to the dayside of the planet are shown in red and indicate why the accumulation of
reservoir species on the nightside occurs.
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panels show the vertical column densities calculated from a mass-weighted vertical integral.
Furthermore, they show the wind vectors at altitudes of 6850 m, where the superrotating jet
speed is the largest. Right-hand side panels show the meridional mean VMR (mean over
latitude) as a function of longitude and altitude.
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3.4 Discussion

Here | reflect on key uncertainties associated with this study, including 1) the importance
of stellar radiation, particularly the UV wavelengths; 2) describing the distribution of LFRs,
including the thermal decomposition of chemical species; and 3) the prospects of observing
the changes in atmospheric chemistry predicted by these simulations using observations from
the James Webb Space Telescope.

3.4.1 The Importance of Photochemistry

Photolytic reactions are the main driver of atmospheric chemistry on M-dwarf planets. The
host stars irradiate a large UV contribution to the bolometric flux compared to other stars
(Figure 3.1), and therefore many chemical reactions on the orbiting planets are driven by UV
radiation.

| use the Fast-JX model to describe photolysis in the 177—-850 nm region. The upper limit
is based on photons being sufficiently energetic to break molecular bonds (Bian & Prather,
2002). Fast-JX is optimized for the calculation of photolysis rates in the troposphere and
stratosphere on Earth, motivating the lower cutoff at 177 nm. Radiation with lower wavelengths
is attenuated above the mesosphere (except for O, Lyman o absorption at 121 nm). Further-
more, the solar flux falls off precipitously for wavelengths shorter than 177 nm (Figure 3.1). The
current assumption of an Earth-like atmosphere on Proxima Centauri b intrinsically assumes
attenuation of incoming radiative fluxes at these lower wavelength regions. The MUSCLES
spectrum that | use is based on observations, but uncertainties remain. First, the region
between 175-200 nm is based on a quadratic fit to the surrounding continuum (Loyd et al.,
2016). Besides that, MUSCLES continuum fluxes are often based on the photon-limited noise
floor of the data rather than actual measurements of the stellar output, because of the intrinsic
faintness of UV radiation from M-dwarfs (Loyd et al., 2016). Future measurements will help to
improve the quality and range of the spectra being used, as well as help test the assumption
about using an Earth-like atmosphere.

The relation between UV fluxes and photochemistry in 3D simulations of exoplanets has
been explored across a range of stellar energy distributions (Chen et al., 2018, 2019) and
for time-dependent stellar activity (Chen et al., 2021; Ridgway et al., 2023). Furthermore,
1-D photochemical models have been used to quantify the amount of ozone resulting from
different stellar UV distributions (e.g. Segura et al., 2005, 2010; Domagal-Goldman et al.,
2014; O’'Malley-James & Kaltenegger, 2017; Teal et al., 2022) and alongside varying molecu-
lar oxygen abundances (Kozakis et al., 2022). The results in Section 3.3.4 complement these
findings by comparing photolysis rates on Proxima Centauri b driven by the MUSCLES and
BT-Settl spectra of the host star. | find that the stronger UV flux from the MUSCLES spectrum
leads to ozone mixing ratios that are enhanced by a factor of 15. The distinct responses of
photolysis rates for O, and O3 (see Figure 3.8) indicate the complexity of these calculations.
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As described in Section 3.3.3, the 3D spatial distribution of ozone is broadly similar to Yates et
al. (2020). The similarities include a lower dayside mean ozone column (302 DU) as compared
to the nightside (483 DU) and a buildup of ozone at the locations of the nightside Rossby
gyres, as is also shown in Figure 3.7. Nevertheless, the magnitude of ozone column densities
and mixing ratios differs significantly depending on the stellar spectrum used. Therefore, in
the case of ozone and agreeing with the findings from Chen et al. (2018), | conclude that the
magnitudes of volume mixing ratios are controlled by a balance of photochemical production
and destruction. On the other hand, the chemical lifetime of ozone is long enough for the
spatial distribution to be controlled by transport processes.

In agreement with Boutle et al. (2017), | find a substantial fraction of the planetary surface
on the dayside to be potentially habitable (~45%), with a temperature exceeding 273.15 K.
This fraction could change with the inclusion of ocean heat transport (Hu & Yang, 2014)
or ice-albedo feedback, though the latter is shown to play only a marginal role for M-dwarf
planets (Shields et al., 2013). Furthermore, a thick ozone layer increases the likelihood that
any surface life is protected from harmful UV radiation (e.g. Shields et al., 2016). To quantify
this, | compare the UV flux (A <320 nm) at 51 km (just above the ozone layer) with the flux at
the surface. | find that only 15% reaches the surface levels, after being attenuated by the ozone
layer (and water clouds closer to the surface). As mentioned in Section 3.3.1, this amounts
to about 0.2% of Earth’s surface UV radiation levels. Hence, in line with the results from
O’'Malley-James and Kaltenegger (2017) for a 1-D model of an ‘active’ M-dwarf spectrum, the
thick ozone layer provides sufficient protection against harmful UV radiation. This ozone layer
can also protect against enhanced UV irradiation during stellar flares, although strong flares
and the absence of a magnetic field might also produce strong perturbations of the ozone layer
(Chen et al., 2021). The perturbing of atmospheric chemistry by the enhanced UV flux and
stellar energetic particles from flares is further explored in a separate publication (Ridgway
et al., 2023). Lightning may also have played a role in the origin of life, which was shown by
the production of amino acids in a reducing atmosphere following electrical discharges in the
Miller-Urey experiment (Miller, 1953). However, the formation of organic molecules following
lightning is more likely in a reducing atmosphere (e.g. Chameides & Walker, 1981), which
would require starting conditions that differ from the assumed oxygen-rich composition.

The motivation for assuming Earth-like atmospheric chemistry in this study was the aim
of studying ozone chemistry and the impact of lightning-induced species. The addition of
atmospheric chemistry to a 3D GCM significantly increases the computational expense, par-
ticularly if, as done here, it is considered self consistently with the radiative transfer and
dynamics. Therefore, | have included only the most essential chemical reactions (based on
our broader knowledge of the reactions occurring in an Earth-like atmosphere). Moving away
from this photochemical regime involves a significant increase in the size of the associated
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chemical network that would consequently be difficult to run in a 3D CCM. As such, for this
initial study, | used Earth-like atmospheric chemistry. Including accurate and sufficiently small
chemical networks that support other photochemical regimes is an important topic for future
investigation.

3.4.2 CCM Comparisons

The previous CCM studies of terrestrial exoplanets made use of the CAM-Chem 3D model
(Chen et al., 2018) for an atmosphere with 26 levels extending up to 50 km and WACCM
(Chen et al., 2019, 2021) for an atmosphere up to 145 km in 66 levels, thus including the
thermosphere. The UM-UKCA CCM falls in between this range with 60 levels describing an
atmosphere up to 85 km. Other differences in the previous studies include landmasses in the
form of Earth’s continental distribution (though with the substellar point in the middle of the
Pacific Ocean) that can impact the climate (Lewis et al., 2018; Rushby et al., 2020). Chen

2 compared to 881.7 W m~2 used here.

et al. (2018) use a stellar insolation of 1360 W m™
The insolation is varied in Chen et al. (2019, 2021), but not to values as low as ours. This
study uses a reduced description of atmospheric chemistry, focusing on individual processes,
whereas theirs include 97 species connected by 196 reactions (Chen et al., 2018) and 58
species connected by 217 reactions (Chen et al., 2019, 2021). | turned off surface emissions
and, as opposed to the earlier work, included wet deposition, potentially further impacting the
atmospheric composition. Finally, the aforementioned differences in UV fluxes play a major

role in the chemical abundances.

The vertical distribution of ozone in Figure 3.5 can be directly compared to the previous
studies. As mentioned before, the observation of a thinner O3 layer for a weaker stellar UV
irradiation is in agreement with Chen et al. (2019). Furthermore, the influence of the HO
catalytic cycle 1 as a sink for O3 on tidally locked, Earth-like exoplanets was also found by
Yates et al. (2020) and Chen et al. (2018), though not extensively elaborated on in the latter
study. The finding of the O3 sink due to H,O photolysis and the resulting HO, catalytic cycle
2 in the upper stratosphere, as described in Section 3.3.3, further expands our knowledge of
the impact of HO, catalytic cycles on tidally locked, Earth-like exoplanets. Chen et al. (2018)
find an O3 layer that peaks at ~10 ppm above altitudes of 30 km (see their figure 3), which
agrees roughly with the findings of this study for the HO, and NOy cases in Figure 3.5. One
notable difference is the decrease that can be seen upwards of 45 km in the simulation of this
study, whereas their O3 abundance seems to stay constant. This difference can be caused by
stronger O3 photolysis in these atmospheric layers and above, in this case. The inactive stellar
spectra in Chen et al. (2019) result in more reduced ozone at ~0.1 ppm (see their figure 5).
A potential cause of this is the increase of the model-top to 145 km (Chen et al., 2019). The
ozone abundance for a planet orbiting a pre-flare M star in Chen et al. (2021) peaks at a few
ppm again.
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As discussed in Section 3.2.1 | performed this study, focusing on lightning and the time-
averaged irradiation, alongside a complementary study focusing on stellar flares (Ridgway
et al., 2023). These two studies used the same underlying model, the UM, but differing photo-
lysis and chemistry schemes which provided an excellent mechanism to increase confidence
in the robustness of the model setups.

Inter-model differences can have a wide range of causes. Firstly, the exact impact of pho-
tochemistry is influenced by the choice of stellar spectra, the extent of wavelength ranges
and the specific distribution of fluxes over wavelength bins. Next to that, the complexity of the
chemical network (as well as reaction rate constants), initial chemical abundances, treatment
of dry and/or wet deposition and the potential inclusion of surface emissions can alter the res-
ulting atmospheric composition. Finally, the vertical extent of the atmosphere and the possible
inclusion of landmasses affect dynamics and thus the chemistry directly and indirectly. The
inter-model differences and variety of potential causes motivate the need for further model
intercomparisons for CCMs, as mentioned by (Cooke et al., 2023b) and following those done
for 3D GCM simulations of TRAPPIST-1e assuming static atmospheric compositions (the
THAI project, Fauchez et al., 2022; Sergeev et al., 2022b; Turbet et al., 2022).

3.4.3 Parametrizing Lightning

Atmospheric lightning is a complex physical phenomenon that is observed on Earth and other
Solar System planets (e.g. Aplin, 2006; Hodosan et al., 2016), but is difficult to model explicitly,
partly due to the uncertainties associated with the small-scale processes that initiate lightning.
To keep the process tractable within a GCM, lightning parametrizations have been developed
in terms of different convection parameters (e.g. Allen & Pickering, 2002; Finney et al., 2014;
Etten-Bohm et al., 2021; Stolz et al., 2021), but the parametrization in terms of cloud-top
height remains the most used in CCMs for Earth (Luhar et al., 2021).

The occurrence of lightning on Earth is generally higher than on the giant planets or Venus
(Hodosan et al., 2016). Nevertheless, the processes of charging of cloud particles, charge
separation due to gravitational settling and the buildup of electrostatic potential differences
that lead to discharges are expected to remain the same, and the electric field breakdown
does not strongly depend on the chemical composition of the atmosphere (Helling et al.,
2013; Helling, 2019). Simulating an Earth-like atmosphere on a tidally locked exoplanet further
supports the assumption of a similar process for the emergence of lightning discharges. The
lightning parametrization | use in terms of cloud-top height (Equation 3.1) is evaluated suc-
cessfully for Earth and based on the fundamental laws of electricity (Vonnegut, 1963; Williams,
1985), as described in Section 3.2.4. Therefore, it is reasonable that this parametrization will
also deliver reasonable LFRs for an Earth-like exoplanet, although | acknowledge that the
coefficients used in Equation 3.1 have been tuned to match observed LFRs on Earth (Price &
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Rind, 1992; Luhar et al., 2021) and therefore could represent a potential error. Nevertheless,
the distribution of LFRs on the tidally locked exoplanet (Figure 3.3) makes physical sense and
is consistent with the predictions of a thick convective cloud deck covering the dayside of the
planet (see e.g. Yang et al. 2013; Boutle et al. 2017; Sergeev et al. 2020 and Figure 3.2).

The effect of decreasing LFR with lower atmospheric temperature was described in Sec-
tion 3.3.2. To predict the effects of climate change on the initiation of lightning, several studies
have investigated the effects of a higher atmospheric temperature, but no consensus has
been reached based on the different parametrizations (Clark et al., 2017). On the one hand,
a higher temperature leads to fewer ice clouds and therefore fewer mixed-phase collisions,
limiting the number of lightning flashes and NOy produced by them (e.g. Finney et al., 2018).
On the other hand, the depth of convection and precipitation rate increase in a warming
climate, potentially increasing the number of lightning flashes (e.g. Banerjee et al., 2014).
The response of lightning initiation to changes in the atmospheric pressure is complex due to
the competing effects of clouds, pressure broadening, heat capacity, lapse rate, and relative
humidity, as shown by Zhang and Yang (2020) for a tidally locked planet. To build upon
these results, further simulations of the initiation of lightning are currently being conducted,
in a range of atmospheric conditions and using an improved description of the electrification
process, following the high-resolution simulations of tidally locked exoplanets by Sergeev et al.
(2020).

Another factor of uncertainty is the thermal decomposition of chemical species following a
lightning discharge. The species affected by thermal decomposition will depend on the ambi-
ent atmospheric composition (Harman et al., 2018; Helling, 2019). This is further illustrated
by studies of lightning-induced chemistry on Venus and Mars (Nna Mvondo et al., 2001) and
Early Earth (Chameides & Walker, 1981; Navarro-Gonzalez et al., 2001; Ardaseva et al.,
2017). Since | simulate a background composition dominated by N, and O,, thermal decom-
position of these species and subsequent NO production, following the Zel'dovich mechanism
(Zeldovich et al., 1947), is a reasonable expectation. The exact amount of NO produced
per flash is uncertain on Earth (e.g. Schumann & Huntrieser, 2007; Miyazaki et al., 2014;
Bucsela et al., 2019; Allen et al., 2021a; Allen et al., 2021b), and is related to unknowns in
the distinction between CG and IC flashes and dependencies on e.g. peak current, channel
length, rate of energy dissipation and the number of strokes per flash (Murray, 2016; Luhar
et al., 2021). | performed a sensitivity calculation in which the NO production was increased to
830 moles NO per flash, which did not result in significant changes to the spatial distribution
of NOy as shown in Figure 3.13. Harman et al. (2018) show that NO production rates from
lightning on temperate terrestrial planets with N,-O,-CO, atmospheres will stay within an
order of magnitude of the rate on Earth. Other sources of NO include stellar flares and coronal
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mass ejections through enhanced UV flux and energetic particles (Segura et al., 2010; Chen
et al., 2021; Ridgway et al., 2023), volcanic eruptions (von Glasow et al., 2009), and cosmic
rays (Scalo et al., 2007), and their combined effects alongside lightning have to be studied in
future work.

Comparing my results to the 1-D models of Ardaseva et al. (2017) and Harman et al. (2018), |
find a much smaller impact of lightning-induced NO4 on atmospheric chemistry, explained by
three major differences. First, flash rates up to 5 x 10* flashes km >hr~! are used by Ardaseva
et al. (2017) and both 1-D models assume global thunderstorms emitting NO throughout the
atmosphere, resulting in an increased magnitude and spatial extent of flash rates. Second,
| find NO from lightning confined to the lower 20 km of the atmosphere, whereas NO has
a strong impact up to ~80 km for Ardaseva et al. (2017) and Harman et al. (2018). Lastly,
the effect of lightning-induced NO on the distribution of O, and ozone strongly depends on
catalytic cycles following the photolysis of CO, (Harman et al., 2018), and future work will
be directed to analysing these effects in a 3D CCM. This will be part of a wider investigation
of exoplanet atmospheric chemistry and physics such as lightning in the context of different
atmospheric composition and mass, following GCM simulations such as Turbet et al. (2016)
and Paradise et al. (2021). Through the variation of atmospheric mass, we can take into
account the potential effects of stellar wind-driven escape (Airapetian et al., 2020).

3.4.4 Observational Prospects

Lightning discharges are known to emit both optical (e.g. Borucki et al., 1985) and radio
signals (e.g. Zarka et al., 2004). Our limited knowledge of lightning across the Solar System
indicates the difficulties of detecting this phenomenon on other planets. Therefore, direct
detection of exoplanetary lightning will be difficult with current observing technology. However,
as described in Section 3.3.5, lightning produces NO that will subsequently result in a cascade
of perturbed chemical reactions. Among the lightning-induced chemical species, NO, NO;,
N,O and HNOj; are known to have absorption features (e.g. Tabataba-Vakili et al. 2016;
Kopparapu et al. 2021) in the spectral range that will be observed by JWST. The presence
of high disequilibrium abundances of N,O has also been proposed as a potential biosignature
since N,O in Earth’s atmosphere is mainly produced by biotic sources (e.g. Sagan et al.,
1993; Schwieterman et al., 2018). The possibility of lightning on exoplanets broadens the
observational context of trace gases, and ignoring this may result in a false positive in the
search for biosignatures.

| use the NASA Planetary Spectrum Generator (PSG) (Villanueva et al., 2018) to test whether
the combined UM-UKCA model can potentially result in atmospheric phenomena that would
be observable via transmission spectroscopy. The PSG is a radiative transfer model suite
for forward modelling and retrievals of planetary spectra. For the purpose of this study, |
generate transmission spectra for the UM-UKCA description of Proxima Centauri b (assuming
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Figure 3.14: Transmission spectra for this setup of Proxima Centauri b, assuming it transits.
Spectra are shown with and without lightning-induced NOy present in the atmosphere.

it transits), using pressure, temperature, altitude and abundances of N, H,O, CO,, O3, NO,
NO,, N,O, and HNOj. Recognising that transmission spectra will observe the atmosphere in
the terminator regions, | extract model values for 1) all latitudes at longitudes between 75—
105°E and 75-105°W and 2) all longitudes at latitudes between 85-90°N and 85—90°S. After
that, | calculate the zonal and meridional mean to find a mean vertical profile for the terminator
regions.

As shown in Figure 3.14, | find that lightning-induced NO,, species are not sufficiently abundant
to leave detectable signals in the transmission spectrum, which agrees with previous 1-D
model results (Ardaseva et al., 2017). Although Proxima Centauri b does not transit, the spec-
tra are shown to be illustrative for other M-dwarf orbiting planets that do transit. | acknowledge
that extending this study to exoplanets that support larger-scale and more vigorous convective
updrafts and/or different chemical composition may result in large chemical perturbations that
could be observable.
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3.5 Conclusions

| used a 3D CCM (Met Office Unified Model coupled to the UK Chemistry and Aerosol
framework) to study the emergence of lightning, driven by vigorous convection over and
around the substellar point, and the subsequent impact on atmospheric chemistry on an
Earth-like, tidally locked exoplanet. Building on previous work (Yates et al., 2020) | have: 1)
updated the treatment of photochemistry, by including the MUSCLES spectrum for Proxima
Centauri in the Fast-JX photolysis code that provides more UV flux than a previous study
(Yates et al., 2020) with implications for ozone chemistry, and by correcting the distribution of
these fluxes over different wavelength bins; and 2) expanded the atmospheric chemistry to
improve the description of ozone chemistry, including a more comprehensive description of
the HO catalytic cycle and NOy chemistry that is initiated by lightning as the source of NO.

| find that the incoming stellar flux supports an ozone layer across the planet, with a spatial
distribution determined by atmospheric dynamics. The distribution is dominated by the sub-
stellar point and two local ozone hotspots on the nightside driven by two cyclonic Rossby
gyres. The ozone column ranges from values found on Earth (~300 DU) on the dayside to
values that are five times higher over the nightside cold traps. For the Earth-like exoplanet, |
parametrize lightning flashes as a function of cloud-top height, using parametrizations widely
applied to modelling lightning on Earth. The flashes result in the production of NO from the
thermal decomposition of N, and O, in the lightning channel. I find that:

. Lightning flash rates peak at 0.16 flashes km—2yr~!, concentrated in a crescent-like
shape westward of the substellar point, coinciding with regions of vigorous dayside
convection.

. Lightning flashes result in a dayside atmosphere that is rich in NOx(=NO + NO,) due
to the rapid interconversion between the species in the presence of stellar radiation.
The lightning-induced NOy is found below altitudes of 20 km and thus is vertically
separated from the peak ozone layer at 40 km. The ozone profile is determined mainly
by the Chapman mechanism and the HO catalytic cycle resulting from the oxidation
and photolysis of water.

. Following strong eastward winds that result from thermal gradients between the day-
and nightside of the planet, NOy is advected to the nightside. Here, the absence of
stellar radiation allows NOy to be stored in reservoir species such as NO3, HNO3, and
N,O:s.

[ find that part of the planetary surface is potentially habitable in terms of the surface temperat-
ure and absorption of harmful UV radiation by the ozone layer, in agreement with Boutle et al.
(2017) and Yates et al. (2020). However, the amount of ozone and thus surface habitability of
a planet strongly depend on the amount of UV flux, illustrating the need for a systematic
characterisation of host star spectra (such as the MUSCLES spectral survey). Given the
large range of causes for inter-model variability, exoplanetary CCMs would greatly benefit
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from further model intercomparisons. Furthermore, the emergence and chemical effects of
lightning can be further explored in convection resolving models (Sergeev et al., 2020) and in
different atmospheric compositions (e.g. Chameides & Walker, 1981; Ardaseva et al., 2017),
to further assess observability and potential relevance in the search for biosignatures. The
development of accurate chemical networks describing non-Earth-like regimes is essential in
understanding exoplanet atmospheric chemistry.
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Stratospheric dayside-to-nightside
circulation drives the 3D ozone
distribution on synchronously
rotating rocky exoplanets

This Chapter is based on the publication:

Stratospheric dayside-to-nightside circulation drives the 3D ozone distribution on syn-
chronously rotating rocky exoplanets

Marrick Braam, Paul I. Palmer, Leen Decin, Maureen Cohen, and Nathan J. Mayne

Monthly Notices of the Royal Astronomical Society, Volume 526, Issue 1, November 2023,
Pages 263—-278, DOI: https://doi.org/10.1093/mnras/stad2704

Author contributions: Marrick Braam conceived the science question, performed the simu-
lations and analyses, and wrote the manuscript. All co-authors contributed via regular discus-
sions and advice and provided feedback on the manuscript.

4.1 Introduction

The past two decades have seen the discovery of numerous Earth-size exoplanets, with
a substantial fraction of them orbiting in the circumstellar Habitable Zone (Kasting et al.,
1993). Earth-size planets are preferentially discovered around M-dwarf stars (Dressing &
Charbonneau, 2015), because they are the most abundant stellar type, have relatively small
radii, and are relatively cool, allowing for exoplanets in short-period orbits. The habitability of
such exoplanets has been debated in light of the stellar and planetary environments (Shields
et al., 2016). Comprehensive numerical simulations that describe the physical and chemical
properties of a planetary atmosphere in such environments are essential to understanding
habitability and interpreting spectroscopic observations.
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Since M stars are cooler and smaller than other stellar types, a planet in the Habitable
Zone orbits at a small orbital distance and feels a strong gravitational pull from the host
star. This can lead to spin-orbit resonances for the planet, so-called tidal locking, of which
the most extreme case is the 1:1 resonant orbit or synchronous rotation (e.g. Barnes, 2017;
Renaud et al., 2021). Simulations with General Circulation Models (GCMs) help us understand
how synchronous rotation affects the planetary atmosphere and surface habitability. First,
synchronous rotation creates distinct hemispheric environments and a large temperature
difference between the dayside and nightside (e.g. Joshi et al., 1997). Second, synchronous
rotation leads to distinct photochemical environments, with strong photochemical production
and destruction on the dayside and an absence of photochemistry on the nightside, as shown
in Chapter 3 (see also Proedrou & Hocke, 2016; Chen et al., 2018; Yates et al., 2020;
Ridgway et al., 2023). Depending on the rotation period, synchronous rotation can also lead to
atmospheric circulation that is characterised by thermally direct circulation for slowly rotating
planets (e.g. Merlis & Schneider, 2010; Edson et al., 2011; Heng et al., 2011; Koll & Abbot,
2016; Haqg-Misra et al., 2018). The existence of this large-scale circulation requires the
Rossby deformation radius to exceed the planetary radius (Carone et al., 2014, 2015; Noda
et al., 2017; Haqgg-Misra et al., 2018), which is the case for planets like Proxima Centauri
b, Trappist-1 e to h, LHS-1140 b and GJ 667 C c, assuming an Earth-like atmosphere. The
dayside-nightside contrast leads to an overturning circulation, with upwelling on the dayside
and downwelling on the nightside (Showman et al., 2013). This vertical motion results in a
superposition of planetary-scale Rossby and Kelvin waves, which drives eddy momentum
equatorward (Showman & Polvani, 2010). A typical part of this wave structure is a pair of
quasi-stationary cyclonic gyres on the nightside (Showman & Polvani, 2010). The equator-
ward momentum feeds the superrotating jet (Showman & Polvani, 2011). The overturning
circulation is a dominant component of the dayside-to-nightside heat transport (Hammond &
Lewis, 2021).

