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Resumen

La buisqueda y observacion de exoplanetas habitables similares a la Tierra, asi
como la interpretacion de estas observaciones, se han convertido en temas centrales

de la astronomia actual.

Nuestro objetivo es investigar la interaccion entre la oblicuidad planetaria, la
termodinamica atmosférica y los procesos hidrolégicos, y su impacto en la
habitabilidad y las propiedades espectroscopicas de los acuaplanetas con una

composicion atmosférica similar a la de la Tierra Arcaica.

Utilizando un modelo de circulacion general (GCM) y modelos de transferencia
radiativa (RT) para simulaciones atmosféricas y de espectros de emision,
modelamos diez acuaplanetas con atmosfera similar a la de la Tierra Arcaica con
oblicuidades variables. La habitabilidad se analiza a través de la temperatura de
la superficie del mar (Ts) y la temperatura del bulbo himedo (7). Se analiza el

espectro de emision para determinar los cambios debidos al efecto de la oblicuidad.

Nuestros resultados confirman que la oblicuidad influye significativamente en su
termodinamica atmosférica, la habitabilidad de la superficie y los espectros de
emision observables para el caso sin nubes. En particular, los rasgos de absorcion
de vapor de agua de 2.7 y 6.0 m en escenarios sin nubes se correlacionaron con

Ty para oblicuidades mayores o iguales a 52.5°.

Nuestros hallazgos proporcionan informacién sobre las posibles caracteristicas
climéticas y espectrales de las atmosferas de tipo Arcaico relacionadas con la
oblicuidad, ofreciendo una base para interpretar las observaciones de exoplanetas.
Estos resultados podrian servir de base para futuras misiones telescopicas y
contribuir al desarrollo de métodos para estimar la oblicuidad y la habitabilidad

de exoplanetas a partir de datos espectroscopicos.

Keywords — Atmosferas de exoplanetas, Climas planetarios, Espectroscopia IR,
Habitabilidad, Astrobiologia
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Abstract

The search for and observation of habitable Earth-like exoplanets, as well as the
interpretation of these observations, have become central topics in astronomy

today.

We aim to investigate the interplay between planetary obliquity, atmospheric
thermodynamics, and hydrological processes, and their impact on the habitability
and spectroscopic properties of aquaplanets with an Archean Earth-like

atmospheric composition.

Using a General Circulation Model (GCM) and radiative transfer (RT) for
atmospheric and emission spectra simulations, we modeled ten aquaplanets with
Archean Earth-like atmosphere with varying obliquities. Habitability is analyzed
through the Sea Surface Temperature (Ts) and the Wet Bulb Temperature (Tyy).
Emission spectrum is analyzed to determine the changes due to the effect of

obliquity.

Our results confirm that the obliquity significantly influences its atmospheric
thermodynamics, surface habitability, and observable emission spectra for cloudless
case. Notably, the 2.7 and 6.0 um water vapor absorption features in cloudless

scenarios correlated with Ty, for obliquities greater than or equal to 52.5°.

Our findings provide insights into the potential climatic and spectral characteristics
of Archean-like atmospheres related with obliquity, offering a basis for interpreting
exoplanet observations. These results could inform future telescope missions
and aid in the development of methods to estimate exoplanetary obliquity and

habitability from spectroscopic data.

Keywords — Exoplanet atmospheres, Planetary climates, Infrared spectroscopy,

Habitability, Astrobiology
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Chapter 1. Introduction 1

Chapter 1
Introduction

Habitability remains a concept challenging to define. Understanding the conditions
necessary for habitability and the detection of potential biosignatures are key
objectives in exoplanetary sciences (Ozaki et al., 2022). Transmission spectroscopy
has enabled detailed studies of exoplanetary atmospheres, providing insights into
their potential habitability (Ozaki et al., 2022). Thanks to the Kepler and TESS
missions, about 5,000 exoplanets have been detected (Kossakowski et al., 2023),
with nearly 50 found orbiting within the Habitable Zone (HZ) — the region
where Earth-like planets can sustain liquid water on their surface (Childs et al.,
2022; Kasting et al., 1993; Segura et al., 2005). Among these, 20 are considered
Earth-like, defined as 0.8Rgy < R, < 1.6Mg and 0.5Mg < Msini, < 3Mg
(Kossakowski et al., 2023). However, the mere characterization of atmospheric
composition does not definitively indicate a planet’s ability to support life (Ozaki
et al., 2022). Additional analyses, such as the presence of liquid water, must also
be considered (Seager, 2014).