Atmospheric circulation impacts the spatial and temporal distribution of chemical species and
other tracers such as clouds (e.g. Boutle et al., 2017; Komacek & Abbot, 2019; Sergeev et al.,
2020) and photochemical hazes (Parmentier et al., 2013; Steinrueck et al., 2021). On Earth,
the Brewer-Dobson circulation controls the large-scale distribution of chemical tracers such
as ozone (O3) and water vapour in the atmosphere (Brewer, 1949; Dobson, 1956; Butchart,
2014). Ozone formation is initiated by photochemistry through the Chapman mechanism
(Chapman, 1930), which is strongest at tropical latitudes. The Brewer-Dobson circulation
describes the ascent of ozone-rich air in the tropics, followed by equator-to-pole transport
and descending air motions at high latitudes, leading to meridional variations with a relatively
enhanced ozone layer at high latitudes. The production of 0zone depends on the presence of
molecular oxygen, which has been at a mole fraction of x0,=21% for the past ~0.5 Gyr but
was substantially less abundant for most of Earth’s history (e.g. Lyons et al., 2014). Oxygen
levels during the Proterozoic (2.4—0.54 Gyr ago) were likely between 0.01 and 0.001 times the
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present atmospheric level (PAL) (Lyons et al., 2014; Cooke et al., 2022). Decreasing oxygen
levels down to 0.001 PAL leads to a thinner ozone layer, from a present-day global average
ozone column density of 279 DU (DU: 1 DU=2.687 x 10** molecules m~2) to 66 DU for a
0.01 PAL case (Cooke et al., 2022). Nevertheless, the Brewer-Dobson circulation and the
associated meridional variability seem to persist (see Figure 4 in Cooke et al., 2022).

Proedrou and Hocke (2016) simulated a tidally-locked Earth using a 3D climate-chemistry
model (CCM), which consists of a GCM coupled to a photochemical network to study the
relation between (photo)chemistry, atmospheric dynamics and the thermal structure of the
atmosphere. They find a breakdown of the Brewer-Dobson circulation, and instead predict
that ozone accumulates on the nightside, where it has a long lifetime (Proedrou & Hocke,
2016). Carone et al. (2018) investigated stratospheric circulation on tidally-locked exoplan-
ets and the potential impact on the distribution of chemical species. For planets with short
orbital periods (<25 days), tropical Rossby waves can induce strong equatorial jets in the
stratosphere with pole-to-equator transport of airmasses (Carone et al., 2018). Chen et al.
(2019) showed the meridional distribution of ozone from CCM simulations, confirming that
this pole-to-equator circulation essentially confines photochemical species such as ozone to
the equatorial regions. The existence of extratropical Rossby waves or damping of tropical
Rossby waves prevents this equatorial confinement. Instead, a thermally-driven overturning
circulation can drive equator-to-pole transport of photochemical species (Carone et al., 2018;
Chen et al., 2019), leading to meridional structure with enhanced ozone at high latitudes. For
planets like Proxima Centauri b, Carone et al. (2018) find a relatively weak tropical Rossby
wave, with a thermally-driven equator-to-pole circulation existing in the stratosphere (see their
Figure 12). For such planets, the enhanced ozone abundances at high latitudes were later
also simulated by Chen et al. (2019).

The distribution of radiatively active species such as ozone impacts habitability (e.g. Ridg-
way et al., 2023), and will determine what spectroscopic observations of the planetary at-
mosphere will look like. For hot Jupiters, dayside-nightside variations in temperature and
chemical abundances (Nixon & Madhusudhan, 2022; Pluriel, 2023) and 3D transport-induced
quenching (Zamyatina et al., 2023) both affect the appearance of synthetic spectra. For rocky
planets, the spatial and temporal variation of water clouds causes variability in observations
(May et al., 2021; Cohen et al., 2023a). Moreover, spatial and temporal variability of gaseous
chemical species can manifest itself in spectroscopic variations over the orbital phase or ob-
serving geometry (Cooke et al., 2023b). Despite reporting a non-detection for the atmosphere,
the observation of TRAPPIST-1 b illustrates the capability of JWST to characterise Earth-size
exoplanets (Greene et al., 2023).
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For the exoplanets that have an atmosphere, we need to understand their 3D nature, including
circulation, clouds, and atmospheric chemistry, which motivates the application of 3D CCMs to
exoplanetary environments. Such simulations of synchronously rotating exoplanets predict a
significant zonal structure in the ozone layer for planets around M dwarfs like Proxima Centauri
b (as shown in Chapter 3, see also Yates et al., 2020) and haze distribution for hot Jupiters
(Parmentier et al., 2013; Steinrueck et al., 2021). Yates et al. (2020) found that ozone has
a much longer chemical lifetime on the nightside as compared to the dayside of M-dwarf
exoplanets. These long nightside lifetimes lead to the accumulation of ozone in the nightside
gyres, despite the absence of stellar radiation needed to initiate the relevant photochemistry.
This spatially variable ozone layer indicates a connection between the photochemically active
dayside regions and nightside gyres, which is currently not understood.

In this study, | aim to understand the dayside-nightside connection and identify the physical
and chemical mechanism that drives the spatially variable ozone layer on synchronously
rotating exoplanets around M-dwarf stars. | use a 3D CCM to investigate the spatial and
temporal structure of atmospheric ozone, in a configuration for Proxima Centauri b. In Sec-
tion 4.2, | briefly describe the CCM and introduce metrics used to diagnose atmospheric
circulation. This will be followed by a description of the ozone distribution and its relation to
atmospheric circulation in Section 4.3, mainly focusing on 1 PAL O, and then testing the
mechanism for a 0.01 PAL O, atmosphere. In Section 4.4, | identify a possible driver of the
circulation, investigate variability in our simulations and discuss the potential observability.
Finally, | present the conclusions of this study in Section 4.5.

4.2 Methods

This section starts with a description of the 3D coupled climate-chemistry model. This is fol-
lowed by the introduction of useful metrics to diagnose atmospheric circulation and its impact
on chemistry in Section 4.2.2. Finally, | summarize the experimental setup in Section 4.2.3.

4.2.1 Coupled Climate-Chemistry Model

The 3D CCM consists of the Met Office Unified Model (UM) as the GCM coupled with the
UK Chemistry and Aerosol framework (UKCA), in the configuration described in Chapter 2
and Section 3.2. UM-UKCA is used to simulate the atmospheric dynamics and chemistry
for Proxima Centauri b, but the results apply to other planets in similar orbits around M-dwarf
stars. Like for Chapter 3, | simulate an aquaplanet with 1 bar or 1000 hPa surface pressure and
use a horizontal resolution of 2° by 2.5° in latitude and longitude, respectively. The atmosphere
extends up to 85 km in 60 vertical levels. | assume that Proxima Centauri b is in a 1:1 resonant
orbit around its M-dwarf host star and use the orbital parameters as shown in Table 4.1. The
substellar point is located at 0° latitude (¢) and 0° longitude (A).
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Table 4.1: Orbital and planetary parameters for the Proxima Centauri b setup, following Boutle
et al. (2017).

Parameter Value
Semi-major axis (AU) 0.0485
Stellar Irradiance (W m~2) 881.7
Orbital Period (days) 11.186
Rotation rate (rad s™!) 6.501 x 107°
Eccentricity 0

Obliquity 0

Radius (Rg) 1.1

Surface gravity (m s~2) 10.9

The UM is used in the Global Atmosphere 7.0 configuration (Walters et al., 2019), including the
ENDGame dynamical core to solve the non-hydrostatic fully compressible deep-atmosphere
equations of motion (Wood et al., 2014). A detailed description can be found in Section 2.1.
Parametrized sub-grid processes include convection (mass-flux approach, based on Gregory
and Rowntree 1990), water cloud physics (Wilson et al., 2008), turbulent mixing (Lock et al.,
2000; Brown et al., 2008) and the generation of lightning as described in Chapter 3 (see also
Price & Rind, 1992; Luhar et al., 2021). The incoming stellar radiation for 0.5 nm to 5.5 um is
described by the v2.2 composite spectrum for Proxima Centauri from the MUSCLES spectral
survey (France et al., 2016; Loyd et al., 2016; Youngblood et al., 2016) and extended to 10 um
using the spectrum from Ribas et al. (2017). Radiative transfer through the atmosphere is
treated by the Suite of Community Radiative Transfer codes based on Edwards and Slingo
(SOCRATES) scheme (Edwards & Slingo, 1996). The UM is one of the leading models in
predicting the Earth’s weather and climate and has been adapted for the study of several
types of exoplanets, including terrestrial planets (e.g. Mayne et al., 2014a; Boutle et al., 2017;
Lewis et al., 2018; Eager et al., 2020; Yates et al., 2020; Ridgway et al., 2023, Chapter 3)
but also Mini-Neptunes (e.g. Drummond et al., 2018a) and hot Jupiters (e.g. Mayne et al.,
2014b, 2017). Furthermore, the UM was part of the TRAPPIST-1e Habitable Atmosphere
Intercomparison (THAI) project (Fauchez et al., 2021, 2022; Sergeev et al., 2022b; Turbet
et al., 2022).

| use UKCA to simulate the 3D atmospheric chemical composition, by including its description
of gas-phase chemistry and following the detailed descriptions of UKCA in Sections 2.2 and
3.2.2. UKCA is fully coupled to the UM for large-scale advection, convective transport and
boundary layer mixing of the chemical tracers (Morgenstern et al., 2009; O’Connor et al.,
2014; Archibald et al., 2020). The Fast-JX photolysis scheme is implemented within UKCA,
to calculate photolysis rates of chemical species in the atmosphere (Wild et al., 2000; Bian
& Prather, 2002; Neu et al., 2007; Telford et al., 2013). By taking into account the varying
optical depths of Rayleigh scattering, absorbing gases, and clouds from the UM, Fast-JX
provides an interactive treatment of photolysis in calculating the 3D distribution of chemical
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species in the atmosphere. | distribute the stellar flux from Proxima Centauri over the 18
wavelength bins of Fast-JX, as shown in Sections 2.2.2 and 3.2 (specifically Figure 3.1).
These fluxes are synchronised to the orbital distance of Proxima Centauri b which provides
an interactive calculation of photolysis rates over the planetary orbit. The chemistry included
is a reduced version of UKCA’s Stratospheric-Tropospheric scheme (StratTrop, Archibald
et al., 2020), including the Chapman mechanism of ozone formation, and the hydrogen oxide
(HOx=H+OH+HO;) and nitrogen oxide (NO,=NO+NOQO,) catalytic cycles. This results in 21
chemical species that are connected by 71 reactions, describing the main mechanisms that
control the abundance of ozone in an Earth-like atmospheric composition. A full list of species
and reactions can be found in Tables 2.1 and 2.2.

4.2.2 Metrics

The meridional circulation is diagnosed using the mean meridional mass streamfunction (in
kg s~!), which calculates the northward mass flux above pressure P:

27R P
p,, = RSP PCOS‘P/ 7P, (4.1)
8 0

with R, as the planetary radius, g as the gravitational acceleration and v as the zonal and
temporal mean of the northward velocity component at latitude ¢. Earlier studies using this
metric for synchronously rotating exoplanets (e.g. Merlis & Schneider, 2010; Edson et al.,
2011; Carone et al., 2015; Haqg-Misra & Kopparapu, 2015; Carone et al., 2018) showed 1)
the existence of tropospheric Hadley and Ferrel cells transporting heat and mass from the
equatorial to polar regions and 2) the impact of orbital configuration on the Brewer-Dobson
circulation in the stratosphere (Carone et al., 2018).

However, with the fixed substellar point of synchronously rotating planets, the mean meridi-
onal circulation varies depending on the position relative to the substellar point: for example,
the hemispheric mean meridional circulation can vary significantly between the dayside and
nightside. The zonal circulation is analogous to the Walker circulation cells on Earth, with
rising motion at the location of the heat source, followed by eastward and westward flow aloft
and, after descending on the nightside, a return flow along the surface back to the heat source
(Geisler, 1981). The mean zonal mass streamfunction can be used to calculate the eastward

2R, [P
g, — / idP, (4.2)
8 0

where iz is the meridional mean of the zonal velocity component. For slow rotators, the

mass flux above pressure P:

mean zonal circulation connects the substellar and antistellar points (Gill, 1980; Merlis &
Schneider, 2010; Edson et al., 2011; Heng et al., 2011; Showman & Polvani, 2011; Haqg-
Misra & Kopparapu, 2015; Hagg-Misra et al., 2018). The substellar-antistellar circulation also
consists of a cross-polar flow (Hagg-Misra & Kopparapu, 2015).
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Figure 4.1: Geographic coordinate system (a) showing latitude ¢ and longitude A, with the
substellar point (SP) located at (0°,0°). In the tidally-locked coordinate system, | use tidally-
locked latitude ¢’ and tidally-locked longitude A’. Panel b illustrates tidally-locked latitudes,
with the substellar point located at ¢’=90°, the terminator at ¢’=0°, and the nightside
corresponding to negative ¢’. Panel ¢ shows tidally-locked longitudes, illustrating how lines
of constant tidally-locked longitude connect the substellar and antistellar (AP) points. Figures
based on Koll and Abbot (2015).

As elaborated in Section 4.1, the total wind flow on synchronously rotating exoplanets consists
of several components. | perform a Helmholtz decomposition of the total wind flow, following
Hammond and Lewis (2021). This decomposes the total wind flow into its rotational, eddy ro-
tational, and divergent components. The divergent wind mainly drives the substellar-antistellar
overturning circulation (Hammond & Lewis, 2021; Sergeev et al., 2022b). Since the divergent
component is roughly isotropic around the substellar point, we can move from the usual
latitude-longitude or geographic coordinate system to a tidally-locked coordinate system (Koll
& Abbot, 2015; Hammond & Lewis, 2021). The transformation between geographic coordin-
ates and tidally-locked coordinates is illustrated in Figure 4.1. The tidally-locked latitude ¢’ is
measured as the angle from the terminator (at ¢’=0, see Figure 4.1b) and the tidally-locked
longitude A’ is the angle about the substellar point (see Figure 4.1c), with the geographic
North Pole located at (¢’,A’)=(0,0) in tidally-locked coordinates. The substellar point and
antistellar point correspond to ¢’=90° and —90°, respectively. In representing a sphere on
a 2-D plot, the geographic coordinate system stretches the poles and thereby emphasizes
meridional gradients (e.g. equator-to-pole temperature gradients). Meridional gradients are
especially pronounced when the axial rotation is substantially faster than the orbital rotation.
For synchronously rotating planets, the rotation periods are the same, giving the strongest
gradients between the substellar and antistellar points. Therefore, the tidally-locked coordinate
system stretches the substellar and antistellar points as the extrema in ¢’. As illustrated in
Figure 4.1c, every line of constant A’ corresponds to a line connecting the substellar point
and antistellar point, in every direction over the sphere. Hence, cross-polar flow in geographic
coordinates is automatically taken into account in the tidally-locked coordinate system and
was found to be an important contribution to the tropospheric dayside-to-nightside circulation
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(Hammond & Lewis, 2021). It was shown by Hammond and Lewis (2021) that integrating
the continuity equation in tidally-locked coordinates over A’ leads to the tidally-locked mean
meridional mass streamfunction:

27R PP
q;l’ﬂ: 7TPCOS¢/ VdP, (4.3)
g 0

where V' is the zonal mean of the meridional velocity component at tidally-locked latitude
¢’. In this system, the meridional mass streamfunction calculates the mass flux toward the
antistellar point (along lines of constant A’), connecting the substellar and antistellar points
whilst covering the whole planet.

To better identify the transport of ozone around the planet, | weight the stream functions using
the ozone mass mixing ratio (wo,), which is measured as the mass of ozone per unit mass of
air in a parcel. This gives us the ozone mass streamfunction:

1.0. = Py X Wos, (4.4)

m703

which can be applied generally using any of the streamfunctions in Equations 4.1, 4.2 or 4.3
to give the ozone-weighted meridional, zonal, or the tidally-locked meridional mass stream-
function.

In assessing the impact of atmospheric dynamics on chemical abundances, it is important to
make a comparison between the timescales of processes that can control the ozone abund-
ance. The dynamical lifetimes include the zonal (t,), meridional (7,), and vertical components
(7w), and are calculated following Drummond et al. (2018b):

L 27nR
T, =— = Ly (4.5)
u u
L R
6,=-="" (4.6)
v v
H
Ty = —, (4.7)
w

with L the relevant horizontal scale in terms of the planetary radius R,, and H the vertical

scale height. The zonal (u), meridional (v), and vertical (w) wind components are all in m sl

For the chemical lifetimes | use:
no,

Tchem =

where np, denotes the ozone number density (molecules m~—3) and R, the loss of ozone
(in molecules m—3 s~!) due to reaction x, following the dominant chemical reactions of Sec-
tion 3.3. Specifically, | use the termination reaction of the Chapman mechanism (Chapman,
1930):
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03 +O(3P) — 07 + 0y, (R1)
and the rate-limiting step of the dominant HO, catalytic cycle (Yates et al., 2020):
H02 + 03 —— OH + 202. (RZ)

A detailed overview of the chemical reactions in the chemical mechanisms can be found in
Section 3.3. | calculate the lifetimes for sets of gridpoints centred at four distinct locations in
the ozone distribution (see Figure 4.3), and subsequently take the meridional and zonal mean.
These locations cover the substellar point (10 latitudes x 8 longitudes = 80 grid points), the
nightside jet (10x7=70 points), and the two nightside gyres with 5x7=35 points each.

4.2.3 Experimental Setup

| use the final state of the ‘Chapman+HO,+NQO,’” simulation from Chapter 3 for the analysis.
The atmosphere was initialized at an Earth-like atmospheric composition, using pre-industrial
values of N,, O, and CO; (see also Boutle et al., 2017). Water vapour profiles are interactively
determined by evaporation from the slab ocean. The HO, and NO, species are initialized at
mass mixing ratios of 1072 and 1013, respectively. To test the results for an atmosphere
of lower oxygen content, | initialize a second simulation with 0.01 PAL O, and an increased
amount of N; to maintain a surface pressure of 1000 hPa. This decrease in oxygen is informed
by the fact that for most of Earth’s history, the atmosphere contained lower O, levels than we
presently see (Lyons et al., 2014).

| report results from these simulations as 600-day mean of the CCM output (equal to ~50
orbits of Proxima Centauri b) after spinning up to ensure the simulations have reached a
dynamical and chemical steady state. The dynamical steady state was determined by the
stabilisation of the surface temperature and radiative balance at the top of the atmosphere.
The chemical steady state was determined by the stabilisation of ozone as a long-lived
species, through the total column density and mole fraction yo,. In diagnosing the impact
of dynamical processes on the ozone distribution, parts of the spin-up period have also
been used to plot the evolution of chemically inert tracers (see e.g. Figure 4.7 below). The
analysis of temporal variability in Section 4.4.3 is based on a 6-day output over 900 days
of simulation after reaching a steady state, to ensure the inclusion of potential variability at
longer timescales.
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4.3 Results

In this section, | start with a brief description of the planetary climate and ozone layer, focusing
on the 1 PAL O, atmosphere. After that, | discuss the atmospheric circulation followed by its
impact on the distribution of ozone around the planet, elaborating on the stratospheric over-
turning circulation. | then perform a comparison of relevant lifetimes in the atmosphere and
investigate the implications of the stratospheric overturning circulation for lightning-induced
chemistry. | end with testing how a 0.01 PAL O, atmosphere affects the stratospheric over-
turning circulation and ozone distribution.

4.3.1 Planetary Climate and Atmospheric Ozone

The simulated climate of Proxima Centauri b is broadly similar to that described by Boutle
et al. (2017) and described in Section 3.3. Furthermore, the formation of an ozone layer under
quiescent stellar radiation is explained in detail by Yates et al. (2020) and in Section 3.3.
Here, | give a brief description of the details essential for this study. The simulated surface
temperature of Proxima Centauri b is shown in Figure 4.2, using a geographic coordinate
system in panel (a) and a tidally-locked coordinate system in panel (b). Both panels show the
dayside-to-nightside contrast characteristic of synchronous rotation, with dayside maxima in
surface temperature of up to 289 K and minima of 157 K over the nightside Rossby gyres.
Figure 4.2b demonstrates the usefulness of the tidally-locked coordinate system in identifying
the dayside-to-nightside contrasts, with the terminator located at ¢’=0°. The horizontal wind
vectors are shown at P~400 hPa, illustrating the tropospheric jet as well as the Rossby gyres
on the nightside. The dayside-to-nightside circulation is part of an overturning circulation
across multiple pressure levels that will be described in more detail in Section 4.3.2. At the
locations of the nightside Rossby gyres (Showman & Polvani, 2010), the coldest areas on
the planetary surface are found with air that is trapped and subject to radiative cooling. The
atmospheric pressure in the gyres is relatively low, like the eye of tropical cyclones (Schubert
et al., 2007). The gyres are relatively isolated from the rest of the hemisphere and their
edges act as mixing barriers (Vallis, 2017). The gyres are a general feature of slowly rotating
exoplanets in a synchronous orbit with a single equatorial jet in the troposphere (Sergeev
et al., 2022a).

| find a spatially variable distribution of ozone in Figure 4.3a, with a relatively thin dayside
ozone layer and accumulation of ozone on the nightside. Typical values for the vertically-
integrated ozone column densities on Earth are 200-400 DU, with lower values over the
equatorial regions and ozone hole and higher values over high-latitude regions (Eyring et al.,
2013). For synchronously rotating planets, most of the dayside ozone column density falls
within this range. The locations of the nightside Rossby gyres correspond to the maxima
in the thickness of the ozone column, reaching up to 1401 DU. The gyres are not fully
symmetric, evident from slightly different shapes and the average ozone columns: the area-
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Figure 4.2: Temporal mean surface temperature over 50 orbits of Proxima Centauri b, using
(a) the geographic coordinate system and (b) the tidally-locked coordinate system (Koll &
Abbot, 2015). The substellar point (SP) is transformed from (¢,4)=(0°,0°) in geographic
coordinates (white dot) to ¢’=90° in tidally-locked coordinates, as also shown in Figure 4.1.
Overplotted are the horizontal wind vectors at P~400 hPa, showing both the tropospheric jet
and the existence of the Rossby gyres on the nightside. The plots also show the location of

the antistellar point (AP).
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Figure 4.3: (a) Total ozone column density and (b) mole fraction x,, both taking means over
50 orbits of Proxima Centauri b. Both plots illustrate the spatially variable ozone layer with
accumulation at the locations of the nightside Rossby gyres (—60<¢’<0). The substellar and
antistellar point are denoted as SP and AP, respectively.
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weighted mean column density of the low-A’ gyre (for A’<70 and A’>320°) is equal to
626 DU and of the mid-A’ gyre (110<A’<220°) to 601 DU, both confined between tidally-
locked latitudes —60<¢’<0°. Figure 4.3b shows that the accumulation of ozone at the gyre
locations mostly occurs in the lower atmosphere, at pressure levels corresponding to the
troposphere (<100 hPa). The highest xo, are found between 10 and 0.1 hPa and form a
significant contribution to the planetary ozone layer, especially on the dayside.

The existence of such a spatially variable ozone layer depends on a complex interplay between
photochemistry and atmospheric dynamics and changes as a function of incoming stellar
radiation and planetary rotation state (Chen et al., 2019, 2021). The production mechan-
isms for atmospheric ozone are relatively well-understood and due to photochemistry: in
the presence of stellar radiation molecular oxygen will dissociate and form ozone through
the Chapman mechanism (Chapman, 1930). The 3D impact of M-dwarf radiation on the
Chapman mechanism has been explored by previous studies, both in quiescent (Yates et al.,
2020, Chapter 3) and flaring conditions (Ridgway et al., 2023). In all cases, an ozone layer
develops around the planet. As such exoplanets are likely to rotate synchronously around
their host star (Barnes, 2017), stellar radiation and the photochemical production of ozone are
limited to the planetary dayside. This is illustrated in Figure 4.4, showing the time-averaged
chemical tendency of ozone. The tendency denotes the balance between the production and
loss of ozone due to chemical processes. | find that ozone production mainly occurs on the
dayside and is particularly strong at high ¢’>45° (i.e., close to the substellar point), whereas
ozone production is practically absent at the locations of the nightside gyres (—60<¢’<0°)
and more generally the nightside troposphere (below ~100 hPa) and stratosphere (between
~100—-0.1 hPa). Hence, another mechanism must be driving the relatively enhanced ozone
abundances at the locations of the nightside Rossby gyres. In the upper atmosphere (above
~0.1 hPa), atomic oxygen is quickly advected to the nightside where it forms ozone and thus
gives net ozone production. The ozone is subsequently advected back to the dayside, where
it is destroyed by the photochemical loss processes that are particularly strong in these top
layers of the atmosphere.

4.3.2 Overturning Circulations

The relationship between the ozone distribution in Figure 4.3 and the global atmospheric cir-
culation becomes clear through the mass streamfunctions, as defined in Section 4.2.2. From
left to right, Figure 4.5 shows the mean meridional mass streamfunctions \¥,,, ¥, and ¥, 5,
that have been calculated from the divergent wind component. A positive streamfunction
(red contours) indicates clockwise circulation, and a negative streamfunction (blue) indicates

anticlockwise circulation.
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Figure 4.4: Meridional mean ozone chemical tendency (production-loss) in tidally-locked
coordinates, showing that ozone production is limited to the planet’'s dayside.
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Figure 4.5: Zonal mean meridional mass streamfunctions illustrating different aspects of
atmospheric circulation. Positive values (red) indicate clockwise and negative values (blue)
anticlockwise motion. (a) The meridional mass streamfunction in geographic coordinates
W¥,, (Equation 4.1) shows equator-to-pole stratospheric transport like the Brewer-Dobson
circulation. (b) The meridional mass streamfunction in tidally-locked coordinates ¥/, (Equa-
tion 4.3) shows an overturning dayside-to-nightside circulation including a strong stratospheric
component (above ~100 hPa). (c) The meridional ozone mass streamfunction lP;n,O3 (Equa-

tion 4.4) shows that this stratospheric component is significant in terms of transporting ozone
from the dayside to the nightside.
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From Figure 4.5a, | find strong poleward transport of air at tropospheric pressures (>100 hPa)
in a single thermally driven circulation cell (Merlis & Schneider, 2010; Edson et al., 2011).
Moving up into the stratosphere, | find stacked layers of clockwise and anticlockwise circu-
lation. The existence of poleward transport between ~50 and ~1.5 hPa indicates additional
thermally-driven circulation cells. These cells transport aerosols and chemical tracers such
as ozone from the equator to the poles through the stratosphere (Carone et al., 2018; Chen
et al., 2019). This equator-to-pole transport leads to an enhanced high latitude ozone layer on
the dayside in geographic coordinates, with mean ozone column densities of ~490 DU above
80° North and South as compared to a mean of ~290 DU between 10° North and 10° South
(see also Yates et al., 2020, Chapter 3). Since the stellar radiation at the poles is too weak to
initiate the photochemistry responsible for ozone production, this polar enhancement has to
be due to the poleward transport of ozone produced in the equatorial regions.

Moving to tidally-locked coordinates using ¥/, in Figure 4.5b, | find a single overturning
circulation cell that dominates the troposphere and transports air and heat from the dayside
towards the nightside. A weaker anticlockwise circulating cell is present between the anti-
stellar point and ¢’~—30°, induced by the temperature gradient between those two points.
The absence of anticlockwise motion when moving to lower pressure levels in Figure 4.5b
indicates that a connection between the tropospheric cell and the stratospheric circulation
exists. An overturning circulation covers essentially all of the stratosphere, connecting the
dayside and nightside. Air ascends in the ozone production regions (between 0.2 and 100 hPa,
see Figure 4.4) and moves through the stratosphere towards the nightside, where it subsides
at the locations of the nightside gyres and thus the locations of ozone accumulation as shown
in Figure 4.3.

To quantify the impact of this mass transport on the distribution of ozone, | calculate the tidally-
locked ozone-weighted mass streamfunction ‘I’,’ﬂ’03 (Equation 4.4) as shown in Figure 4.5¢c.
The ozone mass streamfunction demonstrates that the circulation of ozone through the strato-
sphere provides a significant contribution to the dayside-to-nightside transport. The downward
ozone transport at the ¢ of the Rossby gyres (—60<¢’<0°) indicates that this stratospheric
dayside-to-nightside circulation drives ozone-rich air into the Rossby gyres and thus leads to
ozone maxima on the nightside.

Figure 4.6 again shows ¥, o, now separated into 4 ranges of A'. Each of these A’ ranges
corresponds to a distinct feature of the ozone distribution in Figure 4.3a. Figure 4.6a shows
the A’-range that contains the low-A’ gyre (A'>320° and A'<70°), illustrating the dayside-to-
nightside transport of ozone-rich air, followed by descending motion at ¢’ corresponding to
the location of the Rossby gyres. The ozone is supplied from part of its production region (see
Figure 4.4) between pressures of 0.2 hPa and 20 hPa. Figure 4.6b shows the low-A’-range
that does not contain the gyres and instead includes the nightside-to-dayside component of
the equatorial jet. lP;n,O3 shows that there is a stratospheric clockwise circulation, but that this
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is separated from the lower parts of the atmosphere by an anticlockwise circulation at the ¢’
corresponding to the Rossby gyres and misses part of the ozone production regions between
10 and 100 hPa. Therefore, for 70<A’<110°, no ozone accumulation is found following the
stratospheric overturning circulation. Figure 4.6¢ again indicates dayside-to-nightside trans-
port of ozone-rich air, with ozone for the mid-A’ gyre (110<A’<220°) being supplied from the
ozone production regions between pressures of 0.2 hPa and 20 hPa. Lastly, Figure 4.6d shows
that in the final non-gyre range (220<A’<320°) there is a stratospheric overturning circulation
transporting ozone-rich air, but this circulation misses part of the ozone production region
between 0.3 and 10 hPa and is generally weaker than for the ranges containing the gyres.
Furthermore, the air that descends below ~10 hPa will meet the equatorial jet, leading to
chemical destruction of ozone (due to HOx-rich air from the dayside) or advection back to the
dayside followed by photochemical destruction. Therefore, this A’-range is not accumulating
ozone in the lower part of the atmosphere.

This interpretation of the atmospheric dynamics is supported by an age-of-air tracer experi-
ment. In Figure 4.7, | show the zonally-averaged time evolution of the age-of-air-tracer during
the model spin-up period. As a passive tracer, it is only affected by dynamical processes in
the UM, including both advection and convection. The age-of-air tracer is initialised at 0 s
and provides a measure of the amount of time that has passed since an air parcel was last
found in the lowest layers of the atmosphere (below ~2 km or 700 hPa). As such, the tracer
measures the time it takes a parcel to rise from these lowest layers into the stratosphere. The
tracer values are reset to 0 in the lowest layers at every model timestep. With the evolution of
the age-of-air tracer over ¢’ in Figure 4.7 | show that air rises over and around the substellar
point, already providing much younger air to the dayside troposphere (<15 km) after 10 days
of simulation. After 100 days, | find that most of the troposphere has been replenished with
much younger air, except for the nightside gyres between —60°<¢’<0°. This picture persists
after 500 days, showing that the age-of-air tracer in the nightside gyres is fed by older air
from the stratosphere. From this experiment, | conclude that the mechanism affects any long-
lived tracer, and thus might also be important for the distribution of photochemical hazes
(Steinrueck et al., 2021).

| conduct a similar experiment for the ozone tracer, after its constant initialisation at mass
mixing ratios of 10~°. Figure 4.8 shows the time evolution of the ozone number density,
which can be directly compared to Figure 4.3b. At the start of the simulation (t=1 day), ozone
is produced on the dayside hemisphere. After 10 days, the peak in ozone number density
has moved to higher altitudes, entering the stratosphere (above ~100 hPa). After 100 days
of simulation, the planetary ozone layer is seen forming in the stratosphere. The peak has
moved up again since the passage of radiation through the atmosphere becomes shorter with
more ozone. In the troposphere, the accumulation of ozone in the nightside gyres is visible.
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Figure 4.6: The zonal mean meridional ozone mass streamfunction ¥, . (Equation 4.4) in
tidally-locked coordinates, for ranges of tidally-locked longitude A’ as shown by the titles of
each of the four panels. Panels a and ¢ denote A’-ranges corresponding to the locations of
the ozone accumulation in the Rossby gyres, following the distribution of ozone in Figure 4.3.
The A’-ranges in panels b and d correspond to the regions containing the superrotating jet.

As such, panels a and ¢ map out the meridional extent of the transport of ozone-rich air to the
nightside.
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Figure 4.7: Age-of-air tracer during the spin-up of the simulation, showing the mean
meridional distribution in tidally-locked coordinates. As a passive tracer, it is only affected
by dynamical processes (advective and convective). As such, the age-of-air measures the
time it takes a parcel to rise from the lowest atmospheric layers (at ~2 km or 700 hPa) into the
stratosphere. The tracer values are reset to 0 in the lowest atmospheric layers at every model
timestep. | also show the tidally-locked latitudes corresponding to the nightside gyres in grey.
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Figure 4.8: Ozone mole fraction during the spin-up of the simulation, showing the mean
meridional distribution in tidally-locked coordinates. Similar to Figure 4.7, but now for a

chemically active species. | also show the tidally-locked latitudes corresponding to the
nightside gyres in grey.
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These abundances are similar to those in the lower stratosphere, and the contour levels bend
downwards at the gyre locations. This same distribution persists after 500 days, and way
beyond the spin-up period as shown in Figure 4.3b. This confirms that after ozone forms on
the dayside, the stratospheric circulation drives ozone to the nightside and into the gyres.

To further diagnose the nightside descent of ozone molecules into the gyres, we can define
the vertical flux of ozone across pressure or altitude levels as:

Pmin
Fo, = / (w-no, )dP, (4.9)

where w is the vertical wind velocity (m s~!) and no, the ozone number density in mo-
lecules m—3. Negative values correspond to downward transport and positive values to upward
transport of ozone. The integration between pressure levels P, and P,,;, is done to determine
the total flux exchange between the stratosphere and troposphere. Using the streamfunctions
in Figure 4.5 and the ozone distribution in Figure 4.3b, | determine that downward transport
between ~200 and 8 hPa drives the ozone accumulation. Figure 4.9 shows the vertical flux
of ozone, integrated over pressures between 190 and 8 hPa. Generally, | find a relatively
small but hemisphere-wide upward flux on the dayside. The nightside gyre locations stand
out with a relatively strong downward flux. Hence, the ozone that was produced in the stra-
tosphere will be transported downward into the troposphere at the gyre locations. Combining
the streamfunctions, the tracer evolution experiments and the vertical ozone flux, | find that
the stratospheric overturning circulation provides a connection between the ozone production
regions and the nightside gyres, leading to the accumulation of ozone in the latter. To the
author’s knowledge, this is the first time this connection has been reported.

4.3.3 Dynamical and Chemical Timescales

As outlined in Section 4.2.2, | extract the three wind components and reaction fluxes for
the Chapman termination reaction (R1) and rate-limiting step of the dominant HO catalytic
cycle (R2) to calculate dynamical (7,, 7,, and 7,) and chemical lifetimes (Tcuqp and Tyox)
around the planet. Figure 4.10 shows the different lifetimes at each of the four locations. From
Figure 4.10a | conclude that the dynamical lifetimes are shorter than the chemical lifetimes
at all four locations, indicating that dynamics can be an important driver of disequilibrium
abundances in this pressure range.

In Figure 4.10b | highlight the differences between 7, and 7,,, for the troposphere (<100 hPa)
and lower stratosphere (between 100 hPa and 10 hPa), by using the fraction 7, /1, Vertical
transport is the dominant process for 1, /1,,>1 (right of the vertical line) and horizontal trans-
port for 7, /7,,<1 (left of the vertical line). Around the substellar point (solid lines), | determine
that vertical mixing dominates the troposphere (t,/7,>1) and that zonal mixing (t,) starts
to take over for P>80 hPa. Above this pressure, chemical abundances at the substellar
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Figure 4.9: Vertical flux of ozone (Fo, in molecules m~2 s~!) between P,,,x=190 hPa and
P.i»=8.2 hPa. The predominantly downward exchange at the locations of the Rossby gyres
illustrates how the enhanced ozone column densities are driven by the downward motions
that are part of the stratospheric dayside-to-nightside circulation.

point can be spread out zonally towards the nightside, connecting with the ozone-producing
region that is part of the overturning circulation from Section 4.3.2. At the nightside location
of the jet, 7,/7,<1, and the zonal wind is capable of homogenising any vertically-driven
disequilibrium. The circumnavigating jet then leads to the relatively thin ozone column for
70°<A’<110° and 220°<A’<320° in Figure 4.3 (across all ¢’). At the locations of the night-
side gyres, Figure 4.10b shows that 7, and 7,, are intermittently the smallest, indicating that
both vertical and zonal mixing can drive disequilibrium abundances. However, as mentioned in
Section 4.3.2, the edges of the gyres act as mixing barriers. Hence, the zonal transport leads
to homogenisation within the gyres. Vertical mixing that is part of the overturning dayside-
to-nightside circulation is dominant between ~200 and 50 hPa at the gyre locations. This
vertical mixing drives the observed disequilibrium abundances of tropospheric ozone at the
gyre locations, and thus the maximum ozone column densities in Figure 4.3a.
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Figure 4.10: Dynamical and chemical lifetimes over four locations in the atmosphere: the
substellar point, two regions over the gyres and one region over the nightside jet. (a) 7,, 7, and
T,, denote the dynamical lifetime versus zonal, meridional, and vertical transport, respectively.
Tchap and Taox show the chemical lifetimes of ozone versus loss by the Chapman termination
reaction (R1) and the dominant HO catalytic cycle (R2), respectively. From the comparatively
long chemical lifetimes, | deduce that dynamical processes control the chemical abundances.
(b) The fraction of the zonal to vertical dynamical lifetimes in the lower stratosphere (between
100 hPa and 10 hPa) and troposphere (<100 hPa), along with a vertical line indicating
where they are equal (t,/7,=1). Vertical transport is the dominant process for 7,/7,,>1 and

horizontal transport for 7, /7, <1.
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Table 4.2: Species-weighted streamfunctions ‘me in kg s~! averaged over pressure levels
corresponding to the troposphere and stratosphere. Shown for ozone and lightning-induced
chemistry in the form of HNO3 and N;O:s.

‘P:n703 ‘P:mHNO3 \Prln,Nzos
Troposphere 9.70x10° 9.47x10~! 4.44x1072
Lower stratosphere  6.09x10° 6.07x10~3 1.50x1073

4.3.4 Lightning-induced Chemistry

The impact of the overturning circulation goes beyond the spatial distribution of ozone, as
is evident from the distribution of the age-of-air tracer as shown in Figure 4.7. Any tracer,
gaseous or non-gaseous phase, can continue to circulate as long as its chemical lifetime
exceeds the dynamical timescales. Hence, the overturning circulation is relevant for any so-
called long-lived atmospheric tracer. | performed similar analyses using the species-weighted
streamfunction as defined in Section 4.2.2 on the distributions of nitric acid (HNO3) and dinitro-
gen pentoxide (N,Os). Both of these species are signatures of lightning-induced chemistry in
these simulations as shown in Chapter 3. They are non-radical species with relatively long
chemical lifetimes and are mainly destroyed by photolysis and wet deposition (rainout). In the
dayside troposphere, the lifetimes against wet deposition are ~10~2—10? yr, while higher up
in the atmosphere the lifetimes against photolysis are ~10—10? yr. On the nightside, these
loss processes are absent and thus their chemical lifetimes approach infinity.

| calculate ¥}, yno, and ¥, .0, Similar to Equation 4.4, and calculate the mean of each of the
species-weighted streamfunctions over the troposphere (>10% hPa) and mid-to-lower strato-
sphere (1<P<10% hPa). The results are shown in Table 4.2. The circulation cells weighted by
HNO3 and N»Os are strongest in the troposphere, at ~0.95 and ~0.04 kg s~!, respectively,
because of the strong overturning circulation here (see Figure 4.5b). The troposphere is also
the region where lightning flashes are predicted to occur and thus where HNOs, N,Os, and
their precursors are produced (see Figure 3.12). The factor 10° and 107 difference with the
ozone-weighted streamfunction in Table 4.2 is a consequence of the much lower predicted
abundances of HNO3; and N,Os. Moving up to the stratosphere, | find that the ozone-weighted
streamfunction is similar to the streamfunction in the troposphere, providing the connection
to the nightside gyres. For HNO3 and N,Os, the streamfunction is ~30 and 150 times lower
in the stratosphere, due to low levels of stratospheric HNO3 and N,Os with the absence of
lightning-induced chemistry at those pressure levels. Because of the lack of stratospheric
HNO3; and N,Os, the overturning circulation will not be able to accumulate these species at
the locations of the nightside gyres (as is evident in the spatial distribution in Figure 3.13).
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Figure 4.11: Total ozone column density, over 50 orbits of Proxima Centauri b for the 0.01 PAL
O, case, again showing the spatially variable ozone layer with accumulation at the locations
of the nightside Rossby gyres (—60<¢’<0).

4.3.5 0.01 PAL O, Simulations

Figure 4.11 shows the ozone column density for a synchronously rotating planet around
Proxima Centauri, assuming the atmosphere has 0.01 PAL O,. | find lower ozone column
densities (global average of 20 DU) with decreased O; levels, agreeing with a reduced ozone
column for Earth around the Sun for decreased O, levels (Cooke et al., 2022). Nevertheless,
significant spatial variability and the accumulation of ozone in the nightside gyres are still
visible, similar to the 1 PAL case in Figure 4.3a. The highest ozone column densities of
63 DU are found at the gyre locations (as compared to 1401 DU in the 1 PAL case). The
similarity in the spatial variability to the 1 PAL O, atmosphere suggests the existence of a
similar circulation-driven mechanism.

To explore the capability of a 0.01 PAL O, atmosphere to support a stratospheric dayside-to-
nightside circulation, Figure 4.12 shows the time evolution of the ozone mole fraction during
part of the spin-up of this simulation. From day 1, ozone starts to form above 100 hPa, and
starts to circulate towards the nightside after 10 days. After 100 days, the ozone layer is
present between 40 and 3 hPa, and downward movement from the ozone layer at the gyre
locations is visible (—60°<¢’<0°). These features are even more pronounced on day 500,
and persist afterwards. The vertical distribution and its temporal evolution show that a similar
stratospheric dayside-to-nightside circulation followed by subsidence at the gyre locations
drives the ozone accumulation over the gyres. Further diagnosis of the mechanism using the
streamfunctions and vertical ozone flux (not shown) confirm this picture.
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Figure 4.12: Ozone mole fraction during the spin-up of the simulation for the 0.01 PAL O,
case, showing the mean meridional distribution in tidally-locked coordinates. | also show the
tidally-locked latitudes corresponding to the nightside gyres in grey, and can see that the
accumulation of ozone here happens in a similar way as in Figure 4.8.
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4.4 Discussion

In this section, | start by describing the driving mechanism for the overturning circulation. |
then show its impact on other long-lived tracers and discuss relevant temporal variability in
the atmospheres of synchronously rotating exoplanets. Lastly, | produce synthetic emission
spectra to investigate the observational impact of circulation-driven ozone chemistry.

4.4.1 Driving Mechanism of the Overturning Circulation

The tropospheric overturning circulation for moist, rocky exoplanets in a synchronous orbit is
driven by the absorption of incoming stellar radiation and latent heat release on the dayside,
and longwave radiative cooling on the nightside (e.g. Showman et al., 2013; Boutle et al.,
2017). Wang and Yang (2022) study dry, rocky planets rotating synchronously around an M-
dwarf star and find that the overturning circulation is indirectly driven by the stellar radiation,
in the form of nightside cooling by CO,. They find that an overturning circulation forms in
a N,-CO, atmosphere, but not in a pure N, atmosphere (Wang & Yang, 2022). Prescribed
CO; distributions from Wang and Yang (2022) show that shortwave (SW) absorption on the
planetary dayside only has a limited impact on the overturning circulation. CO, can cool an
atmosphere when it is found in layers exhibiting a temperature inversion (Wang & Yang, 2022).
Enhanced infrared emission from increasing CO, levels cools the Earth’s stratosphere (Luther
et al., 1977; Brasseur & Hitchman, 1988; Langematz et al., 2003; Shine et al., 2003; Fomichev
et al., 2007). On synchronously rotating planets, this can induce a downward motion on the
nightside that subsequently drives dayside-to-nightside overturning circulation.

Since | focus on the stratosphere, which is relatively dry even for a moist climate of a rocky
exoplanet in a synchronous orbit, | can build upon these results in identifying the driving
mechanism. The SW atmospheric heating rates in Figure 4.13a show that CO, (the green
line) acts as an important SW absorber on the dayside. The main absorber in the troposphere
is H,O, whereas CO, starts to become dominant above ~170 hPa. In line with Wang and Yang
(2022), | find that heating due to SW absorption by CO; plays a minor role in the troposphere.
However, in the stratosphere CO, absorption can become important because peak emissions
from M dwarfs are emitted at near-infrared (NIR) wavelengths, relatively long as compared to
other stars. CO, (and H,O) have strong NIR absorption bands (Selsis et al., 2007; Turbet et
al., 2016; Lobo et al., 2023), which explains why CO; is the dominant absorbing species above
~170 hPa, in contrast to ozone in the Earth’s stratosphere. As expected, the total dayside
heating rates (solid black line) greatly exceed the nightside values (dashed line), forming a
direct driver for the overturning circulation. Additionally, Figure 4.13b shows the longwave
(LW) heating rates, with negative values indicating cooling of the atmosphere. The black lines
show stronger LW cooling on the nightside as compared to the dayside. Again, CO; is mainly
responsible for these cooling rates, due to its presence in temperature inversion layers at ~100
and ~1 hPa. This radiative cooling on the nightside drives a large-scale downwelling which,
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Figure 4.13: Atmospheric heating (and cooling) rates, for (a) the SW radiation and (b) LW
radiation. Solid lines show the hemispheric average over the dayside and dashed lines over
the nightside. The coloured lines indicate the individual components contributing to the total
heating rates in black, showing that CO, (green) becomes the dominant contributor to the
dayside SW heating rates and that LW cooling is also mainly driven by COs.

together with SW heating on the dayside, supports the stratospheric overturning circulation
(Edson et al., 2011; Koll & Abbot, 2016; Wang & Yang, 2022), and can explain the ozone
maxima at the locations of the nightside gyres. The atmospheric pressure within the gyre
is relatively low, analogous to the eye of tropical cyclones (Schubert et al., 2007). Such a
pressure gradient naturally induces downward transport at the gyre locations. An important
follow-up to this study is to investigate the ozone distribution for a variety of rotation states (see
e.g. Carone et al., 2018; Haqg-Misra et al., 2018; Chen et al., 2019) in light of the circulation-
driven chemistry proposed here.

4.4.2 Long-lived Atmospheric Tracers

The stratospheric dayside-to-nightside circulation affects other tracers than ozone, as | show
with the results for the age-of-air in Section 4.3.2 and the lightning-induced species in Sec-
tion 4.3.4. In the presence of stellar flares, Ridgway et al. (2023) show that the gyres are
depleted in ozone (see their Figure 12). This can also be explained by the stratospheric over-
turning circulation, since flare-induced chemistry will result in a large amount of nitric oxide
(NO) and nitrogen dioxide (NO,) (together known as the NO, chemical family) at stratospheric
levels (Ridgway et al., 2023). This NOy can follow the stratospheric overturning circulation
from the dayside to the nightside. Once on the nightside, it can be transported downward
at the location of the gyres and locally deplete the ozone through the NOx catalytic cycle
(Ridgway et al., 2023), given that flares produce sufficient NOx.
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The impact of the overturning circulation on the distribution of ozone has analogies with
studies that simulate tracers in the atmospheres of synchronously rotating hot Jupiters. Par-
mentier et al. (2013) identified dynamical mixing in hot Jupiter atmospheres as a process
leading to cold trapping of condensible species on the planetary nightside. Their experiments
involve gravitational settling as a source of these condensed particles, which leads to a
gradient of tracer abundance, with fewer particles as we move up through the atmosphere.
Upward mixing induced by the large-scale dynamics balances the settling of these particles,
preventing the complete depletion of particles and inducing a strong spatial variation in the
tracer abundances. The extent of the mechanism depends on the strength of frictional drag
(Komacek et al., 2019). The mechanism does not require convection but follows the large-
scale atmospheric motions that are ultimately driven by the dayside-nightside heating contrast
(Parmentier et al., 2013), as is the case for the circulation-driven ozone distribution discussed
here. Another example of a long-lived tracer is photochemical haze, which is also expected
to form at stratospheric altitudes (e.g. Arney et al., 2017) and, for synchronously rotating
exoplanets, only on the dayside of a planet (e.g. Steinrueck et al., 2021). Steinrueck et al.
(2021) show that the 3D distribution of small photochemical hazes (<10 nm) in hot Jupiter
atmospheres is also driven by dynamical mixing. The highest tracer abundances are found
above the production peak, indicating upwelling on the dayside. Then a divergent flow leads
to transport towards the poles and the nightside. On the nightside, the haze particles are then
advected downward and get trapped in the mid-latitude gyres (Steinrueck et al., 2021). These
dynamically-induced asymmetries can produce distinctions between a planet’s terminator
regions, as shown for hot Jupiters (Drummond et al., 2020; Steinrueck et al., 2021; Zamyatina
et al., 2023). Following up on the results presented here, we will investigate the potential
terminator variability of the circulation-driven ozone distribution and its observability.