The presence of liquid water is crucial for assessing a planet’s potential for
habitability (Childs et al., 2022; Kasting et al., 1993). Earth, the only planet
known to harbor life, relies on liquid water for its habitability, as it allows the
transport of many molecules necessary to form living molecular systems, such
as cells (do Nascimento Vieira et al., 2020). If a planet has liquid water, we can
presume that Earth-like life forms might inhabit it (Hedelt et al., 2013; Seager,
2014). However, for water to be in liquid phase on the surface, suitable surface

temperature and atmospheric pressure are required (Seager, 2014; Carr and Head,



2010; Segura et al., 2005). These factors depend on the spectral type of the host
star (Kopparapu et al., 2013; Nowajewski et al., 2018), the chemical composition of
the atmosphere, the amount of atmospheric gases, the planet’s surface (Kopparapu
et al., 2013; Nowajewski et al.; 2018), and orbital parameters like eccentricity
(Linsenmeier et al., 2015) and obliquity (¢; Linsenmeier et al. (2015); Nowajewski
et al. (2018)).

To understand the complex interplay between orbital parameters, habitability, and
observational characteristics, researchers have turned to atmospheric modeling of
exoplanets using General Circulation Models (GCMs) and radiative transfer models
to simulate how these planets would appear when observed using transmission
spectroscopy (Kopparapu et al., 2017; Fauchez et al., 2019). These models allow
for the simulation of Earth-like exoplanets and provide insights into how their
potential habitability would manifest in observational data gathered through

transmission spectroscopy under various conditions.

Studies, such as Nowajewski et al. (2018), have highlighted the importance
of parameters like obliquity in determining the habitability of exoplanets.
Experimental simulations of Earth-like aquaplanets with modern atmospheric
C'Oy concentration suggest that while surface temperatures (Ts) may support
liquid water throughout the year, the atmospheric habitability indicator, Wet Bulb
Temperature (Tyy), reveals variations in surface habitability across aquaplanets
with different obliquities throughout the year. Even if a planet retains liquid
water, it does not imply that the atmosphere is suitable for surface life; parameters
such as Ty must also be considered (Nowajewski et al., 2018). However, it
remains uncertain whether these effects of obliquity on habitability can be
observed spectroscopically. This not only enhances our understanding of exoplanet
habitability but also provides valuable insights into how observational data can

be interpreted.

Understanding the habitability and observational characteristics of exoplanets is
crucial, especially when considering Earth-like conditions. However, it’s essential
to recognize that modern Earth is not the only model of a habitable planet. While
much attention has been given to studying exoplanets resembling contemporary
Earth, which are primarily composed of Ny and O,, it’s equally important to
explore other potential habitable environments (Arney et al., 2016). During the

Archean Eon, approximately 4.3 — 3.0 billion years ago, life originated in a vastly



different environment compared to present-day Earth (Catling and Zahnle, 2020).
The atmospheric composition during this epoch consisted mainly of Ny and CO,
(Catling and Zahnle, 2020), and the Sun’s luminosity was estimated to be 20 —25%
lower than today (Catling and Zahnle, 2020; Bahcall et al., 2001), with a radius
approximately 9% smaller (Bahcall et al., 2001) and an effective temperature
around 1% lower (Bahcall et al., 2001) according to standard solar evolution models.
While most studies have focused on considering exoplanets as contemporary Earth-
like planets, there is limited exploration of the habitability and observability
of exoplanets resembling the Archean Earth. Few studies have considered the
combination of Archean-like conditions with an orbital parameter such as obliquity
as a modulator of habitability to compare their spectral characteristics. This
expands the potential diversity of habitable exoplanets or those suitable for the

development of life similar to Earth’s (Arney et al., 2016).

In this paper, we aim to address the following scientific question: What are
the spectral properties of an Earth-like aquaplanet with different habitability
conditions determined by its obliquity, considering the atmospheric composition

characteristic of the Archean-Earth?

To address this question, our study investigates the interplay among planetary
obliquity, atmospheric thermodynamics, and their impact on the habitability and

spectroscopic properties of such an exoplanet.

We hypothesize that the obliquity of an Archean-Earth-like aquaplanet with the
atmospheric composition of the Archean-Earth directly influences its atmospheric
thermodynamics, thereby impacting surface habitability with the presence of

surface liquid water and atmospheric moisture, observable through spectroscopy.