4.4.3 Time Variability

Besides spatial variability in tracer distributions, simulations of synchronously rotating exo-
planets exhibit several modes of temporal variability. The formation of the Rossby gyres is
due to the thermal forcing asymmetries (Showman & Polvani, 2010, 2011). Cohen et al.
(2023a) show that these gyres oscillate over longitude A, with the extent depending on the
planet’s rotation period and thus dynamical state. Planets with a slower rotation rate have
longer oscillation periods, resulting in a 157.5-day oscillation for Proxima Centauri b, which
was determined from the temporal evolution of the cloud cover (Cohen et al., 2023a). Using a
dynamical systems approach, Hochman et al. (2022) compare TRAPPIST-1e in a synchron-
ous orbit to Earth and find that the climate extremes on a synchronously rotating exoplanet
are more sensitive to changes in the partial pressure of CO,.
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Since the stellar spectra are constant in time and the planet rotates in a 1:1 resonant orbit
without eccentricity and/or obliquity, such variability has to be produced by internal atmo-
spheric variability. Cohen et al. (2023a) show that feedback between cloud cover and the
incoming stellar radiation can influence the dynamics and drive zonal movement of the gyres,
leading to variations in humidity and cloud cover over time. The accumulation of ozone (Fig-
ure 4.3) depends on the gyres so we can expect a corresponding variation in atmospheric
ozone. To verify this, in Figure 4.14 | track the temporal evolution of the tidally-locked coordin-
ates corresponding to the maximum in the ozone layer and the minimum in the vertical flux of
ozone (Fo,, thus corresponding to the strongest downward flux). Figure 4.14a shows ¢’ and
Figure 4.14b A’ corresponding to these extrema, and the approximate extents of the gyres are
indicated in yellow. The locations of the maximum ozone column density and minimum vertical
flux are not perfectly aligned, because the maximum ozone column density corresponds to a
long-term mean location of the gyre and thus depends on vertical fluxes over an extended
period. The minimum vertical flux represents a snapshot in time and is also impacted by the
upward flux from the gyre (see the red regions in Figure 4.9). From Figure 4.14a, | determine
that the maximum ozone column density is generally found at ¢’ corresponding to the gyre
locations, with a small meridional variation over time. The minimum Fo, shows more variability
in tidally-locked latitude, but the strongest downward flux is generally also located at the gyre
locations. In Figure 4.14b, the variations in the tidally-locked longitude A’ over time are visible.
The low-A’ gyre typically hosts the maximum ozone column, but there are periods when the
mid-A’ gyre hosts the maximum ozone column. The variations in the minimum Fo, broadly
align with the maximum in the ozone column density, following the gyre position that has the
maximum ozone column at that time. The location of minimum Fo, shows more variability due
to its instantaneous nature.

| translate the temporal variability into simulated observables using the Planetary Spectrum
Generator (PSG: Villanueva et al., 2018; Villanueva et al., 2022). To simulate an emission
spectrum that includes half the planetary dayside and half the nightside, | extract the atmo-
spheric pressure and temperature and mole fractions of relevant chemical species (N, Oo,
CO;,, HyO, O3, N;O, HNO3 and N;Os) for these locations, take the zonal and meridional
averages and compute radiative transfer with PSG. In Figure 4.15 | show the resulting planet-
to-star contrast for the JWST-MIRI wavelength range, along with a zoom-in that focuses on
the ozone 9.6 um feature. Using extrema in the gyre positions over time from Figure 4.14, |
simulate the emission spectra of Proxima Centauri b for different 6-day intervals and indicate
the maximum day in the legend of Figure 4.15. | find variations around the ozone features
at 9.6 um and between 14-16 um (due to absorption by CO,, H,O, and ozone). Hence, the
region around 9.6 um is the place to look for ozone variability. Focusing on the region around
9.6 um shows that the maximum temporal variations are about 0.5 ppm. Spectroscopic
characterisation of these absorption features to the level needed to identify these temporal
variations is challenging, as detecting the features themselves would already require many
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Figure 4.14: Temporal evolution of the locations of extremes in the ozone column density
(see Figure 4.3) and vertical ozone flux Fo, as defined in Equation 4.9. | extract the tidally-
locked latitude ¢’ and longitude A’ corresponding to the maximum ozone column density
(shown as the green dots) and the minimum Fo, (or the strongest downward flux, shown as
the blue hexagons), to look for correlations between the two. Panels a and b show the temporal
evolution of ¢’ and A/, respectively, and the yellow rectangles indicate the gyre locations.
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Figure 4.15: Simulated emission spectra of Proxima Centauri b, for a range of 6-day intervals
informed by extrema in the gyre locations (Figure 4.14). The legend shows the maximum day
corresponding to each of the 6-day intervals. The inset region shows the region corresponding
to the 9.6 um ozone feature in greater detail.

days of co-added observations (Kreidberg & Loeb, 2016). However, the recent photometric
observations of the thermal emission from TRAPPIST-1 b with JWST indicate the telescope’s
capacity to observe favourable terrestrial exoplanets (Greene et al., 2023). Mission concepts
such as the Large Interferometer For Exoplanets (Quanz et al., 2022) further utilise the mid-
infrared in the characterisation of terrestrial exoplanets and will have to consider the impact of
3D spatial and temporal variability in atmospheric dynamics and chemistry.

The hot Jupiter simulations of passive tracers by Parmentier et al. (2013) also exhibit signi-
ficant temporal variability. Oscillations in the equatorial jet and variations in the dayside-to-
nightside flow produce large local variations, which could again impact the spectroscopic ob-
servations of the planets, both when conducting extended observations and when observing
the same object at two different points in time.

Another mode of variability in the atmospheres of exoplanets in synchronous orbits around M
dwarfs is the Longitudinally Asymmetric Stratospheric wind Oscillation (LASO; Cohen et al.,
2022). Since this entails a stratospheric turnover of wind directions, it could be relevant for
stratospheric ozone. Analysing ozone mole fractions over time, | find variations in the ozone
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mole fractions above ~30 km (or ~3.5 hPa) as a consequence of the LASO. However, these
variations occur higher up in the atmosphere than the overturning circulation feeding the gyres
and thus do not affect the gyre abundances significantly. Hochman et al. (2022) investigate
atmospheric dynamics, atmospheric variability and climate extremes using a dynamical sys-
tems approach. As compared to an Earth analogue, they find significantly different spatial
variability in the climate extremes for TRAPPIST-1 e, assuming it is synchronously rotating.
Varying basic parameters like the partial pressure of CO,, Hochman et al. (2022) find that the
climate and climate extremes on TRAPPIST-1e are more sensitive than the Earth analogue.
Importantly, climate variability on synchronously rotating exoplanets may be of a similar level
as the variability produced by the seasons on Earth (Hochman et al., 2022), which seems to
be supported by the findings on variability in the ozone column densities. Variations in ozone
column densities of up to 8 DU on the dayside and as much as 30 DU close to the gyres
on the nightside are seen, corresponding to their zonal movement as shown in Figure 4.14.
Tropospheric ozone over the Earth’s northern midlatitudes shows a seasonal variability of 7—
8 DU, related to stratosphere-troposphere exchange (Hsu & Prather, 2009). A comprehensive
comparison is beyond the scope of this paper, but | plan to explore this further as part of an
in-depth investigation of the observability of the circulation-driven ozone distribution.

External drivers of variability in exoplanet atmospheres can also drive temporal variations in
spectral features. Stellar flares are a likely cause for planets orbiting M-dwarf stars, and can
modulate the abundance of photochemically produced species such as ozone, HOy, and NOy
(Segura et al., 2010; Scheucher et al., 2018; Chen et al., 2021; Ridgway et al., 2023). Orbital
configuration, in particular the eccentricity, can cause variations in the abundance of chemical
species over time, as Liu et al. (2023) showed for the water vapour abundance on an Earth-
like planet. | leave an expansion of circulation-driven atmospheric chemistry in eccentric orbits
for future work. In compact multiplanet systems, planet-planet interactions may produce spin-
orbit variations that cause libration of the substellar point (Chen et al., 2023). This libration
strongly affects the climate of planets orbiting close to the outer edge of the Habitable Zone
and may bring temporal variations in photo- and thermochemistry along. Lastly, impacts of
planetesimals can cause loss of atmospheric mass (Schlichting & Mukhopadhyay, 2018) and
thereby affect the extent of spectral features. Identifying the effects of each of these external
drivers will benefit from understanding internal drivers of atmospheric variability, and vice
versa.
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4.5 Conclusions

| use a 3D CCM (UM-UKCA) to study the spatial structure of the ozone layer on an exoplanet
rotating in a 1:1 spin-orbit resonance around an M-dwarf star, using the parameters corres-
ponding to Proxima Centauri b. The results are relevant for similar M-dwarf orbiting planets,
specifically for slowly rotating planets with a strong overturning circulation and a single equat-
orial jet in the troposphere. | investigate the spatial variability in the ozone layer and specifically
the accumulation in two nightside ozone maxima, in the form of maximum ozone columns at
the locations of the permanent Rossby gyres. This work builds upon previous studies that
have shown that M-dwarf radiation supports the emergence of a global ozone layer.

| show that stratospheric dayside-to-nightside circulation and downward motion over low-
pressure nightside gyres can explain the spatial variability in ozone. The photochemistry
required to initiate the Chapman mechanism of ozone formation is limited to the dayside
hemisphere, given the absence of incoming stellar radiation on the nightside. | find a con-
nection between the ozone production regions on the dayside and the nightside hemisphere,
using the transformation to the tidally-locked coordinate system. Meridional streamfunctions
that | calculate from the divergent wind component illustrate the existence of a stratospheric
dayside-to-nightside overturning circulation. This circulation consists of a single circulation cell
characterized by upwelling motion in the ozone production regions, followed by stratospheric
dayside-to-nightside transport and downwelling motions at the locations of the nightside gyres.
The downwelling motion produces a flux of ozone from the stratosphere into the troposphere,
leading to well-defined maxima in the ozone distribution. | find that the stratospheric dayside-
to-nightside circulation controls the ozone distribution for both a 1 PAL O, and a 0.01 PAL
O, atmosphere. The circulation-driven ozone chemistry impacts spectroscopic observations,
although the impact of temporal variability is limited to sub-ppm levels in emission specitra.

By investigating the impact of the stratospheric overturning circulation on lightning-induced
chemical species (also limited to dayside production, but solely in the troposphere), | explain
why these species do not show a similar accumulation in the nightside gyres. | show with an
age-of-air tracer experiment that the stratospheric overturning circulation also affects other
tracer species in the stratosphere, including gaseous chemical tracers and particulate com-
ponents of photochemical haze, with the only requirement that the dynamical lifetimes are
sufficiently short compared to chemical timescales.

| identify hemispheric contrasts in atmospheric heating and cooling rates as the driver for
the overturning circulation. Dayside heating can directly drive the overturning circulation, and
nightside cooling provides an indirect component by inducing local downward motion. The
relatively low atmospheric pressure over the nightside gyres further induces downward motion
here. Since the stratosphere is relatively dry, CO, absorption is the main contributor to these
heating and cooling rates. Ozone absorption also contributes to the rates, but its contribution
is weaker than CO, since M-dwarf fluxes peak close to absorption bands of COs.
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For the first time, | find a connection between the ozone-producing dayside of synchronously
rotating planets and the simulated ozone maxima on the nightside, covering hemispheric
scales and multiple vertical levels in the stratosphere and troposphere. The role of the stra-
tospheric dayside-to-nightside circulation in driving the ozone distribution around the planet
illustrates the necessity of 3D model to capture atmospheric processes correctly. Any robust
interpretation of spectroscopic observations will need to understand the spatial and temporal
variability of chemical species due to such circulation-driven chemistry.



Chapter 5

Observational signatures of 3D
atmospheric chemistry for Earth-like
exoplanets in spin-orbit resonances.

This Chapter will be submitted for publication as:

Observational signatures of 3D atmospheric chemistry for Earth-like exoplanets in
spin-orbit resonances.

Marrick Braam, Paul I. Palmer, Leen Decin, Nathan J. Mayne, James Manners, Sarah Rugheimer

Author contributions: Marrick Braam conceived the science question, performed the simu-
lations and analyses, and wrote the manuscript. Paul Palmer and Leen Decin contributed via
regular discussions and advice and provided feedback on the manuscript. Nathan Mayne and
James Manners contributed to the development of the model. Sarah Rugheimer contributed
to the analysis of the TRAPPIST-1 d climate state. All co-authors provided feedback to the
manuscript.

5.1 Introduction

Exoplanet discoveries cover diverse stellar, orbital, and planetary characteristics. Exoplanets
are easier to characterise with current observatories around relatively cool stars such as
M- and K-type stars, because of observational advantages (Charbonneau & Deming, 2007)
and the high occurrence rates of such stars and planets orbiting them (Bochanski et al.,
2010; Petigura et al., 2013; Dressing & Charbonneau, 2015). Due to their relatively low
luminosity, the circumstellar Habitable Zone (HZ) — the region in which liquid water can exist
on a planetary surface (Kasting et al., 1993) — is located close to the star. Consequently,
a planet orbiting in the HZ will experience a differential gravitational field inducing strong
tidal torques in the planet. The torques affect the planet’s rotational angular momentum until
a specific frequency is reached in a process called tidal locking (Goldreich & Peale, 1966;
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Stephen H Dole, 1970; Barnes, 2017; Pierrehumbert & Hammond, 2019). These frequencies
are known as spin-orbit resonances akin to Solar System examples like the Moon’s 1:1 spin-
orbit resonance around the Earth and Mercury’s 3:2 spin-orbit resonance around the Sun.
Barnes (2017) find that tidal locking is possible for planets around M-, K-, and G-type stars
but might also be a consequence of planet-planet interactions in a multiplanet system.

The timescales associated with tidal locking are short compared to planetary lifetimes (Goldreich
& Peale, 1966; Pierrehumbert & Hammond, 2019) for close-in exoplanets, as shown in Fig-
ure 1.3. The final state following the process of tidal locking depends on a planet’s eccentricity
e (Goldreich & Peale, 1966; Dobrovolskis, 2007; Pierrehumbert & Hammond, 2019): a 1:1
spin-orbit resonance or synchronous rotation is the most likely state for planets with ¢<0.2,
a 3:2 spin-orbit resonance is most likely for 0.2<e¢<0.35. The resulting planetary climates
for these two resonances are markedly distinct (e.g. Turbet et al., 2016; Boutle et al., 2017).
Higher-order resonances such as 2:1 are possible for planets with ¢=0.4, but the climatic
consequences are more subtle. 1:1 spin-orbit resonances lead to a permanent dayside and
nightside hemisphere whereas each hemisphere in a 3:2 resonance alternately experiences
daytime for a full orbit followed by nighttime for a full orbit.

To explore the habitability of such planetary environments, 3-D General Circulation Models are
employed to simulate the main physical processes in a planetary atmosphere and to predict
the resulting climate. For planets in 1:1 resonances, these show large temperature differ-
ences between the dayside and nightside hemisphere, although atmospheric heat transport
can prevent atmospheric collapse (Joshi et al., 1997). The atmospheric circulation of such
exoplanets are likely to exhibit distinct regimes depending on a planet’s rotation rate, radius,
and atmospheric composition (e.g. Merlis & Schneider, 2010; Edson et al., 2011; Carone
et al., 2014, 2015, 2016; Kopparapu et al., 2017; Noda et al., 2017; Haqg-Misra et al., 2018),
and the regimes are summarized in figure 1 of Carone et al. (2018). The circulation regimes
can be diagnosed intuitively using the Rossby deformation radius (determining the maximum
extent of zonal overturning circulation) and Rhines length (determining the maximum extent
of zonally elongated turbulent structures) (Hagg-Misra et al., 2018). In this study, | consider
two distinct circulation regimes:

. The first regime exhibits weak superrotation with a single equatorial jet, planetary-scale
turbulent structures, and mainly shows zonal gradients in atmospheric quantities like
temperature. This ‘Rhines rotator’ regime (Haqqg-Misra et al., 2018), also known as “Type
Il circulation’ (Noda et al., 2017), and the ‘single jet’ regime (Sergeev et al., 2022a).

. The second regime exhibits superrotation in a pair of midlatitude jets and and mainly
shows meridional gradients in atmospheric quantities like temperature. This is the ‘“fast
rotator’ regime (Hagg-Misra et al., 2018), also known as ‘Type IV circulation’ (Noda
et al., 2017), and the ‘double jet’ regime (Sergeev et al., 2022a).
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Sergeev et al. (2022a) show that a single planet close to a regime transition in terms of its
rotation rate can also exhibit different circulation regimes, depending on the initial conditions
and model parameterisations.

A 3:2 resonance results in a changing daytime hemisphere for the planet and exhibits meridi-
onal gradients in atmospheric quantities, such as large equator-to-pole differences in temper-
ature that exceed the zonal gradients (Turbet et al., 2016; Boutle et al., 2017; Del Genio et al.,
2019). Therefore, Del Genio et al. (2019) suggest that — at least in the absence of eccentricity
— the circulation is more like that of a slowly rotating Earth (see also Del Genio & Suozzo,
1987), with a meridional circulation of one Hadley cell per hemisphere and westward jets
over the midlatitudes. Including eccentricity will cause an irradiation pattern and associated
heating concentrated in two hot spots, one for each hemisphere (Dobrovolskis, 2015; Boutle
et al., 2017; Colose et al., 2021). Additionally, an eccentric orbit will produce an increase of
the mean stellar flux over one orbit as compared to the circular case (Williams & Pollard,
2002; Dressing et al., 2010; Bolmont et al., 2016). Spin-orbit resonances may affect the inner
edge of the HZ, as defined by the moist greenhouse limit of the maximum stratospheric
water vapour abundances to retain the Earth’s oceans (Ingersoll, 1969; Kasting, 1988) or
the Simpson-Nakajima limit in outgoing longwave radiation (Simpson, 1928; Nakajima et al.,
1992; Goldblatt et al., 2013; Chaverot et al., 2022). However, Colose et al. (2021) find that
higher-order resonances have little effect on the inner edge since warming of the planet is
accompanied by a drier stratosphere.

For both resonance states, the interplay between atmospheric dynamics, chemistry, and ther-
modynamics will control the distribution of atmospheric tracers such as clouds and chemical
species. Previous work has shown that the distribution of clouds depends on the rotation rate
and circulation regime of 1:1 resonant planets (e.g. Komacek & Abbot, 2019; Sergeev et al.,
2022a), affecting the planetary climate (Yang et al., 2013; Yang & Abbot, 2014; Kopparapu
et al., 2016). Convective clouds cover the dayside of 1:1 resonant planet with zonal variations
and a much thinner nightside cloud deck (see figure 3 of Boutle et al., 2017). For 3:2 resonant
planets, the cloud cover follows the hot spots in temperature and shows banded structures
with meridional variations and a relatively thin high-latitude cloud deck (see figure 10 of Boutle
et al., 2017).

The circulation mechanisms also affects the distributions of chemical species for 1:1 resonant
planets as shown by simulations using 3D coupled climate-chemistry models or CCMs (see
Chapter 3, also Chen et al., 2019, 2021; Ridgway et al., 2023). Even though the production
of photochemical species like ozone or lightning-induced chemistry is limited to the dayside,
in Chapter 4 | demonstrate that a stratospheric dayside-to-nightside circulation can drive the
accumulation of such species on the nightside. Interactive chemistry for a 3:2 resonant orbit
has not yet been investigated but, given the meridional gradients in temperature and more
Earth-like circulation discussed above, we might expect a mechanism similar to the Brewer-
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Dobson circulation, which controls the distributions of species like ozone and water vapour
on Earth (e.g. Brewer, 1949; Dobson, 1956; Butchart, 2014). The Brewer-Dobson circulation
describes the ascent of chemically enriched air in the tropics, followed by equator-to-pole
transport in the stratosphere, and finally descent at higher latitudes. In the case of radiatively
active tracers — like clouds, ozone, or water vapour — such circulation mechanisms and the
resulting spatial distributions in turn affect the thermal structure of a planetary atmosphere,
depending on the spectral energy distribution of the host star (see e.g. Godolt et al., 2015).
In turn, such radiative feedbacks can affect the dynamical state of the atmosphere (Hochman
et al., 2023; De Luca et al., 2024)

The complex 3D interplay between stellar radiation, planetary orbit, atmospheric dynamics,
and (photo)chemistry determines the planetary climate and habitability as well as potential
spectroscopic observations. In emission, reflection, or transmission, each of these obser-
vations will be affected by 3D spatial variations (Turbet et al., 2016; Boutle et al., 2017;
Cooke et al., 2023b). Additionally, a range of temporal variations are predicted by CCM
simulations of 1:1 resonant planets and affect observations, including seasonal variations
(Cooke et al., 2023b), internal atmospheric variability (see Chapter 4; also Cohen et al.,
2022, 2023a; De Luca et al., 2024), or variability due to external causes such as flares
or cosmic rays (Segura et al.,, 2010; Scheucher et al., 2018; Chen et al., 2021; Ridgway
et al., 2023). The passage through periastron and apoastron for a planet in an eccentric 3:2
resonant orbit might be another mode of thermal and chemical variation with observational
consequences. Emission spectroscopy is particularly useful since 1) it probes the pressure-
temperature structure of the atmosphere (Madhusudhan & Seager, 2009), 2) observes a
planetary hemisphere at all times, 3) can be done for most of the orbit, and 4) are less
impacted by clouds (e.g. Kitzmann et al., 2011).

In this study, | have investigated the 3D interplay between stellar radiation, atmospheric dy-
namics, and (photo)chemistry for two tidally locked planets around M-stars — nominally Prox-
ima Centauri b (Anglada-Escudé et al., 2016) and TRAPPIST-1 d (Gillon et al., 2017) — sim-
ulating both a 1:1 and 3:2 spin-orbit resonance. These exoplanets receive different amounts
of stellar radiation and are known to exhibit distinct circulation regimes for a 1:1 resonant
orbit, which | will compare with the effects of an eccentric 3:2 resonant orbit. In Section 5.2
| describe the CCM configurations, the calculation of stellar radiation in an eccentric orbit,
planetary configurations, and the generation of emission spectra. | report the findings on the
orbital effects on 3D atmospheric chemistry in Section 5.3. This Section will also present
the observational consequences of spatial and temporal variations in atmospheric chemistry.
Finally, | will put the results of this Chapter into context and provide the main conclusions in
Section 5.4.
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5.2 Methods

This Section begins with an introducion of the 3D CCM. | then describe the main character-
istics of both planet configurations (Section 5.2.2) and the general simulation setups (Sec-
tion 5.2.3). Finally, Section 5.2.4 elaborates on the generation of emission and transmission
spectra from the 3D CCM data.

5.2.1 Coupled Climate-Chemistry Model

The 3D CCM consists of the Met Office Unified Model (UM) as the GCM coupled with the UK
Chemistry and Aerosol framework (UKCA), as described in Chapter 2. UM-UKCA is used to
describe the atmospheric dynamics and chemistry for configurations of Proxima Centauri b
and TRAPPIST-1 d. For both cases, | assume an aquaplanet with 1 bar surface pressure and
use a horizontal resolution of 2 by 2.5° in latitude and longitude, like in Chapters 3 and 4.

The UM is used in the Global Atmosphere 7.0 configuration (Walters et al., 2019), including the
ENDGAME dynamical core to solve the equations of motion (Wood et al., 2014). Parametrized
sub-grid processes include convection (mass-flux based on Gregory and Rowntree 1990),
water cloud physics (Wilson et al., 2008), turbulent mixing (Lock et al., 2000; Brown et al.,
2008) and the emergence of lightning (Price & Rind, 1992; Luhar et al., 2021, see also
Chapter 3). Radiative transfer through the atmosphere is treated by the Suite of Community
Radiative Transfer codes based on Edwards and Slingo (SOCRATES) scheme (Edwards &
Slingo, 1996). The UM is a state-of-the-art model for the prediction of Earth’s weather and
climate and was in recent years adapted to the study of several types of exoplanets, including
terrestrial planets (e.g. Mayne et al., 2014a; Boutle et al., 2017; Lewis et al., 2018; Eager
et al., 2020; Yates et al., 2020) but also Mini-Neptunes (e.g. Drummond et al., 2018a) and hot
Jupiters (e.g. Mayne et al., 2014b, 2017). Furthermore, the UM was part of the Trappist-1 e
Habitable Atmosphere Intercomparison (THAI) project (Fauchez et al., 2022; Sergeev et al.,
2022b; Turbet et al., 2022).

The incoming stellar radiation and its passage through the atmosphere as well as the pho-
tolysis rates of chemical species will change over time with a dependence on the orbital
parameters. The inclusion of positional astronomy within SOCRATES (Edwards & Slingo,
1996; Manners et al., 2021) and UKCA/Fast-JX is based on the description in Smart (1944)
and Mueller (1995). As described in Section 2.1.2, the orbital parameters of the planetary
system are used to calculate the varying stellar zenith angle ({) and normally incoming stellar
radiation at the top of the atmosphere (S7o4). In turn, the model calculates the incoming stellar
radiation S at any location as:

S(t) = Sroa(t) x cos(). (5.1)

The equation of time (Mueller, 1995) corrects for the variable length of day due to the eccentric
orbits of Proxima Centauri b and TRAPPIST-1 d in a 3:2 resonance.
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UKCA is used to simulate the global atmospheric chemical composition and its coupled
interaction with the climate and its main components are described in Section 2.2. UKCA
includes gas-phase chemistry and uses the UM for large-scale advection, convective transport
and boundary layer mixing of the chemical tracers (Morgenstern et al., 2009; O’Connor et al.,
2014; Archibald et al., 2020). Additionally, the Fast-JX photolysis scheme is implemented
within UKCA, calculating photolysis rates of chemical species in the atmosphere (Wild et
al., 2000; Bian & Prather, 2002; Neu et al., 2007; Telford et al., 2013). Fast-JX uses multi-
scattering eight-stream radiative transfer — taking into account the varying optical depths of
Rayleigh scattering, absorbing gases, clouds, and aerosols — to provide an interactive treat-
ment of photolysis in calculating the 3D distribution of chemical species in the atmosphere.
Fast-JX was adapted to enhance its flexibility in terms of stellar radiation in Section 3.2.3. |
distribute the stellar flux over the 18 wavelength bins of Fast-JX (covering 177-850 nm), as
illustrated in Figures 2.2 and 3.1. During the CCM simulations, | rescale these fluxes to the
orbital evolution of a planet, interactively calculating photolysis rates over the planetary orbit.
The chemistry included is a reduced version of UKCA’s Stratospheric-Tropospheric scheme
(StratTrop, Archibald et al., 2020), including the Chapman mechanism of ozone formation,
and the hydrogen oxide (HOy) and nitrogen oxide (NOy) catalytic cycles. This results in 21
chemical species that are connected by 71 reactions, as elaborated in Section 2.2.5. The
atmospheres are initialized at an Earth-like atmospheric composition, using pre-industrial
values of N, O,, and CO,. Water vapour abundances are determined interactively following
evaporation from the surface ocean. The atmospheric chemistry is driven by photolysis and
the atmospheric thermal structure. Additionally, lightning flashes provide a source of nitrogen
oxide to drive the NOy catalytic cycle, as described in Section 3.2.4.

5.2.2 Planet Configurations

Tidal interactions between the planet and its host star or other planets in the system can
change a planet’s spin state and orbital eccentricity. This is especially significant for the M-
dwarf orbiting planets such as Proxima Centauri b and TRAPPIST-1 d (Shields et al., 2016).
For these planets, | configure CCM simulations for two distinct orbital setups to investigate
the coupled 3D evolution of the climate and atmospheric chemistry, as shown in Table 5.1.
The 1:1 spin-orbit resonant cases represent synchronous rotation resulting in a permanent
dayside and nightside hemisphere for a planet and are the most likely orbital states for ¢<0.2
(Goldreich & Peale, 1966; Dobrovolskis, 2007). For an eccentricity of ~0.3, there is a 55%
chance that the planet orbits in a 3:2 spin-orbit resonance (Dobrovolskis, 2007). Therefore, |
also simulate Proxima Centauri b and TRAPPIST-1 d in a 3:2 spin-orbit resonance with e=0.3.
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Proxima Centauri b is the nearest known exoplanet to the Solar System orbiting at 0.0485 AU
around its M5.5V host star, and was detected by the radial velocity method (Anglada-Escudé
et al., 2016). For Proxima Centauri b, the configurations as shown in Table 5.1 are based on
those of Boutle et al. (2017) and Chapter 3, with the same stellar irradiance and a spectral en-
ergy distribution from the v2.2 composite spectrum for Proxima Centauri from the MUSCLES
spectral survey (France et al., 2016; Loyd et al., 2016; Youngblood et al., 2016). Since the
planet is non-transiting, we only have a lower limit on the planet mass of Msin(i)=1.27 Mg,
(Anglada-Escudé et al., 2016), later refined to 1.07 Mg, (Faria et al., 2022). Following Turbet
et al. (2016), | assume a mass of 1.4 Mg, and use Earth’s density (5.5 g cm~3) to calculate
a radius of 1.1 Ry and surface gravity of 10.9 m s~2. For Proxima Centauri b, | simulate the
atmosphere up to an altitude of 85 km (Yates et al., 2020, see also Chapter 3.2), to include
stratospheric photochemistry. | use the relation with the scale height H to translate the altitude
into a top-of-the-atmosphere pressure Proa of:

Proa = Pye i = Pye '#7° = 9.8 x 10~ hPa, (5.2)

using Py=1,000 hPa, m~4.81 x 10726 for an Earth-like atmosphere, g=10.9 m s72,and T=200 K
or H=5,266 m. Given pressures ranges of the Earth’s troposphere (1000-100 hPa), strato-
sphere (100—1 hPa), and mesosphere (1-10~2 hPa), | ensure the inclusion of all three layers,
important for ozone chemistry (e.g. Seinfeld & Pandis, 2016).

The TRAPPIST-1 (M8V star) system was detected by Gillon et al. (2017) using the transit
method. The luminosity of the host star is equal to 5.53x10~* L., (Ducrot et al., 2020; Agol
et al., 2021) and the spectral energy distribution is specified in the v2.3 composite spectrum
from the Mega-MUSCLES survey as shown in Wilson et al. (2021). Both are rescaled to
the orbit of planet d during the simulation. Planet d orbits around its star in 4.050 days on
a semi-major axis of 0.02227 AU (Agol et al., 2021) near the inner edge of the liquid water
Habitable Zone (Turbet et al., 2018). Its density and gravity are lower than Earth’s at 4.4 g
cm~3 and 6.12 m s~2, respectively. The lower gravity increases the atmospheric scale height
to 9,379 m. Rewriting Equation 5.2 to solve for z at the top-of-the-atmosphere for TRAPPIST-
1 d, | find that a model top of 150 km is needed to include the same pressure levels as the
simulations for Proxima Centauri b. However, in this case simulations were unstable (likely due
to very strong high-altitude winds). A model top of 120 km (Ptoa=3 x 10~ hPa according
to Equation 5.2) results in stable simulations and still probes stratospheric processes, in
particular photochemistry.

| deliberately simulate Proxima Centauri b and TRAPPIST-1 d in this study. For a 1:1 spin-
orbit resonance, Proxima Centauri b falls into the Rhines rotator regime and TRAPPIST-1 d
into the fast rotator regime, as described in Section 5.1 (see also Carone et al., 2018; Haqg-
Misra et al., 2018). | simulate both circulation regimes to probe the effects on atmospheric
chemistry using the parameters in the first and third column of Table 5.1.
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Table 5.1: Orbital and planetary parameters for the setups for Proxima Centauri b (PCb) and
TRAPPIST-1 d (T1d).

Parameter PCb 1:1 PCb 3:2 T1d 1:1 \ T1d 3:2
Semi-major axis (AU) 0.0485 0.02227
Stellar luminosity (L, 1.52x1073 4.32x1074
Irradiance at 1 AU (W m~2) 2.074 0.588
Orbital Period (days) 11.186 4.050
Radius (Rz) 1.1 0.788
Surface gravity (m s~2) 10.9 6.12
Rotation rate (rad s~ ') 6.501 x 1070 | 9.7517 x 1076 | 1.7958 x 107> | 2.6937 x 107
Eccentricity 0 0.3 0 0.3
Obliquity 0 0 0 0
Model top (km) 85 85 120 120

Using Equation 2.15, the stellar luminosity of 5.53x10~* L., for TRAPPIST-1 (Ducrot et
al., 2020; Agol et al., 2021) can be converted to an irradiance of 1518 W m~2 at the or-
bital distance of TRAPPIST-1 d. This irradiance exceeds what Earth receives from the Sun
(1361 W m~2) and induces a runaway greenhouse state within 1060 days, as also reported
by Wolf (2017) and Turbet et al. (2020). For the aim of investigating 3D effects on the atmo-
spheric chemistry for this planet in the fast rotator regime, | artificially reduce the luminosity
of TRAPPIST-1 by ~22% to 4.32x10~* L, resulting in a reduced irradiance for TRAPPIST-1
d of 1186 W m~2. Figure 5.1 compares the climatic evolution between the reduced irradiance
(T1d reduced Stoa) and true irradiance (T1d true Stoa) simulations of TRAPPIST-1 dina 1:1
spin-orbit resonance. The runaway climate state for the true irradiance is visible in multiple
diagnostics from the simulation. The global mean surface temperature in panel a increases
by 60 K in the first 1060 days and panel b shows that a radiative disbalance of 64 W m~2 is
left for the true irradiance setup after these 1060 days. The reduced irradiance at TRAPPIST-1
d results in global temperatures that are 45 K lower and reaches radiative balance after about
2000 days. The true irradiance simulation also reaches the Simpson-Nakajima limit in outgo-
ing radiation of 282 W m~2 (Simpson, 1928; Nakajima et al., 1992; Goldblatt & Watson, 2012),
as shown by the black dashed line in panel c. The vertically integrated water vapour column
density (hereafter H,O(g) column) in panel d increases substantially to 2.3x 10 molec m—>
and stratospheric water vapour mixing ratios exceed the threshold for a runaway greenhouse
(Kasting, 1988). For the reduced irradiance at TRAPPIST-1 d | find a global mean water vapour
column ten times smaller and mixing ratios well below the runaway limit. Hence, the artificial
reduction of the irradiance of TRAPPIST-1 d prevents a runaway greenhouse effect and will

be used in the remainder of this study.



5.2. Methods 120

a b c
(a) (b) 751 (c)
3401 o 340
| | _ ]
330 g 30 N
2 5] € 320
320 ~
c =
< o 0fofa i = 300+
= 3101 E=] =
E 3 = 280
3 o _ ] v ————— -
3001 g g
290 § —501 5 2607
z 5
] < _—751 O 2404
280 8 75
270 —1001 220
0 750 1500 2250 3000 0 750 1500 2250 3000 0 750 1500 2250 3000
time (days) time (days) time (days)
(d) le28 (e)
10725
2.0 ©
< = T e
€ o
3 151 V 1074
° % T1d reduced Stoa
§ 1.0 f_:) 107 T1d true STOA
8 z 10—6
o =
o~
T 05 gv 107
0.01 10—8,
0 750 1500 2250 3000 0 750 1500 2250 3000
time (days) time (days)

Figure 5.1: Temporal evolution of global mean climatological diagnostics, including (a) the
surface temperature, (b) the balance between incoming and outgoing radiation at the top-of-
the-atmosphere, (c) the outgoing radiation, (d) the vertically integrated water vapour column
density, and (e) the stratospheric water vapour mixing ratios. The results are shown for
TRAPPIST-1 d receiving an irradiance of 1186 W m~2 (T1d reduced Stoa) and 1518 W m—2
(T1d true Stoa). The dotted black line in panel b indicates radiative balance. The dashed black
line in panel ¢ shows the Simpson-Nakajima limit in outgoing longwave radiation for a runaway
greenhouse effect according to Goldblatt and Watson (2012) and the dashed black line in
panel e the threshold in stratospheric water vapour abundances following Kasting (1988).
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Current radial velocity measurements of Proxima Centauri b indicate upper limits on the
eccentricity of 0.35 (Anglada-Escudé et al., 2016) and 0.29 (Jenkins et al., 2019), with a likely
value of 0.25 (Brown, 2017). Given this eccentricity the planet might orbit in a 3:2 spin-orbit
resonance (Dobrovolskis, 2007). To study the impact of this higher resonance on the climate,
habitability, and atmospheric chemistry, | configure the planet with an increased rotation rate
that covers 1.57 radian in one orbital period (see the PCb 3:2 case in Table 5.1). Due to the
eccentricity, the planet’s distance from the host star varies between 0.046-0.0485 AU.

Planet-planet interactions can induce eccentricities in multiplanet systems (e.g. Barnes, 2017).
The planets around TRAPPIST-1 orbit in a tightly packed resonant chain and all have eccent-
ricities <0.1 (Gillon et al., 2017; Luger et al., 2017; Grimm et al., 2018). However, studies of
the tidal dynamics in the TRAPPIST-1 system indicate that planets d, e, and f may have been
captured in 3:2 resonance during their evolution (Makarov et al., 2018). Additionally, planets
similar to TRAPPIST-1 d in terms of the host star and circulation regime may exist in a 3:2
spin-orbit resonance. Therefore, | also configure TRAPPIST-1 d in a 3:2 resonant orbit with an
increased rotation rate and eccentricity of 0.3 (see the T1d 3:2 case in Table 5.1). The planet’s
distance from the host star varies between 0.0213-0.0223 AU. Generally, the results apply to
similar exoplanets in terms of the host star, orbital configuration, atmospheric composition,
and circulation regime.

5.2.3 Simulation Setups

| spin up each of the models from the initial atmospheric state as defined in Section 5.2.1 to a
steady state, determined by a slope approaching zero in the time evolution of key atmospheric
variables. The stabilisation of the surface temperature and radiative balance at the top of the
atmosphere determine the dynamical steady state that takes about 2,000 Earth days (here-
after, just days). Using ozone as a long-lived species (with chemical lifetimes of >25 years,
see Section 4.3.3), the chemical steady state was determined by stabilisation of the ozone
column density and mole fraction (the amount of ozone compared to total amount of air),
and takes about 4,000 days. After the spin-up and an additional 2,000-3,000 days, | use 600
days of simulation for the 1:1 resonant cases (corresponding to 50 and 150 orbits for Proxima
Centauri b and TRAPPIST-1 d, respectively) to determine the climatologies and steady state
conditions. | use 120 days of daily output for the analysis of the 3:2 resonant orbits. For all
setups, | also use the first 1,000 simulation days to diagnose the atmospheric circulation and
its effect on 3D distributions of atmospheric tracers. Lastly, | use daily outputs of the steady
states for each case to produce emission spectra at different timesteps, as described in the
next section.
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5.2.4 Planetary Spectrum Generator

| use the NASA Planetary Spectrum Generator (PSG: Villanueva et al., 2018; Villanueva
et al., 2022), an online radiative transfer tool, to explore the effect of 3D spatial variations in
atmospheric properties on emission spectra. The PSG GlobES' 3D mapping tool translates
the simulated 3D data into synthetic spectra. | include CCM output for 3D distributions of
temperature, pressure, water clouds, ice clouds, and gaseous chemical compounds H,0O, Os,
NO, NO;, N,O, HNO3. Additionally, | take constant vertical abundance profiles of N, O,
and CO; into account, following the CCM assumptions (see Section 5.2.1). The application
of GlobES follows Fauchez et al. (2022), based on publicly available scripts designed for the
UM?2 that were complemented to also handle output from the UM-UKCA framework 3. Since
emission spectra are affected by the whole observed disk of the planet, PSG weights the
projected area of each latitude-longitude bin and uses a layer-by-layer pseudo-spherical ray-
tracing algorithm to perform the radiative transfer calculations across the whole disk. The
spectra from each latitude-longitude bin are then combined into one observed spectrum,
taking the observing geometry into account. The full details of these calculations can be
found in Villanueva et al. (2022). Molecular absorptions are taken from the latest HITRAN
database updates (Gordon et al., 2022). The radiative transfer also accounts for collision-
induced absorption (CIA) by CO,-CO,, H,0O-H,0O, H,O-N;, and N;-N; pairs and for aerosol
properties following Mie theory.

From an observer’s perspective, the observed hemisphere and thus the 3D distribution of
atmospheric properties change as a planet moves through its orbit (see e.g. Olson et al.,
2018), depending both on the orbital phase and inclination. Therefore, the combined time-
dependence of the CCM simulations and the orbital phase angle of the planet is an important
factor in generating synthetic observables. For Proxima Centauri b, the orbital inclination is
unknown. Kane et al. (2017) address the dependent mass and inclination of Proxima Centauri
b and determine that the planet is ~85% likely to be terrestrial, corresponding to a relatively
high inclination (through the M sin(i)=1.27 Mg, dependence). For a mass of about 1.4 Mg
| then deduce an inclination of 70° for the generation of emission spectra, implying that the
orbit is not fully face-on but that we can nevertheless probe a planetary disk throughout the
full orbital phase.

From the CCM simulations, | take the instantaneous output on a daily basis for 12 days to
cover a full orbit of synthetic emission spectra. Given Proxima Centauri b’s orbital period of
11.186 days, | cover the orbit in phase angle steps of 32.1831° per day. The orbital phase
angles corresponding to the 12 simulation days are shown in Table 5.2. | use the same phase
angles to cover one orbit for the 3:2 resonance, but since the planet no longer rotates syn-

1. https://psg.gsfc.nasa.gov/apps/globes.php
2. https://github.com/nasapsg/globes
3. https://github.com/marrickb/eccent_3dchem_PSJ
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Table 5.2: Orbital phase angles to cover a full orbit for Proxima Centauri b in a 1:1 and 3:2
resonant orbit. For the 3:2 resonance, the substellar point changes as a function of time as
specified by the substellar longitude.

Days | Phase angle (°) | Substellar longitude 3:2 (°)
1 102.94 0

2 135.12 16.09
3 167.31 32.18
4 199.49 48.27
5 231.67 64.36
6 263.85 80.45
7 296.04 96.54
8 328.22 112.63
9 0.40 128.72
10 32.59 144.81
11 64.77 160.90
12 96.95 176.99

chronously, the substellar longitude also changes as a function of time. For a 3:2 resonance,
this corresponds to a shift of 180 ° per orbit or 180° per day, so that the daytime hemisphere
changes for every orbit. Therefore, a stellar day would technically take 22.4 days, but the
variations are covered in only 12 days. The substellar longitude for all 12 days is also shown
in Table 5.2. Both the phase angles and substellar longitude are given to PSG to calculate the
emission spectra.

TRAPPIST-1 d has tight constraints on an orbital inclination of 89.75°, indicating practically
an edge-on orbit (Gillon et al., 2017). Hence, we can observe transmission spectra during
the primary transit and emission spectra when the planet is out of transit, and most easily
when the planet is furthest away from the star (around orbital phase angles of 90 and 270°).
Given TRAPPIST-1 d's orbital period of 4.050 days, the planet orbital rotation corresponds
to 88.889° per day. To probe temporal variations in the emission spectra generated from 3D
data, | again take the instantaneous output from the CCM simulation. | calculate emission
spectra every two days, since this corresponds out-of-transit days with small variations in the
exact orbital phase angle due to the 177° shift every two days. The exact phase angles are
shown in Table 5.3. | cover 6 orbits (or 12 phase angles) around the host star in days 0—-22
and add another orbit with days 36 and 38 since these are closest to phase angles 90 and
270°, producing a total of 14 emission spectra. Additionally, | simulate transmission spectra
during two transits (on day 37 and day 118) to probe variability between these. The results for
TRAPPIST-1 d in a 3:2 resonance will not be translated into simulated emission spectra, as
the atmosphere is unstable due to a runaway greenhouse (see Section 5.3).
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Table 5.3: Orbital phase angles to simulate emission spectra for seven orbits and transmission
spectra during two different transits for TRAPPIST-1 d in a 1:1 resonance.

Emission

Days | Phase angle (°)
0 130.00
2 307.78
4 125.56
6 303.33
8 121.11
10 298.89
12 116.67
14 294.44
16 112.22
18 290.90
20 107.78
22 285.55
36 90.00
38 267.77
Transmission
37 178.89
118 178.89

5.3 Results

| first compare the planetary climates and resulting ozone distributions for the four simulations
in Sections 5.3.1 and 5.3.2. | identify the dominant chemical processes in the simulations
in Section 5.3.3, before discussing the time evolution of the 3:2 resonant case. Each sim-
ulation has a distinct interplay with atmospheric circulation that | describe in Section 5.3.5.
In Section 5.3.6, | present simulated observables based on my 3D simulations. For the true
irradiance that TRAPPIST-1 d receives, the planet will transition into a runaway greenhouse
state (see Section 5.2.2) and thus the results are not necessarily valid for TRAPPIST-1 d as
we currently know it. Nevertheless, the 3D distributions and dominant circulation mechanisms
apply more generally to planets that receive a slightly lower irradiance but are similar in terms
of the host star, orbital configuration, atmospheric composition, and circulation regime.

5.3.1 Planetary Climates

The planetary climate for a 1:1 resonant Proxima Centauri b with an Earth-like atmospheric
composition has been investigated extensively (e.g. Turbet et al., 2016; Boutle et al., 2017),
focusing on the dayside-nightside distinctions. For the sake of the discussion and for the com-
parison with TRAPPIST-1 d, | show the temporal mean distribution of the surface temperature
from the CCM simulations in Figure 5.2. The global mean temperature is 229 K and goes from
as low as 156 K in the nightside gyres (see also Section 4.3) up to a maximum of 288 K. Taking
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means for the dayside and nightside hemisphere, | find a hemispheric difference of 67 K. The
distribution looks similar to that of Turbet et al. (2016) and Boutle et al. (2017). Importantly,
the wind vectors indicate the single equatorial jet that characterises the circulation regime of
Proxima Centauri b (see e.g. Carone et al., 2018).

TRAPPIST-1 d orbits closer to its host star, leading to generally warmer surface temperatures
with a global mean of 289 K. The nightside minima are 255 K and the temperature peaks close
to the substellar point at 318 K. The white lines show that most of the dayside and about half
of the nightside hemisphere are above the freezing point of water (273.15 K), as compared
to just ~45% of Proxima Centauri b’s dayside hemisphere. The circulation of TRAPPIST-1
d is dominated by two midlatitude jets. Comparing both planets, Proxima Centauri b mainly
indicates a zonal gradient in temperature whereas TRAPPIST-1 d shows a meridional gradient
in temperature. This also leads to a reduced dayside-nightside hemispheric difference of 19 K
for TRAPPIST-1 d.

When simulating both planets in a 3:2 spin-orbit resonance, the substellar point is no longer
fixed. Instead, the substellar point shifts by 180° for every orbit around the star. Figure 5.3
shows how the 3:2 resonance impacts the surface temperature for Proxima Centauri b. The
planet has two warm regions, one centred at 0° and one at 180° longitude. Hemispheric
differences in temperature between the 0° and 180° hemisphere are only 5 K (Figure 5.3a)
and —4 K (Figure 5.3b) depending on the timestep, indicating the enhanced homogeneity
across the planet as compared to the 1:1 resonant planets. | show the surface temperature
for daytime on the 0° hemisphere in Figure 5.3a and for daytime on the 180° hemisphere in
Figure 5.3b. Both timesteps go from a minimum of 217 K to maximum 298 K, with a global
mean surface temperature of 270 K, a 17% increase compared to the 1:1 resonance. The
general warming in moving from the 1:1 to the 3:2 resonance is also evident from the white
contour lines showing that about half of each hemisphere is above the freezing point of water.

The warming effect of the 3:2 resonance is even more pronounced for TRAPPIST-1 d, for
which | show temporal averages for days 40—80 and 5600-5640 in Figures 5.4a and 5.4b,
respectively. During days 40-80, only the poles are below the freezing point of water and the
global mean temperature has risen to 294 K. Two relatively hot regions are still distinguishable
centred at 0° and 180° longitude. During days 5600-5640 the temperature of TRAPPIST-1 d
globally exceeds the freezing point of water with a mean of 333 K (a 15% increase compared
to the 1:1 resonance). After this period, the model becomes unstable.

To diagnose the instability, | plot the time evolution of the global mean surface temperature
along with the H,O(g) column in Figure 5.5. The H,O(g) column steadily increases with the
increased surface temperature, due to a shifted balance of more evaporation of surface water
versus condensation in the atmosphere. The 15% increase in temperature compared to the
1:1 resonance (denoted by the triangles) is accompanied by a six-fold increase in the H,O(g)
column. The continuous increase in water vapour will induce further greenhouse warming
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Figure 5.2: Temporal mean surface temperature over 600 days for (a) Proxima Centauri b
and (b) TRAPPIST-1 d, both orbiting in a 1:1 spin-orbit resonance. The substellar point (SP)
is located at (¢,A)=(0°,0°). Overplotted are the horizontal wind vectors at P~250 hPa and
75 hPa, showing both the equatorial jet for Proxima Centauri b and the two mid-latitude jets
for TRAPPIST-1 d. The white contour lines indicate surface temperatures of 273.15 K, and
therefore the regions that can sustain liquid water.
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Figure 5.3: Mean surface temperature for Proxima Centauri b in a 3:2 resonance for (a)
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through the strong mid-infrared absorption by water vapour, which in turn drives a stronger
shift towards more evaporation, and this process will continue iteratively causing TRAPPIST-
1 d in a 3:2 spin-orbit resonance to reach the moist greenhouse limit (e.g. Simpson, 1928;
Nakajima et al., 1992; Goldblatt et al., 2013; Chaverot et al., 2022). Since the model has
failed to reach a steady state, | will not describe the atmospheric chemistry in further detail for
the case of TRAPPIST-1 d in a 3:2 resonance.

5.3.2 Ozone Columns

In Figure 5.6a | show the vertically integrated ozone column density (hereafter ozone column)
for Proxima Centauri b, which also shows zonal variations in line with the surface temperature
distribution in Figure 5.2a. The global mean ozone column is 387 DU (1 DU=2.687 x 10** mo-
lecules m~2), ranging from a minimum dayside value of 262 DU to a maximum of 1466 DU at
the location of the nightside gyres. The 3D distribution is driven by a stratospheric dayside-to-
nightside circulation, as shown in Chapter 4.

The simulation of TRAPPIST-1 d instead shows meridional variations in the ozone column
(Figure 5.6b), with a relatively small equatorial ozone column (minimum of 33 DU) and a
maximum column of 110 DU at high latitudes. The global average is 47 DU, much lower
than Proxima Centauri b due to a different incoming stellar flux distribution driving photolysis
and due to ozone destruction processes that will be further discussed in Section 5.3.3. The
spatial distribution is similar to the global distribution of the ozone column on Earth, despite a
difference in magnitude (Earth’s ozone ranges from 200-500 DU). This indicates a change in
stratospheric circulation driving the 3D ozone distribution as compared to Proxima Centauri
b, which | will further investigate in Section 5.3.5.