4 Chapter 2. Methodology

Chapter 2

Methodology

This work is divided into two parts: an Atmospheric Simulation using a General
Circulation Model (GCM) and the Spectra Simulation using a Radiative Transfer
(RT) model to simulate an Earth-like aquaplanet with an atmospheric composition
similar to Earth’s Archean era, 3.0 billion years ago (Archean-Earth, Catling and
Zahnle (2020)).

We simulate 10 aquaplanets with different obliquities using a GCM, and then
simulate the emission spectrum of the planet’s atmosphere through a radiative
transfer model. Habitability is analyzed through the Sea Surface Temperature
(Ts) and the Wet Bulb Temperature (Ty) of the aquaplanet to verify if the surface
water remains in liquid phase and to assess if it is habitable for Current-Earth-like
life forms. Then, the emission spectra are calculated using the variables given by
the GCM. The resulting model spectrum is analyzed to determine the changes in

the planet’s emission spectra due to the effect of obliquity.

2.0.1 Atmospheric Simulation

In our atmospheric simulations, we employ ExoPlaSim (Release 3.3.0; Paradise
et al. (2022)) to recreate a Archean-Earth atmosphere. This intermediate-
complexity GCM, developed by Paradise et al. (2022), is derived from the GCM
Planet Simulator (PlaSim) by Fraedrich et al. (2005) to simulate exoplanet
atmospheres. GCMs like ExoPlaSim provide a comprehensive representation
of Earth-system components, encompassing the atmosphere, land, ocean, and

sea ice. This allows us to efficiently simulate crucial 3D processes, including



cloud formation, large-scale circulation, moist processes, and climate feedbacks,
at reduced computational expense. It is important to note that this GCM
incorporates certain simplifications through parameterizations of processes, such

as radiative transfer and microphysics (Chen et al., 2023).

ExoPlaSim assumes the planet is irradiated by a blackbody with the defined
effective temperature of the star. For our simulations, we assume an Earth-like
aquaplanet with an atmospheric composition similar to Archean-Earth. We use
the Standard Solar Model with the present age of the Sun being 4.57 billion years.
The luminosity (Lg), radius (Rg), and effective temperature (7,s7 ) of the Sun
are 3.844 x 10%6 W (Bahcall et al., 2001), 6.957 x 10® m, and 5777 K, respectively.
The decision to use a contemporaneous Sun in Logot, Rodot, and Ters e is based
on the fact that if we define those parameters to simulate an Archean Sun, the
planets enter into a snowball effect. This problem is known as the faint young
Sun paradox, which has been widely discussed (Rondanelli and Lindzen, 2010)

and is beyond the scope of our work.

Parameter | Value Reference

Radius 6.957 x 108 m | Bahcall et al. (2001)
Luminosity | 3.844 x 10%¢ W | Bahcall et al. (2001)
Temperature | 5777 K Bahcall et al. (2001)

Table 2.0.1: Sun parameters used as input in ExoPlaSim for our Archean Earth-
like aquaplanet model.

The aquaplanet has a radius (R) of 6300 km, a mass (M) of 5.9736 x 10*

kg, and a gravity acceleration (g) of 9.8 ms™2.

It orbits its star at a
distance of 1 AU with zero eccentricity (e = 0) and varying obliquities (¢)
of {0°,10°,23.5°,30°,40°, 52.5°,60°,70°,80°,90°}. These obliquities were chosen
to sample from 0° to 90°. The 23.5° obliquity value represents current Earth’s
obliquity for comparison purposes, since the current Earth is a reference point for
a lot of studies (Nowajewski et al., 2018). The 52.5° obliquity case is included
as it represents a limit case where the equator-to-pole difference of incoming
solar radiation at the top of the atmosphere is zero, resulting in homogeneous
average annual insolation (Nowajewski et al., 2018). We replicate the simulation
of ¢ = 52.5° to analyze climate behavior under the Archean-Earth model. Months
are set to equal lengths of 29 days, and years have 360 days. ExoPlaSim includes

sea-ice-atmosphere interaction and a slab ocean with a fixed depth (Paradise et al.,



2022).

Orography is set to zero to ignore zonal asymmetries introduced by factors such
as continents and focus on climate responses. Horizontal ocean heat transport is
set to zero at all latitudes and longitudes. We assume a slab ocean model with a
depth of 50 m. An oceanic albedo of 0.06 (Donohoe and Battisti, 2011) and a
sea-ice albedo of 0.75 (Robock, 1980) are adopted.