Proxima Centauri b in a 3:2 resonance also exhibits meridional variations in the ozone column
as shown in Figure 5.7, again qualitatively matching the gradients in surface temperature.
Comparing Figures 5.7a and 5.7b, the smallest ozone column is found on the dayside hemi-
sphere, which is at 0° and 180° in Figures 5.7a and 5.7b, respectively. Both timesteps have a
global mean ozone column of 773 DU, but vary in their minima of 625 DU (a) and 610 DU (b)
and maxima of 1157 DU (a) and 1137 DU (b). Compared to the 1:1 resonant orbit, Proxima
Centauri b in a 3:2 resonance shows a much smaller spread in ozone column values, along
with an increased global mean. This indicates that there is more homogeneity across the
planet for a 3:2 resonance. The spatial distribution of the ozone column is circulation-driven,
as | will show in Section 5.3.5. However, the 3:2 resonant orbit induces variability that is visible
in the global extrema of both timesteps and, when comparing Figures 5.7a and 5.7b, on each
hemisphere separately. | will further explore this variability in Section 5.3.4.
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Figure 5.4: Temporal mean surface temperature for TRAPPIST-1 d in a 3:2 resonance for
(a) days 40-80 and (b) 5600-5640. In panel (a) the changing dayside hemisphere in a 3:2
resonance is visible with two hotspots centred at longitudes 0 and 180°, but panel (b) shows
that the global surface warms significantly over the course of the simulation.
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Figure 5.5: Temporal evolution of the surface temperature (red) and vertically integrated
column of water vapour (blue) for TRAPPIST-1 d in a 3:2 resonance. Both the surface
temperature and water vapour column keep increasing, indicating that the planet approaches
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Figure 5.6: Mean over 600 days of the vertically integrated ozone column density for (a)
Proxima Centauri b and (b) TRAPPIST-1 d, both orbiting in a 1:1 spin-orbit resonance.
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Figure 5.7: Mean vertically integrated ozone column density for Proxima Centauri b in a 3:2
resonance for (a) daytime on the 0° hemisphere and (b) daytime on the 180° hemisphere.
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5.3.3 Comparing the Dominant Chemical Processes

Three chemical mechanisms are of key importance to explain the abundance of ozone mo-
lecules in an Earth-like atmospheric composition (for previous work in the context of M-dwarf
radiation, see e.g. Chapter 3 and Segura et al., 2003; Rugheimer et al., 2015a; Yates et al.,
2020; Ridgway et al., 2023). First, the photolysis of O, drives the Chapman mechanism of
ozone formation (Chapman, 1930):

0, + hv — O(P) + O(*P), (R1)
OCP)+0, +M — 03 + M, (R2)
03 +hv — 0, + O(’P), (R3)
O3 +hv — 0, + O('D), (R4)
O3 + O(3P) — 0y + 0s. (R5)

Reaction R1 initiates the production of ozone and Reaction R5 represents the termination
step by destroying ozone. Reactions R2—R4 describe the rapid interchange between O('D),
O(®P), 05, and ozone. Once formed, ozone can then be destroyed by a number of catalytic
cycles (Bates & Nicolet, 1950; Crutzen, 1970; Johnston, 1971; Grenfell et al., 2006), that are
commonly grouped as the HO,(=H+OH+HO;) and NO4(=NO+NO,) cycles, presenting the
other main chemical mechanisms. An example of such a catalytic cycle is:

OH + O3 — HO; + O, (R6)
HO, + O((P) — OH + O, (R7)
Net: Oz + O(’P) — 20..

Hence, the net reaction shows that ozone is destroyed without consuming the catalyst (HOy)
species that remain available for another round of ozone destruction. The cycle is initiated by
the production of OH from the photolysis or oxidation of water vapour:

H,O + hv — OH +H, (R8)
H,O + O('D) — 20H, (R9)

and the cycle is terminated when HOy species react to destroy themselves:

OH + HO, — H,0 + 0,. (R10)
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The rate-limiting step in this specific cycle is Reaction R7 in the lower atmosphere or reaction
R6 in the upper atmosphere (see Section 3.3). Hence, the rate of these specific reactions
determine the strength of the catalytic cycle and thus the amount of 0zone destruction. The
rate associated with Reaction R10 is generally between 100—-1000 times slower than that of
Reactions R6 or R7, implying that one OH molecule can participate in 100—1000 catalytic
cycles before being destroyed itself. These rate calculations are shown explicitly for Proxima
Centauri b in a 1:1 resonance in Section 3.3.3 and specifically Figure 3.6. In the rest of this
section, | will analyse the vertical distribution of ozone in the simulations for Proxima Centauri
b and TRAPPIST-1 d by comparing the abundances of key chemical species and the most
important reactions for the formation and destruction of ozone.

Figure 5.8 shows the hemispheric mean vertical distributions of the air temperature, liquid
and ice cloud abundances, and the mole fractions yx; of chemical species i as indicated by
the title of each panel. The air temperatures in Figure 5.8a illustrate the distinct atmospheric
pressure-temperature structure for Proxima Centauri b on one hand (navy and blue lines)
and TRAPPIST-1 d on the other (red and maroon lines). TRAPPIST-1 d is warmer for the
full vertical extent of the atmosphere, with a tropopause at substantially lower pressures
(~100 hPa for Proxima Centauri b and ~20 hPa for TRAPPIST-1 d). For 1:1 resonant orbits
of both planets, Figure 5.8a shows hemispheric contrasts in temperature for P>100 hPa,
comparing the solid lines (0° hemisphere) and dashed lines (180° hemisphere), in contrast
to homogeneity for the 3:2 resonances. Once more, a 3:2 resonant orbit results in a warmer
planet for almost all vertical layers compared to a 1:1 resonance.

The distribution of water vapour in Figure 5.8b illustrates that a 3:2 resonant orbit leads to a
much wetter atmosphere than a 1:1 resonant orbit. The atmosphere of TRAPPIST-1d in a 3:2
resonance is particularly wet, with the planet seemingly approaching the moist greenhouse
limit as discussed in Section 5.3.1. This limit corresponds to a water-dominated stratosphere
(Kopparapu et al., 2013), when mole fractions exceed yu,0>10"3 (Kasting, 1988). Figure 5.8b
shows that TRAPPIST-1 d in a 3:2 resonance exceeds this threshold for all vertical levels.
Comparing the two planets in a 1:1 resonance, TRAPPIST-1 d’s atmosphere contains much
more water vapour for P>5 hPa, whereas its atmosphere is drier for P<5 hPa. The extended
liquid water and ice cloud structures (Panels 5.8c and 5.8d) seem to deplete the atmosphere
of TRAPPIST-1 d of water vapour before it can reach the higher layers.

For the remaining gas-phase chemical compounds shown in panels e-i of Figure 5.8, | omit
the case of TRAPPIST-1 d in a 3:2 resonance because of its unstable climate state. The
vertical distribution of ozone in Figure 5.8e shows that the balance between photochemical
production and chemical destruction leads to more net ozone for Proxima Centauri b, with a
structure depending on the spin-orbit resonance. Ozone peaks at xp,~10 ppm for Proxima
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Centauri b and xp,~1 ppm for TRAPPIST-1 d. The 3:2 resonance shows similar profiles for
both hemispheres. Hemispheric differences are visible in both 1:1 resonances, corresponding
distinctly to the zonal variations for Proxima Centauri b (Figure 5.6a) but strongly affected by
the meridional variations for TRAPPIST-1 d (Figure 5.6b).

The vertical profiles of OH and HO, in panels f and g of Figure 5.8 demonstrate that, despite
the smaller amounts of water vapour in Proxima Centauri b’s lower atmosphere (P>5 hPa),
OH and HO, levels are higher due to differences in HOx production (via H,O photolysis in
R8 and oxidation in R9) and destruction mechanisms, that | will further describe below. The
oxidation also needs the presence of O(! D) from ozone photolysis (R4) to proceed.

The profiles of NO in Figure 5.8h indicate substantially higher NO in the simulations of TRAPPIST-
1 d. Since NO in the lower atmosphere is mainly produced by lightning discharges (see
Chapter 3), this indicates a much higher lightning activity and subsequent chemical impact
for TRAPPIST-1 d compared to Proxima Centauri b. The tall cloud structures for TRAPPIST-1
d (Figure 5.8c and d) support this idea, as the lightning flash rates in my simulation are para-
meterised in terms of cloud-top heights (described in Section 3.2.4), and lead to strong NO
emissions for P>8 hPa. | compare the associated lightning flash rates (LFRs) in Figure 5.9.
For 1:1 resonant planets, peaks in LFR are found close to the substellar point (0° latitude
and longitude), producing the hemispheric differences in NO as shown in Figure 5.8h. For
the 3:2 resonant planet, | find that LFR peaks are found on both the 0° and 180° longitude
hemispheres, corresponding to the temperature hotspots in Figure 5.3 and explaining the
homogeneous profile of NO in Figure 5.8h. LFRs for TRAPPIST-1 d are over two orders of
magnitude larger than Proxima Centauri b, explaining the dominant role that lightning-induced
NOx plays in this simulation. NOj3 is also enhanced for TRAPPIST-1 d (panel i), particularly in
the 180° hemisphere for P< hPa. Its long lifetime on nighttime hemispheres in the absence
of stellar radiation explains the accumulation on the nightside (180°) hemispheres of the 1:1
resonant planets. For P>100 hPa, Proxima Centauri b in a 3:2 resonance reaches similar NO3
levels as the TRAPPIST-1 d nightside hemisphere, but this is confined to higher atmospheric
pressures. These large abundances signify the nighttime accumulation on a 3:2 resonant exo-
planet. Both hemispheres show the same profiles because | average over multiple timesteps
and thus over changing daytime hemispheres.

To support the interpretation of chemical abundance distributions, | plot the hemispheric
means of a selection of reaction rates in Figure 5.10. These describe the three main mech-
anisms for ozone chemistry, including Reaction R1 (Figure 5.10a) and R5 (Figure 5.10b) of
the Chapman mechanism, the initiation reactions (R8 and R9, Figure 5.10c and 5.10d) and
rate-limiting steps (Figure 5.10e—g) for the HO, catalytic cycles, and the rate-limiting steps
(Figure 5.10h and 5.10f) for the NOy catalytic cycles.
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Figure 5.8: Hemispheric means of the vertical distribution of air temperature, liquid and ice
cloud abundances, and mole fractions J; of chemical species i related to ozone formation in
each of the four simulations. Each plot has a title corresponding to the variable or chemical
species shown. Solid lines indicate the mean over the 0° hemisphere and dashed lines the
mean over the 180° hemisphere, representing the dayside and nightside in 1:1 resonant
orbits. The vertical distributions illustrate important differences between the Proxima Centauri
b (PCb) and TRAPPIST-1 d (T1d) setups as well as differences between 1:1 and 3:2 spin-orbit
resonances.
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Figure 5.9: Simulated lightning flash rates for Proxima Centauri in a 1:1 resonance (PCb
1:1) and a 3:2 resonance (PCb 3:2) and TRAPPIST-1 d in a 1:1 resonance. The zonal-
mean meridional distribution in panel a and meridional-mean zonal distribution in panel b
demonstrate that lightning flashes are contained to the dayside hemisphere for 1:1 resonant
planets and are found on both hemispheres for 3:2 resonant planets.

From Figure 5.10a | infer that O, photolysis rates are higher for Proxima Centauri b throughout
most of the atmosphere, following from the higher incoming UV flux (see Figure 2.2) and
producing a larger amount of ozone through the Chapman mechanism (Reactions R1-R5).
However, for P>100 hPa TRAPPIST-1 d has stronger O, photolysis rates due to a lower
amount of overhead ozone (see Figure 5.8e) absorbing incoming radiation at the relevant
wavelengths (A <240 nm). Additionally, nightside photolysis rates for 1:1 resonant orbits are
3—6 orders of magnitude lower than on the dayside (see also Yates et al., 2020). The Chapman
termination reaction in Figure 5.10b follows the ozone profiles (Figure 5.8e) and also has
higher rates for Proxima Centauri b. The termination reaction represents the dominant de-
struction mechanism between 1-40 hPa since it exceeds all other ozone destruction reactions
at these levels. Note that the Chapman termination reaction also indicates lower nightside
rates, because of its dependence on O(*P) whose abundance depends on photochemistry.

The photolysis and oxidation of water vapour (Figures 5.10c—d) drive the production of OH,
determining the OH profile (Figure 5.8f) and initiating the HO, catalytic cycles of ozone de-
struction. H, O photolysis dominates HO, production for P<<10 hPa, which is faster for Proxima
Centauri b due to higher HO abundances and enhanced radiation in the Schumann-Runge
bands (4 <202 nm, see Figure 3.1). H,O oxidation dominates for P>10 hPa, depending on
H,O (lower for PCb) and O3 (lower for T1d) abundances. Figure 5.10c shows that R9 is
stronger for T1d between 10—400 hPa, whereas OH levels are generally lower for P>10 hPa.
The much higher NOy abundances (e.g., Figures 5.8h-i) present an additional sink for HOy in
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the form of:

NO, + OH + M — HNO3 + M. (R11)

The importance of this reaction as a sink for NOx species was also shown in Section 3.3.5
and part of the reaction mechanism in Figure 3.11. Similar to reactions R12 and R14 of the
current Chapter (see Figure 5.10h-i), R11 is much faster for TRAPPIST-1 d, destroying HOx
in the lower atmosphere.

The rate-limiting steps in different HO cycles (Figures 5.10e—g) are generally stronger for the
Proxima Centauri b simulations, which also follows from the higher rates of H,O photolysis
and oxidation.

For TRAPPIST-1 d, Figures 5.10h—i show that the rate-limiting steps of NOy cycles are much
faster than those of the HOx cycles, following the enhanced production of NO by lightning
discharges (Figure 5.8h). Hence, for P>100 hPa, ozone destruction is dominated by the
following NOy cycle:

NO + O3 — NO; + O», (R12)
NO; + O3 — NO3 + O3, (R13)
NO3; + hv — NO + O», (R14)

Net: 203 — 30;.

For 0.2 hPa<P <100 hPa, ozone destruction tends to be dominated by:

NO + O3 — NO; + O, (R15)
NO, + O((P) — NO + O, (R16)
Net: O3 + O(’P) — 20..

In summary, in terms of decreasing P (or increasing altitude), ozone destruction for Proxima
Centauri b is controlled by HO cycling (panel 5.10e), the Chapman mechanism (panel
5.10d), and again HOy cycling (panels 5.10f—g). Ozone destruction on TRAPPIST-1 d is
instead controlled by NOy cycling (panels 5.10i-h), indicating a much more prominent role
for lightning-induced chemistry on TRAPPIST-1 d.
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Figure 5.10: Hemispheric means of the vertical distribution of selected reaction rates in each
of the four simulations. Each plot title indicates the to the chemical reaction shown, for the
stable simulations of Proxima Centauri b (PCb) and TRAPPIST-1 d (T1d). Solid lines indicate
the mean over the 0° hemisphere and dashed lines the mean over the 180° hemisphere,
representing the dayside and nightside in 1:1 resonant orbits. The reactions were selected to
include the Chapman mechanism of ozone formation (panel a and b), the HO, catalytic cycles
(panel c-g), and the NOy catalytic cycles (panel h and i).
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5.3.4 Temporal Evolution of the 3:2 Resonance

The 3:2 spin-orbit resonance for Proxima Centauri displays variability in the global mean
values and spatial distributions of temperature (Figures 5.3a and 5.3b) and ozone column
(Figures 5.7a and 5.7b). | confirm this variability in Figure 5.11, focusing on the temporal
evolution of four key properties of the planet: the incoming stellar radiation at the top of the
atmosphere (S7o4), the surface temperature, the H,O(g) column, and the ozone column. For
each property, | calculate the mean of the global region (black), the 0° hemisphere centred at
0° latitude and longitude (orange), and the 180° hemisphere centred at 180° latitude and 0°
longitude (blue).

SToa in Figure 5.11a illustrates the change in the dayside hemisphere: at the first periastron
(dotted grey lines), Stoa peaks on the 0° hemisphere and at the second periastron, S7o4
peaks on the 180° hemisphere. When the planet is at periastron, there is no incoming radiation
on the nighttime hemisphere and thus S704=0. This day-night cycle keeps repeating over the
orbital evolution. The passages of apoastron (dashed grey lines) represent a minimum in the
global mean S7p4. The fluctuations in the global mean S7oa exhibit the effect of the orbital
eccentricity affecting the star-planet separation.

The varying amount of incoming radiation affects the surface temperature, as shown in Fig-
ure 5.11b. The peaks in surface temperature occur just after periastron passage, whereas
the lowest surface temperatures occur after apoastron passage, for the global and the hemi-
spheric means. The time lag between S7o4 and temperature extremes indicates the response
time of the atmosphere to a change in radiation. Global mean temperature varies by up to
1.7 K (0.5% compared to the global mean) due to the eccentric orbit. Hemispheric variations
can reach up to 8 K between daytime peaks and nighttime dips. For the 1:1 resonant orbit,
hemispheric differences in temperature can be as high as 67 K (see Figure 5.2a). Hence, this
again shows enhanced homogeneity across the planet for a 3:2 resonant orbit.

The H,O(g) column in Figure 5.11c broadly follows the trends of the surface temperature,
although the H,O(g) column extremes have a slightly longer timelag after the periastron and
apoastron passages. As described in Section 5.3.1, increased global temperatures lead to
enhanced evaporation of water vapour from the surface ocean, explaining the additional lag
in H,O(g) column variations. The maximum H,0O(g) column of 3.2x10?® molecules cm—2
occurs during the daytime, about three days after periastron, and is 48% higher than the
time-averaged global mean. The hemispheric mean H,O(g) column then declines steeply
down to its minimum (41% below the time-averaged global mean) during the nighttime. A
temporary flattening of this decline in the H,O(g) column is observed around apoastron,
when the daytime is centred at 270° longitude, perfectly in the middle of the two hemispheres
defined with centres at 0 and 180° longitude. During apoastron passage, a markedly different
atmospheric circulation affects either hemisphere. The temporal evolution of the vertical wind
(not shown) indicates a sudden decrease in the efficiency of the overturning circulation,
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affecting the H,O(g) column. Besides the day-night cycle in H,O(g) column, Figure 5.11c
demonstrates a periastron-apoastron cycle in the global mean H,O column (black line) with
up to 12% higher and 8% lower H,O(g) column levels shortly after periastron and apoastron,
respectively.

The global ozone column (Figure 5.11d) fluctuates by only ~0.2 DU in the periastron-apoastron
cycle, since the column density represents an integrated quantity that is most sensitive to
the atmospheric layers with the highest air density and thus the lower atmosphere below the
ozone production regions (see Figure 4.4). Considering only the levels above 18 km or 80 hPa
(not shown), | find a maximum ozone column after periastron and minimum after apoastron,
with variations of up to 10 DU between them that result from fluctuations in photochemistry
and thus incoming radiation. By probing the ozone column at the surface, as shown here,
| can connect hemispheric variations to dynamically-driven chemistry (following Chapter 4)
and show the impact of the dominant chemical destruction processes in the troposphere
(at P>100 hPa). Daytime-nighttime cycles are visible: ozone accumulates on the (changing)
nighttime hemisphere with mean ozone columns that are up to 41 DU higher (5.3%) than the
global mean, whereas daytime ozone is depleted by up to —5.3% as compared to the global
mean.

The amount of H,O and its photolysis determine the strength of the HO catalytic cycle,
dominating ozone destruction in the troposphere during the daytime (see Section 5.3.3).
Therefore, the daytime hemisphere — where the ozone column dips and the H,O(g) column
peaks — illustrates a matching but opposite trend in ozone and H,O(g) columns when com-
paring Figures 5.11c and 5.11d. When the H,O(g) column peaks, there is a stronger potential
for HO4-catalysed ozone destruction, evident from the dip in the ozone column. Nighttime
ozone faces a lower H,O(g) column and thus lower destruction rates. The matching trend
is also evident from the plateauing behaviour at apoastron passage, which is seen for both
ozone and H,O(g) columns, albeit in opposite manner. The nighttime ozone exceeds the
global mean value at all times and mirrors the temporal evolution of the daytime ozone, which
indicates the dynamical connection between the daytime and nighttime hemisphere that | will
explore in the next Section.

5.3.5 Dynamically-driven 3D Distributions

The zonal-mean meridional distribution of o, (coloured contours in Figure 5.12) confirms the
ozone column distributions as described in Section 5.3.2. The contour lines in Figure 5.12
represent the age-of-air tracer, an inert tracer (no chemical or radiative interaction, purely
dynamical) that counts the time that has passed since an air parcel was last in the lowest
layers of the atmosphere (z<2 km or P>700 hPa). In this way, the age-of-air tracer can probe
atmospheric dynamics and exchange between the troposphere and stratosphere.
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Figure 5.11: Temporal evolution of incoming stellar radiation at the top of the atmosphere
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column densities (d) on Proxima Centauri b in a 3:2 resonance over 120 days, corresponding
to almost 11 orbits. Orange and blue lines indicate the 0° and 180° hemispheres, respectively.

The global average values are shown as the black line. From the peaks in S7o4, | identify the

periastron and apoastron passages

specified on the x-
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Proxima Centauri b completes
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one orbit around its host star, for a total of almost 11 orbits shown here.
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Figure 5.12: Zonal-mean meridional distribution of the mole fraction yo, for (a) Proxima
Centauri b in a 1:1 resonance, (b) Proxima Centauri b in a 3:2 resonance, and (c) TRAPPIST-
1 din a 1:1 resonance. Overplotted black contour lines correspond to the age-of-air tracer
in days, to diagnose atmospheric circulation. The age-of-air tracer is is initialized at 0 s
everywhere and reset whenever a parcel of air reaches the lowest atmospheric layers (below
~2 km or P>700 hPa). In this way, the age-of-air tracer measures the amount of time since

an air parcel was last found in the lowest layers of the atmosphere, probing the main features
of the atmospheric circulation.
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The main photochemical production regions of ozone are in the stratosphere during the
daytime. For Proxima Centauri b, this corresponds to P<90 hPa for the 1:1 resonance and
P<20 hPa for the 3:2 resonance, since radiation penetrates deeper into the atmosphere
on the permanent dayside for a 1:1 resonant orbit (shown in Figure 5.10a). Following the
dayside production on a 1:1 resonant Proxima Centauri b close to ¢=0°, yo, spreads to
higher latitudes where it subsides down to ~30 hPa (Figure 5.12a). For pressures exceeding
~600 hPa, regional enhancements are visible between —80< ¢ <—40° and 40< ¢ <80°: these
represent the gyre accumulation as shown in Figure 5.6a. Since | show the zonal mean the
zonal variations are lost, but the enhancements are still caused by the nightside accumulation
over the gyre regions. The black contour lines in Figure 5.12a show that the gyre regions
consist of relatively old air as compared to the tropospheric surroundings, indicating that
the gyres are connected to the older stratospheric air overhead. In Chapter 4 | show that
a stratospheric dayside-to-nightside circulation drives this connection.

The high-latitude ozone column is also enhanced for a 3:2 resonant orbit, although now
globally as shown in Figure 5.7. o, in Figure 5.12b confirms this spatial distribution, with
enhanced Y, at high latitudes for pressures as high as ~600 hPa. The age-of-air distribution
shows that older, ozone-rich air subsides at these high latitudes, producing the enhanced
ozone columns. Hence, following the daytime production of ozone in the equatorial region
(around ¢=0° for all longitudes), this indicates the existence of a stratospheric equator-to-pole
circulation that drives the ozone-rich air from low to high latitudes. The meridional circulation
system has similarities to the Brewer-Dobson Circulation that describes the transport of ozone
from its equatorial production regions to high latitudes on Earth (Brewer, 1949; Dobson, 1956;
Butchart, 2014).

TRAPPIST-1 d shows qualitatively similar meridional variations in the ozone column (Fig-
ure 5.6b). The vertical distributions of Yo, and the age-of-air tracer in Figure 5.12c confirm
this picture, although the ozone layer and age-of-air contourlines have shifted upwards in
the atmosphere relatively to the results for Proxima Centauri b. In this case, photochemical
production of ozone mainly occurs in the equatorial regions for P<30 hPa, followed again
by equator-to-pole circulation that drives the buildup of ozone at higher latitudes. Again, the
meridional circulation system shows similarities to the Brewer-Dobson Circulation on Earth
(Brewer, 1949; Dobson, 1956; Butchart, 2014).
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5.3.6 Observational Prospects

| translate the 3D data into synthetic observables using the PSG GlobES tool (Villanueva
et al., 2018; Villanueva et al., 2022), as described in Section 5.2.4. | use the phase angles in
Tables 5.2 and 5.3 to cover the 1:1 resonant cases. Additionally, | take the changing substellar
longitude for the 3:2 resonant orbit of Proxima Centauri b into account to include a changing
daytime hemisphere, also following Table 5.2.

The observed hemisphere and the corresponding distribution of surface temperature as a
function of phase angle and substellar longitude are shown in Figure 5.13 for Proxima Centauri
b 1:1 resonant (top), Proxima Centauri b 3:2 resonant (middle), and TRAPPIST-1 d 1:1 res-
onant (bottom). Due to the orbital inclination, we can cover a full phase for Proxima Centauri
b. For TRAPPIST-1 d we can observe emission spectra for small variations in phase angle
around 90° and 270°. Additionally, Figure 5.13 shows distinct spatial distributions: there are
clear hemispheric differences in surface temperature over phase angles for the 1:1 resonant
cases, whereas the 3:2 case is much more homogeneous.

Figure 5.14 shows emission spectra for the three planet configurations as a function of phase
angle and focused on the proposed spectral range for the Large Interferometer for Exoplanets
(LIFE) mission concept (Quanz et al., 2022). It should be noted that the spectrum shows the
contrast between the planet and stellar radiation. The planet’s thermal radiation alone shows
peak wavelengths of 11.1-13.5 um for Proxima Centauri b in a 1:1 resonance and around
11.2 um for the 3:2 resonance, connecting well with the planetary temperatures. The thermal
emission from the warmer TRAPPIST-1 d peaks at 10.7 um.

For Proxima Centauri b in a 1:1 resonance, substantial spectral variations are visible in
Figure 5.14a depending on the observed orbital phase (Figure 5.13a). The most prominent
variations are driven by the observed temperature distribution (8—-9.5 and 10-13.6 um) and
water vapour abundances (16.3—18.5 um). Smaller variations of up to ~4 ppm are seen for
the ozone feature around 9.6 um and water vapour features between 7-8 um. The CO,
feature covering 14-16.3 um is constant over time because of its fixed abundance in the
simulations and also affects the emission features between 16—18 um. The highest contrasts
are seen for the 32° and 0° phase angles, for which we observe most of the warm dayside
hemisphere. The smallest contrasts correspond to the nightside views at phase angles of
167° and 200°. All other phase angles lead to intermediate contrasts. Hence, a synchronously
rotating planet provides a cycle of observed contrast levels in an emission spectrum as the
planet completes an orbit, varying by up to 20 ppm between 12—13 um and up to 36 ppm
between 16.3—18.5 um.



5.3. Results 146

e 1e7°
[ . ) |
156 289 - 292
Temperature (K)
(b) 328°
~.,264°
97°
... 1200°
135°
- ; |
196 284 - 292
Temperature (K)
()  ~g0o°
-
L A-— .
- - ~270°
180°
[ ]
246 322-324

Temperature (K)

Figure 5.13: Orbital evolution (not to scale) of phase angles and corresponding surface
temperature distributions on emission disks as observed by a distant observer. Proxima
Centauri b at an orbital inclination of 70° is shown in (a) a 1:1 spin-orbit resonance and (b) a
3:2 resonance. Panel (c) shows TRAPPIST-1 d in a 1:1 spin-orbit resonance with an orbital
inclination of 90° and includes the primary transit. Temperature maps denote variable ranges
for each panel.
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Figure 5.14: Synthetic emission spectra using different orbital phase angles for (a) Proxima
Centauri b in a 1:1 resonant orbit, (b) Proxima Centauri b in a 3:2 resonant orbit, and
(c) TRAPPIST-1 d in a 1:1 resonant orbit. Colours represent the orbital phase and the
corresponding timestep of the simulation, using daily output (see Table 5.2). | use PSG with
the GlobES 3D mapping tool to translate 3D CCM data into synthetic emission spectra.
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Moving to Proxima Centauri b in a 3:2 resonant orbit, Figure 5.14b shows that the increased
global homogeneity (Figure 5.13b) basically removes all of the phase angle variations in the
emission spectrum. Further investigation also reveals that ice clouds mute spectral features
particularly between 7-9 um and 10-13.6 um. The broad structure of the dominant opacity
sources (water vapour, ozone, CO,) remains similar to the 1:1 case, with contrast levels up to
7 ppm higher than the highest contrasts for the 1:1 case (spectra for 0° and 32° phase angles
in Figure 5.14a). The ozone features around 9.6 um are slightly deeper due to the enhanced
global ozone column (see Section 5.3.2). The lack of temporal variability in the 3:2 resonant
orbit presents a discriminant to determine whether a planet orbits in a 1:1 or a 3:2 resonance
around its host star. Phase curves that focus on the ozone feature see a persistent feature for
a 3:2 resonance and will see its disappearance for a 1:1 resonance. The same distinction is
seen for any of the wavelengths corresponding to the water vapour features.

For TRAPPIST-1 d, the hemispheric variations in temperature are once again substantial
(Figure 5.13c). However, due to the orbital inclination we can only probe a limited range of
phase angles in emission, prohibiting us from seeing the variability over a full orbit. For phase
angles between 90-130° and 268—308°, | predict variations of up to 14 ppm in Figure 5.14c,
mostly between 8—14 um and 16.3-18.5 um. The ozone feature at 9.6 um is muted, due to
its considerably lower abundances for TRAPPIST-1 d (Figure 5.8e). Additionally, overlapping
features from the ice cloud deck partially mute the ozone feature and also impact the regions
between 7-9 um and 10-13.6 um, given the relatively high mass fraction and vertical ex-
tent of ice clouds (for P>3 hPa, see Figure 5.8d). Ice clouds are enhanced on the dayside
hemisphere and therefore vary in their impact as a function of orbital phase angle.

Several more subtle distinctions probe the atmospheric pressure-temperature structure when
comparing specific spectral bands for CO, (at 12.6 um) and H,O (at 18.3 um) across the
three planets. Infrared emission features originate in the regions of high optical depth and
depend on both the abundances and the temperature difference of the absorbing and emitting
layers (e.g. Madhusudhan & Seager, 2009; Rugheimer et al., 2013). If the region of high
optical depth is in the cooler parts of the atmosphere, this generates a weaker thermal signal
than that of the hotter part of the atmosphere. Hence, if temperature decreases with decreas-
ing pressure, we see absorption features. Conversely, in case of a temperature inversion, we
see emission features. Proxima Centauri b in a 1:1 resonance shows absorption features for
the CO, and H,O feature when we mainly probe the dayside hemisphere (e.g. for 0° and 32°
in Figure 5.14a). However, when we probe most of the nightside hemisphere (e.g. for 167°
and 200° in Figure 5.14a), both features become emission features, indicating a different
vertical temperature profile between the dayside and nightside hemisphere. The distinction
is not visible in Figure 5.8a due to the time-averaging, but on a daily output the nightside
hemisphere exhibits a temperature inversion between pressures 0.1 hPa and 0.01 hPa, which
is absent from the dayside hemisphere. The homogeneity of the 3:2 resonant orbit removes
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Figure 5.15: Synthetic transmission spectra for TRAPPIST-1 d in a 1:1 resonant orbit. Two
simulation days corresponding to different transits are compared, as specified in Table 5.3.

this dayside-nightside distinction in the pressure-temperature profile and thus both the CO,
features are absorbing over a full orbit. For TRAPPIST-1 d in a 1:1 resonance, the CO, feature
(12.6 um) remains an emission feature for the full orbit, whereas the water feature at 18.3 um
remains absorbing. Figure 5.8a illustrates a temperature inversion in the upper layers of the
atmosphere (P<0.4hPa). In these layers, H,O abundances are low (see Figure 5.8b) and
therefore the H,O absorption features originate deeper in the atmosphere. On the other hand,
the vertically uniform CO, abundances of 391 ppm provide a large opacity even in the upper
atmosphere and under the influence of the temperature inversion produce emission features.

Figure 5.15 shows the simulated transmission spectra of TRAPPIST-1 d. The atmospheric
transit depth corresponds to the stellar flux lost specifically due to the transit of the planetary
atmosphere. CO, (~2, 2.8 and 4.3 um), H,O (~5.5-8 um), and ozone (~4.7 and 9.6 um)
show absorption features varying between 20-80 ppm. Small differences of up to 10 ppm
distinguish the two simulated transits due to temporal variability in the cloud deck.
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5.4 Discussion and Conclusion

Motivated by the range of possible exoplanet environments in terms of the host star, orbital
configuration, and planetary parameters, | employ a 3D CCM to investigate the complex
interplay between stellar radiation, atmospheric dynamics, and (photochemistry) for Proxima
Centauri b and TRAPPIST-1 d, two of the most promising candidates for habitable environ-
ments around M-dwarfs. These and similar exoplanets are likely tidally locked to their host
star (Goldreich & Peale, 1966; Barnes, 2017), in either a 1:1 or 3:2 spin-orbit resonance
depending on eccentricity. In a 1:1 spin-orbit resonance, GCM simulations predict dayside-
nightside differences and distinct regimes of atmospheric circulation for these planets (e.g.
Carone et al., 2018), with the existence of an equatorial jet for Proxima Centauri b and a
pair of midlatitude jets for TRAPPIST-1 d. The changing daytime hemisphere in an eccentric
3:2 spin-orbit resonance produces two hot spots along with meridional differences in e.g. the
temperature that are more like Earth and present a more homogeneous atmosphere (e.g.
Boutle et al., 2017). | identify the main mechanisms controlling the atmospheric chemistry for
both planets in a 1:1 and 3:2 spin-orbit resonance, and for the latter setup present the first
simulations of interactive (photo)chemistry. The orbital configurations impact the habitability
of the planetary surface and observability of chemical species in the atmosphere.

5.4.1 Climate

For the true irradiance received by TRAPPIST-1 d, the planet transitions into a runaway
greenhouse state regardless of the spin-orbit resonance. To still quantify the 3D effects on
atmospheric chemistry for a planet in the fast rotator circulation regime, | artificially reduce the
irradiance by ~22% to ensure a stable climate for a 1:1 spin-orbit resonance (see Figure 5.1). |
find that both planets in a 1:1 resonance exhibit stable climates, with ~25% (Proxima Centauri
b) and ~75% (TRAPPIST-1 d) of the planetary surface above the freezing point of water.
Simulating a 3:2 resonance with an eccentricity of 0.3 results in general warming for both
planets. The eccentric orbit increases the mean flux over one orbit as compared to the circular
case (see also Williams & Pollard, 2002; Dressing et al., 2010; Bolmont et al., 2016) and the
changing location of the substellar point means that the stabilizing cloud feedback that cools
1:1 resonant planets (Yang et al., 2013; Kopparapu et al., 2016) is less effective. Nevertheless,
Proxima Centauri b exhibits a stable planetary climate with two habitable regions, one centred
at 0° latitude and longitude and one at 0° latitude and 180° longitude (Turbet et al., 2016;
Boutle et al., 2017; Del Genio et al., 2019). TRAPPIST-1 d in a 3:2 resonance reaches the
moist greenhouse limit (Kasting, 1988) with a wet stratosphere and a sixfold increase in H,O
(g) column as compared to the 1:1 resonance. Hence, the planet is no longer in a stable
climate state. Colose et al. (2021) already studied the effects of the 3:2 spin-orbit resonance
on the inner edge of the HZ. Contrary to my results, they find that their simulations do not
generally result in wet stratospheres and therefore do not necessarily reach the limit. Liu
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et al. (2023) do find a wetter stratosphere for Earth with an eccentricity of 0.4 as compared
to a circular orbit. | suggest a model intercomparison project focusing on the impact of spin-
orbit resonances on habitability as future work. The most recent update for the Gaia parallax
and bolometric luminosity calculation of TRAPPIST-1 (Sanghi et al., 2023) should be used in
further climate simulations of planets in this system and for determining the location of the
inner HZ boundary.

5.4.2 Chemistry

Comparing the 3D distributions of ozone confirms the dependence of (photo)chemistry on
an interplay between the stellar radiation, orbital configuration, and atmospheric circulation.
The incoming stellar radiation and its wavelength dependence determine the different pho-
tochemical balance of ozone between Proxima Centauri b and TRAPPIST-1 d (see Kozakis
et al., 2022). For the 1:1 resonant planets, a dependence on the circulation state was also
suggested by Chen et al. (2019) for a range of orbital periods and stellar temperatures. On
Earth, the Brewer-Dobson circulation transports ozone to the poles and controls the spatial
distribution of ozone (Brewer, 1949; Dobson, 1956; Butchart, 2014). In Chapter 4, | show that
the spatial distribution of ozone on Proxima Centauri b in a 1:1 resonance is controlled by
a stratospheric dayside-to-nightside circulation mechanism, resulting in the zonal asymmetry
as shown in Figure 5.6a. For the 3:2 resonance (Figure 5.7) and TRAPPIST-1 d in a 1:1
resonance (Figure 5.6b) | find meridional variations in the ozone column. Age-of-air tracer
experiments suggest that a stratospheric equator-to-pole circulation mechanism similar to the
Brewer-Dobson circulation causes the spatial distribution.

| explain the differences in vertical ozone profiles (Figure 5.8e) by comparing the dominant
chemical processes in the simulations. The production of ozone fundamentally depends on
the incoming UV flux (as shown in detail by e.g. Selsis et al., 2002; Segura et al., 2003;
Grenfell et al., 2007; Grenfell et al., 2014; Kozakis et al., 2022). A low total amount of UV flux
produces little ozone with barely discernible absorption features in synthetic spectra (Grenfell
et al., 2007), which is the case for my simulation of TRAPPIST-1 d. On the other hand, high UV
fluxes will be absorbed by ozone and significantly heat the stratosphere, in turn diminishing
the strength of the ozone features in emission spectra (Kozakis et al., 2022) and thus making
it harder to detect the 9.6 um features in Figure 5.14. Proxima Centauri b seems to receive
the right amount of radiation for significant ozone formation without substantial stratospheric
heating, like the M7-orbiting exoplanet from Grenfell et al. (2014). For Proxima Centauri
b, HO4 cycles dominate ozone destruction in the troposphere and upper stratosphere, in
line with Yates et al. (2020) and Braam et al. (2022). TRAPPIST-1 d has a substantially
stronger NOy production due to its tall cloud structures (Figure 5.8c and d) and associated
higher lightning flash rates. Therefore, NOy cycling dominates ozone destruction in most
of the atmosphere and emphasizes the role of lightning on atmospheric chemistry and the
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interpretation of biosignatures (Ardaseva et al., 2017, see also Chapter 3). The difference
in lightning flash rates between both planets motivates future work on lightning in diverse
exoplanet configurations. Catalytic cycling of ozone is also sensitive to the amount of UV flux
(e.g. Grenfell et al., 2014), which is especially important considering the impact of flares on
atmospheric chemistry around M-type stars (e.g. Chen et al., 2021; Ridgway et al., 2023). The
trade-off between UV driving ozone formation and stratospheric heating and the subsequent
impact on atmospheric dynamics (De Luca et al., 2024) needs to be further explored using
3D models.

For Proxima Centauri b, HOx cycles dominate ozone destruction in the troposphere and
upper stratosphere, in line with Yates et al. (2020) and Chapter 3. TRAPPIST-1 d has a
substantially stronger NOy production due to its tall cloud structures (Figure 5.8c and d) and
associated higher lightning flash rates. Therefore, NOy cycling dominates ozone destruction
in most of the atmosphere and emphasizes the role of lightning on atmospheric chemistry
and the interpretation of biosignatures (Ardaseva et al., 2017, see Chapter 3). The difference
in lightning flash rates between both planets motivates future work on lightning in diverse
exoplanet configurations. Catalytic cycling of ozone is also sensitive to the amount of UV flux
(e.g- Grenfell et al., 2014), which is especially important considering the impact of flares on
atmospheric chemistry around M-type stars (e.g. Chen et al., 2021; Ridgway et al., 2023). The
trade-off between UV driving ozone formation and stratospheric heating and the subsequent
impact on atmospheric dynamics (De Luca et al., 2024) needs to be further explored using
3D models.

Further analysis of the 3:2 spin-orbit resonance reveals daytime-nighttime cycles as well as
periastron-apoastron cycles in temperature, H,O (g) column, and O3 column, ultimately driven
by variations in the incoming stellar radiation. | find that extrema in temperature, H,O (g)
column, and ozone column follow periastron and periastron passages with a brief time-lag,
denoting the response time of the atmosphere to radiation changes. Especially H,O cycles
are prominent, with hemispheric changes up to 48% and eccentricity changes up to 12% as
compared to the time-averaged global mean H,O (g) column. Global mean ozone fluctuations
due to eccentricity are small at ~0.2 DU due to the relatively long chemical lifetime of ozone
for Proxima Centauri b conditions (see Yates et al., 2020, and Section 4.3.3). However, the
daytime-nighttime cycle with ozone accumulation during the nighttime are clearly visible with
hemispheric enhancements and depletion of up to 41 DU (5.3%) as compared to the time-
averaged global mean. The daytime-nighttime cycle illustrates the strong dependence of the
ozone distribution on the coupling of photochemistry and atmospheric dynamics (see also
Chapter 4). The mean hotspot temperatures (within the white lines in Figure 5.3) consistently
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exceed 280 K, in accordance with Boutle et al. (2017). They also showed that, for this eccentric
orbit, the mean flux approximation does not hold (Bolmont et al., 2016). To further unveil
the characteristics of the dynamic atmosphere in a 3:2 spin-orbit resonance, | suggest the
application of dynamical systems metrics (e.g. Hochman et al., 2022, 2023).

5.4.3 Observability

| report several potential 3D spatial and temporal effects on emission spectra, using the PSG
GIlobES tool (Villanueva et al., 2018; Villanueva et al., 2022) to comprehensively generate
synthetic spectra from my 3D simulations whilst varying the observed 3D geometry with the
orbital phase angle. For Proxima Centauri b and TRAPPIST-1 d in a 1:1 resonance, variations
in the pressure-temperature profile as well as horizontal and vertical variations in H,O and
ozone abundances cause spectral fluctuations of up to 36 ppm for Proxima Centauri b. Despite
only probing a small fraction of the TRAPPIST-1 d orbit due to its inclination (see Figure 5.13c),
| still predict spectral fluctuations of up to 14 ppm. The more homogeneous atmosphere of
Proxima Centauri b in a 3:2 resonance diminishes spectral variations as a function of orbital
phase, as also shown by Turbet et al. (2016) and Boutle et al. (2017). The presence or
absence of these spectral fluctuations then presents a discriminant between a 1:1 or 3:2
spin-orbit resonance. The ozone feature at 9.6 um provides an additional window to probe
with time-resolved emission spectra or a phase curve, that we can only predict and interpret
using 3D CCM simulations. Given the uncertainties for JWST observations of TRAPPIST-1
b and c (Greene et al., 2023; Zieba et al., 2023), these likely disappear under current noise
levels of the observations, but the time-averaged 1-D profiles still depend on the 3D nature of
atmospheres.

However, the spectra in Figure 5.14 were deliberately generated for the proposed wavelength
range of the LIFE mission concept (Quanz et al., 2022). Given the extremely small angu-
lar separation of the planet, TRAPPIST-1 d will likely not be detectable with LIFE (Carrién-
Gonzélez et al., 2023). Nevertheless, the results are valid for similar exoplanets in terms of
size and atmospheric pressure that also exhibit the fast rotator circulation regime. On the other
hand, spectral features for Proxima Centauri b are expected to be visible after observing for
only about a day (Defrere et al., 2018), making this planet a prime target for the LIFE mission
(Angerhausen et al., 2024). LIFE has the capability to detect P-T profiles on Earth as an
exoplanet with constant chemical abundance profiles (Konrad et al., 2022). Alei et al. (2022)
extend the analysis to the changing atmospheric conditions through Earth’s history, finding
biases in retrieved P-T profiles. Mettler et al. (2024) find similar biases in the P-T profiles
using disk-integrated Earth observations, but suggest these are due to the assumption of



5.4. Discussion and Conclusion 154

constant abundance profiles in the retrievals as compared to hon-constant abundance profiles
in generating synthetic spectra. As | describe here, the temporal and spatial variations in the
P-T profile are a complex interplay between the radiative, thermal, dynamical, and chemical
state of the atmosphere that can only be explored using 3D CCM simulations.

The main spectral features of chemical species such as CO,, H,0O, O3, and CH4 can be
detected by LIFE to determine the atmospheric composition of terrestrial exoplanets, for the
baseline LIFE requirements of spectral resolution R=50 and signal-to-noise ratio S/N=10,
though Oz and CH4 benefit from enhanced S/N=20 (Alei et al., 2022; Konrad et al., 2022;
Mettler et al., 2024). Using real disk and time-averaged Earth observations, Mettler et al.
(2023) find that the mid-infrared spectrum of Earth as an exoplanet will vary as a function
of season and viewing geometry. Variations in temperature or planetary albedo should be
detectable with LIFE for the baseline R and S/N requirements (Mettler et al., 2024), but
varying abundances of chemical species with season or viewing geometry are currently muted
by retrieval uncertainties (Mettler et al., 2024). However, as Mettler et al. (2024) also note,
these retrieval results are biased by simplifying assumptions such as cloud-free atmospheres
or vertically constant abundance profiles, with work underway to mitigate these. Variations
with season or viewing geometry are planet-specific and, as | show here, zonal asymmetries
in a 1:1 spin-orbit resonance result in more dramatic spectral variations as compared to the
meridional asymmetries on a 3:2 spin-orbit resonant exoplanet or on Earth. Therefore, an in-
depth investigation of the observability of the spectral variations in Figure 5.14 with LIFE is
currently being conducted for various combinations of S/N and R.



Chapter 6

Discussion

6.1 Summary of Results

Rocky exoplanets orbiting in the HZ of relatively cool M- and K-type stars are likely tidally
locked to their host star with spin-orbit resonance depending on the orbital eccentricity. In
this thesis, | have studied the atmospheres of such exoplanets and addressed a variety of
potential drivers of disequilibrium chemistry, assuming an Earth-like atmospheric composition.
A sophisticated 3D CCM — consisting of the Met Office Unified Model and the UK Chemistry
and Aerosols framework — was used to comprehensively simulate the physical and chemical
processes in the planetary atmosphere and their implications for habitability. Here, | summar-
ize the main findings of this thesis, connecting them to the aims of the thesis as stated in
Section 1.8.

How do the variations in quiescent stellar spectra drive 3D photochemistry in the atmospheres
of tidally locked exoplanets?

Using the latest available data for the stellar spectrum of Proxima Centauri from the MUSCLES
spectral library, | have improved upon earlier simulations of the atmospheric chemistry on
Proxima Centauri b by Yates et al. (2020), who used a simulated spectrum for Proxima
Centauri b from the BT-Settl library. In Chapter 3, | demonstrated that the MUSCLES spectrum
for Proxima Centauri results in enhanced ozone formation and a tenfold increase in ozone
column densities on Proxima Centauri b as compared to Yates et al. (2020). The higher
total amount of UV flux and a larger FUV/NUV ratio (0.012 for the MUSCLES spectrum
versus 2.92x 1076 for the BT-Settl spectrum) explain the difference in ozone abundances.
In Chapter 5, | add simulations for TRAPPIST-1 d, using the composite stellar spectrum from
the Mega-MUSCLES survey for TRAPPIST-1 (Wilson et al., 2021). For this spectrum, | find
an FUV/NUV ratio of 0.0018, explaining decreased ozone production as compared to the
MUSCLES spectrum for Proxima Centauri b. The total UV flux for A <400 nm is lower than
both the MUSCLES and BT-Settl spectrum of Proxima Centauri, further explaining the weak
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ozone production on TRAPPIST-1 d. In the 1:1 resonant cases, photochemistry is limited to
the dayside hemisphere, but photochemical products such as ozone show significant spatial
variability with, for example, accumulation on the nightside of Proxima Centauri b as shown in
Chapter 3.

What is the potential for lightning formation on tidally locked exoplanets, and how does this
energetic (disequilibrium) process affect atmospheric chemistry in 3D?

For the same setup configuration for Proxima Centauri b, | then investigated the potential
for lightning initiation on tidally locked exoplanets, specifically those orbiting in a 1:1 spin-orbit
resonance. Using a parametrization of lightning flash rates in terms of cloud-top height — com-
monly applied in studies of Earth’s climate and chemistry — | found that vigorous convection
over and around the substellar point drives the formation of tall convective cloud structures,
providing the right conditions for lightning initiation. | found LFRs up to 0.16 flashes km~2 yr~!
around the substellar point, lower than observed continental LFRs on Earth (global average
of 3.4 flashes km~2 yr~! as calculated from LIS/OTD data Cecil et al. 2014) but comparable
to oceanic rates far away from landmasses (0.11-0.57 flashes km~—2 yr~!). The spatially
asymmetric distribution of lightning flashes enriches the dayside atmosphere below ~20 km
in NOy, providing enhanced catalytic cycling of ozone at these altitudes. Following its dayside
production, NOy is then advected to the nightside of the planet by the large-scale circulation.
In the absence of photochemistry, NO, reacts further to form the more complex NOy species.
Due to their long lifetime in the absence of photolysis, they act as reservoir species on the
planet’s nightside.

How do 3D circulation patterns affect the atmospheric chemistry on tidally locked exoplanets
and can these explain spatially varying ozone layers as previously predicted?