For the atmosphere, we assume 10 linear vertical levels from 1 bar to 0.1 bar,
describing the surface to the lower stratosphere. Given that nitrogen (NNs) is the
most abundant molecule in the Archean atmosphere (Catling and Zahnle, 2020),
our model assumes an atmosphere composed only of Ny and carbon dioxide (COs).
The total atmospheric pressure is assumed to be 1000 hPa, with C'O, partial
pressure taken from Catling and Zahnle (2020) and the rest assumed to be Nj.
These two species are assumed to be well mixed. Water vapor (H,O) and water
content in clouds (CLw ) vary based on the meteorological conditions computed
by the model.

Parameter | Value | Reference

Planet
Radius 1 [Earth radii] -
Gravity acceleration 9.8 [ms—?] -
Month 29 [days| Nowajewski et al. (2018)
Day 24 [h] 5

Orbital
Distance from the Star | 1 [AU] -
Year 360 [days] -
Eccentricity 0[] Nowajewski et al. (2018)
Obliquity (¢) 0, 10, 23.5, 30, 40, 52.5, 60, 70, 80,90 7] | -

Atmosphere

Vertical Discretization | Linear -

Min/Max Pressure 100 / 1000 [hPal] Nowajewski et al. (2018)
Nz = 0.965 [bat]
COy = 0.035 [bar]

Partial pressures Catling and Zahnle (2020)

Ozone No -

Surface
Aquaplanet Yes -
Orography No -
Ocean Depth 50 [m] Nowajewski et al. (2018)
Ocean Albedo 0.06 Donohoe and Battisti (2011)
Sea Ice Albedo 0.7 Robock (1980)

Table 2.0.2: Aquaplanet parameters used for our Archean Earth-like model with
ExoPlaSim.



ExoPlaSim operates with a spatial resolution of T42 (2.8° x 2.8°), which
corresponds to grids of 64 latitudes and 128 longitudes. Each simulation experiment
is performed using a computing cluster with 16 cores at 4.5 GHz, covering a
period of 150 simulated years. The climatologic average is derived from the final
50 years of simulations, during which the climate of the aquaplanet will be in a
stationary state. This climatologic average represents the characteristic climate

regime, far from the initial condition imposed.

To achieve this, we analyze the radiative energy flux budget at the Top of the
Atmosphere (TOA) for each experiment. When the net energy budget at TOA the
is zero, means that the incident energy flux is equal to outgoing energy flux. This
analysis help us identify if the simulated aquaplanets have reached an equilibrium
state and exclude cases where the planet enters a snowball state or a greenhouse
effect.

To compute the energy budget on the TOA, we calculate the global average for
net radiative flux at TOA. To compute global averages, we weight each grid with
the cosine of latitudes. This is a common practice in GCM studies to calculate
meridionally averaged variables (Yang et al., 2024). If the global average of the
Net TOA Radiation is near to zero, the climate of the aquaplanet have reached

the equilibrium.

2.0.2 Habitability

Once verified that the climate of aquaplanets reached the equilibrium, we analyze
the Sea Surface Temperature (Ts) and Wet Bulb Temperature (Ty). The habitable
range for Ts is between 273.15 K and 373.15 K to ensure liquid water, and Ty,
is between 273.15 K and 308.15 K, the habitable range for mammalian life
(Nowajewski et al., 2018). Although this range is defined for mammals, various
habitable ranges exist for different life forms. Our focus simplifies the problem
by defining a single case of interest, but this methodology can apply to other life

forms, opening possibilities for future habitability studies.

We compute the Ty using Stull (2011) formula, as in Nowajewski et al. (2018):



Tyw = Tatan" (0.151977(q + 8.313659)"/%) + tan™ (T4 + q)
— tan"*(q — 1.676331) + 0.00391838¢%/2 - tan"1(0.023101¢)  (2.0.1)
— 4.686035

Where T4 is the air temperature and ¢ is relative humidity computed from
ExoPlaSim.

2.0.3 Spectral Simulation

The next component of this study is the simulation of synthetic emission spectra for
various aquaplanets with different obliquities. This is achieved using a Radiative
Transfer Model to generate the spectral data. Specifically, we employ NASA’s
Planetary Spectrum Generator (PSG, https://psg.gsfc.nasa.gov, Villanueva et al.
(2018)) for this purpose.

PSG is an advanced radiative-transfer code developed for the analysis of various
celestial bodies within and beyond our solar system (Villanueva et al., 2018).
It allows the synthesis of planetary atmospheres and surface spectra across a
wide range of wavelengths, from UV to radio frequencies, and supports different
observation platforms like observatories, orbiters, and landers (Fauchez et al., 2019).
PSG combines multiple sophisticated radiative transfer models, spectroscopic
databases, and planetary databases, integrating climatological and orbital data to
enhance its computational capabilities (Villanueva et al.; 2018). It employs state-
of-the-art radiative-transfer and scattering methods to produce high-resolution
spectra through line-by-line calculations and uses the correlated-k method for

moderate resolution spectra.

In our study, we utilize the parameters provided by ExoPlaSim as inputs to
PSG. These parameters include latitudes, longitudes, Ts, T4 , air pressure (Py),
eastward /northward winds (u/v), HO, Crw, and albedo. We compute the
combined emitted and reflected introducing the ExoPlaSim’s simulation variables
to the PSG module Global Exoplanetary Spectra (GlobES, Villanueva et al. (2022))
using a "binning" factor of 5. This means that PSG/GLobES performs radiative
transfer calculations on the whole observable disk at every interval of 4° of latitude

and longitude.

Ny and C'O4 gases are assumed to be well-mixed for with abundances corresponding



to the table 2.0.2.

H50 and Cpy are ingested from ExoPlaSim model. We assume that those
quantities have horizontally and vertically inhomogeneous distributions. H,O and
Crw are crucial for planetary habitability and their abundances propagate into the
simulated spectra. For the spectral simulations, the size of liquid water particles
in clouds is required. Note that ExoPlaSim does not compute liquid water particle
size in clouds, nor ice water content and particle size due to model simplifications.
Because of this, we adopt a global value of 0.5 um for liquid water particle size in
clouds, based on previous studies (Igel and van den Heever, 2017a,b). This is a
common issue in characterizing the climate of Earth-like planets, as clouds are
notoriously difficult to represent correctly in GCMs due to their characteristic
timescales and sizes (Fauchez et al., 2022). Additionally, even for Earth climate
models, it is challenging to characterize clouds and aerosols (Wunderlich, Fabian
et al., 2019). This is why we compute the spectra for two different cases: (a)

considering water clouds and (b) without water clouds.

Molecular absorptions for Ny, C'O,, and H,O are incorporated using correlated-k
tables derived from the HITRAN 2020 database (Gordon et al., 2022). Aerosol
properties are modeled using Mie Scattering theory, with water cloud scattering
properties as described in Massie and Hervig (2013). Ice cloud optical properties
are not included as these are not considered by ExoPlaSim. For this we defined
the number of n-stream pairs equal to 4 and the number of scattering Legendre
polynomials used for describing the phase function equal to 60. This is defined

the same for both spectra cases.

Rayleigh scattering is considered, with cross sections calculated as a sum of the
individual molecular cross sections, which are wavelength-dependent based on

molecular polarizability.

Collision-induced absorptions (CIAs) arising from inelastic molecular collisions
in a gas are included using HITRAN CIA compilations (Gordon et al., 2022)
and the HITRAN CIA database (Karman et al., 2019). In the spectral range
considered, the significant CIAs are those of COy " COs, Ny~ HyO, and Ny~ No. PSG
integrates the MT CKD water continuum (Mlawer et al., 2012) by transforming
it to CIAs of HyO”H,0O (Kofman and Villanueva, 2021). t We implement a

geometric observation model for an emission disk with direct imaging to obtain
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both emission and reflection spectra of the planets. This allows us to investigate the
characteristics of the planet’s thermal emission as well as its optical regime, where
we can infer the existence of clouds through the reflection spectra (Hedelt et al.,
2013). As Hedelt et al. (2013) states, "the emergent spectrum holds information
about the temperature structure of the atmosphere as well as the atmospheric
components". For direct imaging, radiative transfer simulations are conducted
across the entire observable disk, and the individual spectra are integrated based

on the projected area of each bin (Villanueva et al., 2018).

We assume that the planet is observed from Earth at a distance of 1 Pc, with
the planet 1 AU from its host star. We obtained the spectra for the quadrature
geometry case (phase of 90°), where the planet is half illuminated. We selected
this phase because, according to Krissansen-Totton et al. (2016), the probability
distribution of the apparent phase for a direct imaging observation of an exoplanet
with a random inclination and position in its orbit suggests that it is more likely

to find the exoplanet in quadrature phase.