In Chapter 4, | further investigated the spatial variability in the 3D distribution of ozone, as
reported in Chapter 3. My simulations and the earlier ones by Yates et al. (2020) showed
that ozone accumulates on the nightside hemisphere. Ozone production requires the pho-
tolysis of molecular oxygen and is thus limited to the dayside of the planet. This indicates
dynamical connections between the dayside and nightside hemispheres, which | diagnosed
by applying a transformation from the traditional geographic coordinate system to a tidally
locked coordinate system (Koll & Abbot, 2015; Hammond & Lewis, 2021). The circulation
on 1:1 resonant exoplanets is driven by the dayside-nightside contrast in irradiation, driving
an overturning circulation with dayside upwelling and nightside downwelling, which in turn
generates planetary-scale Rossby and Kelvin waves that feed a superrotating jet and produce
a pair of cyclonic gyres on the nightside (Showman et al., 2013). In Chapter 4, | identified a
stratospheric dayside-to-nightside circulation mechanism that advects ozone from its dayside
production regions towards the nightside, where it subsides and accumulates at the locations
of the gyres. Age-of-air tracer experiments showed that the circulation mechanism does not
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just affect ozone, but can affect any tracer (chemical compounds or aerosols), as long as 1)
the dynamical timescales are shorter than chemical timescales and 2) there is a dayside stra-
tospheric production mechanism. Hence, the circulation mechanism is not very effective for
the 3D distribution of the (tropospheric) lightning-induced species, as reported in Chapter 3.

What are the effects of distinct spin-orbit resonances on planetary climate and atmospheric
chemistry?

Chapter 5 begins with a thorough comparison of the planetary climate and atmospheric
chemistry for two exoplanets exhibiting distinct circulation regimes, simulating both a 1:1
and an eccentric 3:2 spin-orbit resonance. TRAPPIST-1 d reaches the runaway greenhouse
limit for the true irradiance regardless of the spin-orbit resonance. An artificial reduction
of the irradiance by ~22% ensures a stable climate for a 1:1 spin-orbit resonance (see
Figure 5.1) and allows an investigation of 3D atmospheric chemistry for a planet in this
circulation regime. | found that both Proxima Centauri b and TRAPPIST-1 d exhibit stable
climate regimes for a 1:1 resonance, with ~25% and ~75% of the planetary surface above
the freezing temperature of water, respectively. For an eccentric 3:2 resonance, | predicted
the warming of the surface for both planets. The warming is explained by an increase of the
mean stellar flux over one eccentric orbit as compared to a circular one and a less effective
stabilising cloud radiative feedback compared to the 1:1 resonance due to the changing
substellar longitude. Proxima Centauri b exhibits a stable climate, with two habitable regions
centred at 0° and 180° longitude. The warming induces the runaway greenhouse effect for
TRAPPIST-1 d, diagnosed through a wet stratosphere, a sixfold increase in the vertically
integrated H,O (g) column density, and passing the threshold of the Simpson-Nakajima limit
in outgoing planetary radiation.

The 3-D ozone distributions for the set of simulations in Chapter 5 illustrate the dependence
of (photo)chemistry on the interplay between stellar radiation, orbital configuration, and atmo-
spheric circulation. The respective stellar fluxes determine the different ozone abundances for
Proxima Centauri b and TRAPPIST-1 d. The spatial distribution with longitudinal gradients on
Proxima Centauri b is controlled by a stratospheric dayside-to-nightside circulation as shown
in Chapter 4. For Proxima Centauri b in a 3:2 resonant and TRAPPIST-1 d in a 1:1 resonant
orbit, | instead found longitudinal gradients in the ozone column densities. Again using age-
of-air tracer experiments, | showed that these distributions are driven by an equator-to-pole
stratospheric circulation with similarities to the Brewer-Dobson circulation that controls the
ozone distribution on Earth. | found distinctions in the dominant destruction mechanisms: HOx
catalytic cycles primarily destroy ozone in Proxima Centauri b’s atmosphere, whereas NOx
catalytic cycling dominates ozone destruction for TRAPPIST-1 d. Stronger H,O photolysis
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and oxidation produce more HO4 on Proxima Centauri b, whereas LFRs on TRAPPIST-1 d
are orders of magnitude higher, driving enhanced NOy production and catalytic cycling as
well as interactions with HOx species. This demonstrates the range of 3D processes affecting
atmospheric chemistry and how they can differ from planet to planet.

In turn, these orbit- and planet-dependent 3D processes affect the strength of ozone spectral
features and determine the spatial and temporal variations in emission spectra, as will be
further elaborated in the final question of this Section. On Earth, the amount and distribution
of ozone protects surface life from harmful radiation, which is even more important given the
enhanced UV radiation and presence of stellar flares around M-dwarfs (Rugheimer et al.,
2015b). In Section 3.4.1, | find that the ozone layer protects the surface of Proxima Centauri b
from harmful UV radiation, allowing only 15% of the incoming stellar UV radiation (A <32 nm)
to reach the surface. We also found that flares can enhance the ozone column density,
reducing the potential harmful effects of the next flare (Ridgway et al., 2023). On the other
hand, direct contact with near-surface ozone damages life on Earth (Zhang et al., 2019).
Hence, understanding the 3D distribution of ozone and its temporal variation is potentially a
key component of planetary habitability. Whilst photochemistry and flares mainly drive chem-
istry in the upper atmosphere, lightning is a key driver of disequilibrium chemistry in the
troposphere, with a potential role in prebiotic synthesis in the reduced atmosphere of the
Early Earth (Miller, 1953) and exoplanets in general (Rimmer & Rugheimer, 2019). Therefore,
the 3D distribution and resulting chemical effects of lightning can teach us about the prebiotic
potential of exoplanet environments.

How does 3D atmospheric chemistry evolve for an eccentric orbit and does this produce any
variability ?

For the 3:2 spin-orbit resonance of Proxima Centauri b, | identified daytime-nighttime cycles
and periastron-apoastron cycles in hemispheric mean surface temperature, H,O (g) column
densities, and ozone column densities. These cycles are ultimately driven by the variations
in incoming stellar radiation due to the planet’s rotation and eccentric orbit. The extrema
in both cycles follow with a brief time lag after periastron and apoastron, corresponding to
the atmospheric response time. Daytime-nighttime cycles show hemispheric variations of up
to 48% and 5.3% for H,O (g) and ozone column densities as compared to the global and
temporal mean. Periastron-apoastron cycles are less pronounced at 12% and 0.05% for H,O
and ozone, respectively. The weaker ozone cycles are explained by its relatively long chemical
lifetime damping out photochemically driven variations.

What traces do these 3D effects in atmospheric chemistry leave in synthetic spectra and will
they be tractable in future observations?
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Throughout Chapters 3 4, and 5, | have produced synthetic spectra of the planetary atmo-
spheres to determine the prospects of observing the various 3D effects. For Proxima Centauri
b and similar planets, lightning-induced NOy species are too low in abundance and located
too deep in the atmosphere to leave any observable features in transmission spectra. The
enhanced lightning-induced NOy for TRAPPIST-1 d and similar planets presents a possible
opportunity here. | then focused on the thermal radiation from the planets themselves in
emission spectra. | used the NASA PSG GIobES tool (Villanueva et al., 2018; Villanueva
et al., 2022) to account for 3D spatial and temporal variations in meteorological and chemical
parameters in the generation of emission spectra. The spectra were computed as a function of
the orbital phase angle, considering the orbital evolution and observed geometry. For the 1:1
resonant simulations of Proxima Centauri b and TRAPPIST-1 d, the emission spectra show
fluctuations in chemical signatures of up to 36 ppm and 14 ppm, respectively. The 9.6 um
ozone features fluctuate by 6—9 ppm. The 3:2 resonance for Proxima Centauri b results in a
more homogeneous atmosphere as a function of orbital phase angle, reducing most spectral
fluctuations and presenting a potential discriminant from the 1:1 resonance.

6.2 Implications

The results in this thesis for distinct planetary environments emphasize the complex 3D nature
of planetary atmospheres and the plethora of processes that can drive or affect disequilibrium
atmospheric chemistry. The analysis of the impact of an individual process is helpful and
often required to build an intuitive understanding but, in reality, there is a complex inter-
play between all these physical and chemical processes — stellar radiation, orbital dynamics,
atmospheric dynamics, the hydrological cycle including cloud formation, lightning initiation,
and (photo)chemistry — that can only be understood with sophisticated 3D models. Whilst
detections of potential biosignatures on rocky exoplanets may be reported in the coming
years, any reliable interpretation of these biosignature detections will fundamentally depend
on the planetary environment and will thus require context from 3D simulations.

In Chapters 3 and 5, | show that the magnitude of ozone production depends on the total
amount and spectral distribution of stellar UV radiation. On the other hand, too much radiation
in turn heats the stratosphere, with the potential to diminish chemical signatures in emission
spectra. Proxima Centauri b, in particular, seems to be in the sweet spot of incoming stellar
radiation that drives significant ozone production but not too intense stratospheric heating
(Grenfell et al., 2014). The stellar radiation from TRAPPIST-1 leads to weak ozone produc-
tion on planet d, but as Wilson et al. (2021) note, the NUV stellar radiation is based on a
semi-empirical model using the measured emission lines fixed to an arbitrary continuum. To
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better understand planetary environments, we need to accurately understand the stellar UV
radiation, particularly for M-type stars with their associated flares. A recent study to which
| contributed showed that flares drive enhanced ozone formation (Ridgway et al., 2023),
potentially reducing the atmospheric impact of the next stellar flare.

Lightning initiates catalytic NOx cycles and the evaporation of surface water followed by pho-
tolysis or oxidation initiates catalytic HO4 cycles to destroy ozone. LFRs are relatively low for
the conditions on Proxima Centauri b, but for TRAPPIST-1 d simulated LFRs range from 70—
1000 flashes km~2yr~!. The lightning initiation follows the extent of cloud formation and thus
is strongly influenced by irradiation, thermodynamics, orbital configuration, and atmospheric
dynamics. These results show that lightning is a strong function of the planetary environment
and that its 3D impact needs to be considered on an individual basis, especially when we start
interpreting potential biosignatures.

| have demonstrated in Chapter 5 that the orbital configuration determines the distribution of
stellar radiation and thus the circulation regime of the planetary atmosphere. The comparison
between 1:1 resonances for Proxima Centauri b and TRAPPIST-1 d shows that this determ-
ines the spatial distribution of chemical species, producing either latitudinal or longitudinal
variations in the vertically integrated column densities. The nightside gyre locations are not
fixed but vary with longitude over time (as shown in Chapter 4), producing an internal mode
of atmospheric variability in H,O (see also Cohen et al., 2023a) and ozone abundances
(De Luca et al., 2024). The 3:2 resonances with eccentricity provide external modes of vari-
ability through the daytime-nighttime and periastron-apoastron cycles. These cycles affect the
atmospheric dynamics and chemistry, but also indicate cycles in temperature and precipitation
that are thought to be essential for the origin of life on a planet (Pearce et al., 2017). The
existence of such cycles is also dependent on various 3D processes.

The atmospheric dynamics of the planets, ultimately due to asymmetric heating by the in-
coming stellar radiation, is essential to understanding the distributions of atmospheric tracers
(including chemical species and aerosols such as clouds and hazes) for any orbital config-
uration. | show the value of age-of-air tracer experiments to probe the dynamics in terrestrial
exoplanet atmospheres in Chapters 4 and 5. The first application of tidally locked coordinates
to the study of atmospheric chemistry in Chapter 4 helped unveil the key role of dayside-
to-nightside circulation mechanisms in the stratosphere for ozone (and other tracers) on
1:1 resonant exoplanets. Such approaches build upon decades of research into climate-
dynamics-chemistry interactions in the Earth System modelling community, highlighting the
importance of close connections between Earth System science and exoplanet science. In
a subsequent paper that was co-authored by me, we further unveil the climate-dynamics-
chemistry interactions at play by combining CCM simulations with dynamical systems theory
(De Luca et al., 2024, building upon Hochman et al., 2022, 2023). These results demonstrate
that interactive ozone enhances variability in the compound dynamics of temperature and
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wind speeds. Furthermore, we find a correlation between variability in the extent and location
of the nightside ozone columns and the dynamical systems theory metrics of dynamical
stability (co-persistence and co-dimension De Luca et al., 2024). We find an enhanced ozone
column for dynamically unstable atmospheric states in terms of temperature and wind speeds
and a diminished ozone column for dynamically stable states. This once again illustrates
the coupled interplay of climate, atmospheric dynamics, and chemistry, strengthening the
findings in Chapter 4 of this thesis. Ozone is particularly suited to probe these connections
since it is both radiatively active and depends on photochemical production mechanisms.
However, depending on the stellar and planetary environment many other molecules with
rotational-vibrational transitions will be radiatively active and affected by photochemistry, like
the triatomic molecules H,O, CO,, HCN, NO,, and N,O, but also molecules such as CH4 and
NHj3.

Contrasting the TRAPPIST-1 d simulations in Chapter 5 shows the sensitivity of planetary
climates to the orbital configuration using a reduced irradiance. | find a stable climate state and
a runaway climate for a 1:1 and an eccentric 3:2 spin-orbit resonance, respectively, indicating
a connection between the inner edge of the HZ (see Section 1.6) and the spin-orbit resonance.
This climate-orbit connection is more sensitive than those found by Colose et al. (2021), who
find relatively dry stratospheres for higher-order resonances in contrast to wet stratospheres
in this study. The different findings warrant further investigation but nevertheless, my results
show the importance of understanding the orbital configuration and its connection to the
3D planetary climate and atmospheric chemistry in our quest for habitable exoplanets. The
additional radiative feedback from interactive chemistry (e.g. ozone as a greenhouse gas, or
H,O destruction due to chemistry) can either speed up or prevent the runaway scenario, with
similar impacts from the potential presence of aerosols following haze parameterisations from
Mak et al. (2023) and Mak et al. (2024).

The spectral fluctuations that | found in Chapter 5 for the 1:1 resonant planets depend on
both the observing geometry and the 3D distribution of chemical species. The predicted
discriminant from the more homogeneous 3:2 resonant atmosphere will have to be considered
when looking for seasonally varying biosignatures (Schwieterman et al., 2018). Whilst the
spectral fluctuations most likely disappear below the noise levels for current observations
using JWST, future missions such as LIFE or HWO will be able to probe individual features as
well as spatial and temporal fluctuations in those features. Previous predictions and retrievals
for LIFE emphasize the critical role of vertically varying profiles of pressure-temperature and
chemical abundances to avoid biases in the retrievals (Alei et al., 2022; Konrad et al., 2022;
Mettler et al., 2024), on top of the considered horizontal variations. Such 3D variations and
potential spectral fluctuations can only be predicted and interpreted using complex 3D CCMs,
emphasizing an important role for CCM simulations in developing the science objectives for
such observatories.
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6.3 Suggestions for future work

6.3.1 Atmospheric Chemistry

| conclude this thesis with suggestions for future research. In Chapters 3, 4, and 5, | have
identified several drivers of disequilibrium chemistry in the atmospheres of exoplanets orbiting
M-dwarfs, whilst emphasizing that these depend on the host star and orbital configuration.
Lightning-induced chemistry should be further studied with CCM simulations for a diverse set
of exoplanets. Based on the high LFRs on TRAPPIST-1 d | find that the NOy catalytic cycle
dominates ozone destruction, suggesting an important role for biosignature interpretation that
is planet-specific. Reactive halogen gases such as chlorine (Cl) and bromine (Br) provide
additional catalytic cycles destroying ozone on Earth (Seinfeld & Pandis, 2016), both at low
latitudes and over the poles in the presence of Polar Stratospheric Clouds (PSCs: Tritscher
et al., 2021). The low temperatures and dry air over the nightside gyres of exoplanets in 1:1
spin-orbit resonances are reminiscent of the polar stratosphere on Earth with an unexplored
potential to form PSCs and initiate additional ozone destruction. This thesis assumes tabu-
lated dry deposition velocities but UKCA can be used to interactively calculate dry deposition
(see O’Connor et al., 2014) with a potential impact on disequilibrium chemistry and ozone
in particular. The obliquity of a planet drives seasonality (e.g. Olson et al., 2018) and addi-
tional cycles like those presented in Chapter 5 and further CCM simulations are needed to
investigate its effect on 3D atmospheric chemistry and its ability to mimic seasonally varying
biosignatures. This thesis considers neutral chemistry, but atoms and molecules in planetary
atmospheres may be ionised by photoionisation, lightning ionisation, impact ionisation, or
charge exchange processes with stellar winds. The presence of ionised compounds can lead
to atmospheric escape (e.g. Tian, 2015a) and affects the atmospheric chemistry and planetary
climate (e.g. Airapetian et al., 2020). Because of the inherent 3D nature of these processes,
future 3D modeling will have to incorporate them.

Ozone is a fascinating species due to its participation in the photochemical and radiative
balance of a planetary atmosphere, leading to climate-dynamics-chemistry interactions as
discovered in Chapters 4 and 5 for planets around M-dwarfs before being further investigated
in De Luca et al. (2024). Despite a strong ozone production on Proxima Centauri b, its
stratospheric presence on planets around M-dwarfs does not heat the stratosphere as strongly
as seen on Earth or predicted for other planets around G- or F-type stars (Godolt et al.,
2015). This implies a sensitivity of the climate-dynamics-chemistry interactions to the stellar
spectral energy distribution, motivating further investigations for planets around MKGF stars
and whenever improved observations of stellar spectra become available. Moreover — as sug-
gested in Section 6.2 — many other photochemically active species have rotational-vibrational
transitions (e.g. H,O, CO,, HCN, NO;, N,O, CH4, NH3) and thus have the ability to induce
climate-dynamics-chemistry interactions. The CCM presented includes interactions due to
H,0, NO,, and N, O, but enhanced sources for the latter two species will be required to induce
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noticeable climate-dynamics-chemistry interactions (e.g., biogenic emissions Schwieterman
et al., 2018). In the simulations of this thesis, CO, is included as a fixed abundance and CHy is
set to zero. Both can be included in the interactive chemistry calculations but their photolysis is
mainly driven by radiation at A <177 nm, making the climate-dynamics-chemistry interactions
hard to capture with this CCM due to the cutoff at 177 nm (see Section 2.2.2). Future work with
a chemistry module that is more flexible for non-oxygenated atmospheres — as presented in
Ridgway et al. (2023) — will be directed to the study of these interactions. NH3; and HCN would
be essential parts of these studies, as also shown by 1D photochemical modelling (Rimmer &
Rugheimer, 2019).

Whilst the parametrization of LFRs in terms of cloud-top height is based on the fundamental
laws of electricity (Vonnegut, 1963), it is empirically tuned to match observed LFRs on Earth
(Williams, 1985; Price & Rind, 1992; Luhar et al., 2021). Other parametrizations of lightning
initiation exist: in terms of convective precipitation and mass flux (Allen & Pickering, 2002),
convective available potential energy (Williams & Stanfill, 2002; Stolz et al., 2017), or upward
ice flux (McCaul et al., 2009; Finney et al., 2014). Recently, Balduin et al. (2023) developed
a simple parametrization in terms of pressure, temperature, vertical wind, and grain charges
to study the potential for lightning in protoplanetary disks, indicating applicability in a variety
of environmental settings. A comparison of different parametrizations is currently being con-
ducted (Sergeev et al. (inc. Braam), in prep.) and can be used as a basis for future studies of
lightning-induced chemistry in exoplanet atmospheres.

The adaptation of Earth System Models to the study of exoplanets naturally starts with an at-
mospheric composition similar to modern Earth, opening a variety of 3D physical and chemical
processes that can be explored for exoplanets, as shown in this thesis. However, the Earth’s
atmospheric composition has evolved considerably over geological timescales (Lyons et al.,
2014; Zahnle et al., 2020; Cooke et al., 2022), with associated 3D climate interactions (Eager-
Nash et al., 2023, e.g.). On the Early Earth, prebiotic chemistry is thought to have started in
reducing environmental conditions. 1-D photochemical modelling studies of reducing atmo-
spheric chemistry on Early Earth and exoplanets illustrate the dependence on environmental
conditions (Zahnle, 1986; Airapetian et al., 2016; Rimmer & Rugheimer, 2019; Pearce et al.,
2022). 3D simulations of atmospheric (photo)chemistry in reducing conditions are, as of yet,
unexplored. We are currently laying the foundations for these 3D simulations by testing and
developing suitable chemical networks.

Connecting with the conditions driving prebiotic chemistry, especially the 3:2 spin-orbit res-
onant exoplanet simulations in this thesis demonstrate radiative, temperature, and chemical
cycles (see Chapter 5). Along with wet-dry cycles following precipitation (Pearce et al., 2017),
such cycles have been proposed as essential requirements for prebiotic synthesis. 3D CCM
simulations can predict the long-term behaviour of such cycles and provide essential input for
studies of prebiotic synthesis on exoplanets.
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6.3.2 Habitability

The climate-chemistry interactions that are presented in this thesis can be further explored
by comparisons between simulations of interactive chemistry versus static atmospheric con-
ditions. In this way, we can determine the planetary and stellar environments for which the
presence of species like ozone affects the surface temperatures and thus planetary habitab-
ility, including the spatial and temporal variations due to interactive chemistry. An expansion
of the habitability concept involves the protection from harmful surface UV radiation that a
planetary ozone layer provides (Ridgway et al., 2023). Again, this needs to be explored for
a range of exoplanet configurations. Model intercomparison projects like the THAI project
(Fauchez et al., 2022; Sergeev et al., 2022b; Turbet et al., 2022) increase the confidence
and validity of our exoplanet simulations and need to be performed for photochemical models.
The 1D Photochemical Intercomparison for Exoplanets (PIE) is currently being conducted and
may be followed by a 3D CCM intercomparison.

The connection between the inner edge of the HZ and spin-orbit resonances needs to be
investigated for other spin-orbit resonances and more orbital configurations. Given the re-
duced irradiance that is required to keep TRAPPIST-1 d in a stable climate state, the inner
HZ boundary for the TRAPPIST system is probably located somewhere between the orbits of
planets d and e. We are currently analysing an ensemble of simulations to better quantify this
sensitivity, varying the orbital distance, spin-orbit resonance, eccentricity, climate-chemistry
interactions (individually simulating the radiative impacts of ozone, H,O, and N,O), and the
presence of a constant aerosol layer. These results will improve our definition of the inner
HZ boundary in the TRAPPIST-1 system and shed light on the ability of TRAPPIST-1 d and
e to retain an atmosphere of Earth-like composition. The initial findings suggest that the
eccentricity in higher-order resonances is the driving factor for the runaway greenhouse state.
Chemical feedbacks only delay the inevitable runaway and a constant aerosol layer seems
to speed up the warming process. Incorporating the latest determination of the bolometric
luminosity of TRAPPIST-1 (Sanghi et al., 2023) will further refine the location of the inner HZ
boundary.

The dependence of climate on the spin-orbit resonance that this thesis reports contrasts with
Colose et al. (2021), who find that higher-order resonances do not imply a wetter stratosphere
and, thus, planets are less prone to a runaway greenhouse effect. On the other hand, Liu et al.
(2023) simulate Earth’s climate for varying eccentricity and report a wetter stratosphere and
increased temperatures for higher eccentricities, agreeing with my finding that eccentricity
drives a warmer climate. Possible explanations for the differences include the model descrip-
tion and strength of vertical mixing and the location of the tropopause, both affecting the
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exchange between the troposphere and stratosphere. A model intercomparison project can
clarify these differences. Since differing stratospheric water vapour mixing ratios should affect
observations (see Section 5.3.6), this intercomparison can quantify observational differences
between the climate states and their sensitivity to eccentricity.

Opportunities exist to quantify the effects of 3D interactive photochemistry on HZ boundaries.
Including CO; photolysis in a 3D CCM might prevent atmospheric collapse of a CO;-rich at-
mosphere on the nightside of a 1:1 resonant exoplanet (e.g. Wordsworth, 2015). On the other
hand, H,O photolysis might remove H,O as a greenhouse gas and reduce the greenhouse
effect from H,O.

6.3.3 Observability

The simulated observational effects of 3D chemistry seem to disappear below the JWST noise
floor but offer a promising outlook for emission spectroscopy with the LIFE mission concept,
at least for Proxima Centauri b. The observability of the chemical features and their temporal
variations are currently being tested by adding simulated noise to the spectra in Figure 5.14
using the LIFEsim instrument simulator (Dannert et al., 2022). Predicting LIFE’s observing
capabilities has so far followed a logical order, from 1D simulations of Earth as an exoplanet
(Konrad et al., 2022), to diverse exoplanet scenarios in 1D (Alei et al., 2022), to using 3D Earth
observations (Mettler et al., 2022; Mettler et al., 2023, 2024). The next step would be to test
the observability of the 3D variations for a tidally locked M-dwarf exoplanet as presented in this
thesis. In the case of abiotic O, produced from CO; photolysis on planets orbiting M-dwarfs
(Domagal-Goldman et al., 2014; Tian et al., 2014; Harman et al., 2015), an O, detection
(direct or inferred from ozone) would be accompanied by CO spectral features (Harman et al.,
2015; Schwieterman et al., 2018). Simulations with interactive CO, chemistry, as proposed
in Section 6.3.1, should investigate the 3D variations of CO along with its observational
consequences. Besides LIFE, NASA is developing the HWO mission to study reflected light
from terrestrial exoplanets and ground-based future observatories like the ELT will also have
the potential to probe terrestrial atmospheres, perhaps requiring a few modifications (Vaughan
et al., 2024). Understanding the observability of the presence or absence of 3D variations
will be essential in designing the science goals and interpretation of data from these future
observatories.
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