Remembering that the scope of this work is to examine the observable changes
in the spectra due to variations in atmospheric parameters related to changes
in obliquity, rather than instrument-specific detection capabilities, we simulate
spectra using an instrument reminiscent of the JWST /MIRI instrument, with
some modifications for our analysis. We extend the spectral range to 0.3 to 30
pm and set a resolving power (R) of 100. We choose this spectral band because
thermal emission from the planet and its spectral signatures of water are more

relevant in IR and Mid-IR. Signal-to-noise ratios are not considered.
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Chapter 3

Results

The objective of this section is to present the results of the General Circulation
Model (GCM) and Radiative Transfer (RT) model simulations based on the
Archean-Earth-like aquaplanet model. This section is divided into two parts: the
atmospheric simulation of the aquaplanets and the emission and reflection spectra

simulations derived from the GCM data.

3.0.1 Atmospheric Simulation

First, we analyzed the net radiative flux at TOA to verify whether the climate
of the aquaplanets are in equilibrium. For all 10 aquaplanet simulations, the
net radiative flux at TOA values are near zero, indicating that the climate of
aquaplanets have reached the equilibrium. All simulations reached it approximately

by the 80th year from the start of the simulation (not shown).

Figure 3.0.1 represents the habitability over the annual cycle, both zonally and
globally. To calculate percentage of surface habitability throughout the year first,
we computed the Wet Bulb Temperature (T} ) for all latitudes, longitudes, and
atmospheric level closest to the surface. Then, we calculate the long-term mean
(lastest 50 years) of Ty for each month. This means that we average Ty over
the 50 years for each month separately. We then selected one month of the year,
averaging Ty longitudinally. Next, we identified latitudinal points that met the
habitability condition of Ty in one month. Latitudes meeting this condition
were assigned a score of 1, and those that did not were assigned a score of 0.

This process was repeated for each of the 12 months of the year and for each of
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Surface habitability comparison through the year
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Figure 3.0.1: Percentage of surface habitability throughout the year comparison
for 10 aquaplanet simulations. This shows the latitudes that fulfill the condition
of Wet Bulb Temperature (Ty,) between 273.15 and 308.15 K. The upper panel
shows the latitudinal distribution of surface habitability for each simulation. The
bottom panel shows the global average of surface habitability for each simulation.
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the 10 simulations. Thus, each latitude and simulation had a habitability score
ranging from 0 to 12, which we converted to the percentage of the year meeting
the habitability condition (see upper panel of Figure 3.0.1). For global habitability,
we averaged the latitudinal scores for each simulation, applying a cosine weighting

for latitude due to the larger surface area near the equator compared to the poles.

The upper panel of Figure 3.0.1 shows that for latitudes between —20° and 20°
are uninhabitable year-round for ¢ = 0°, while latitudes from £20° to the poles
are habitable 100% the year. Simulations with ¢ between 0° and 40° show that
the year-round habitable regions shrink, and the uninhabitable regions expand
to latitudes near +30° as obliquity increases. A notable case is ¢ = 40°, where
the year-round uninhabitable region shrinks to latitudes between +17°, but the
uninhabitable region extends to latitudes £45° in both hemispheres. Between
¢ = 40° and ¢ = 52.5°, there is a regime shift where the surface between latitudes
+17° becomes habitable year-round, and areas between +17° and the poles are
habitable only part of the year. As obliquity increases, year-round habitable
regions expand, while regions closer to the poles decrease in annual habitability
percentage. At ¢ = 90°, the year-round habitable region reaches latitudes near
+36.5°.

The lower panel of Figure 3.0.1 shows the global habitability percentage over the
year. For ¢ = 0°, it is 66.5%, decreasing with increasing obliquity to a minimum
of approximately 55.6% at ¢ = 40°. Between ¢ = 40° and ¢ = 52.5°, there is a
regime change where global habitability increases, reaching 74.6% at ¢ = 52.5°
and a maximum of 81.5% at ¢ = 90°.

Figure 3.0.2 shows the zonally averaged Wet Bulb Temperature (Ty) for the
atmospheric layer closest to the surface. The figure presents three temporal

averages: annual (upper panel), DJF (middle panel), and JJA (bottom panel).

The annual mean surface Ty for ¢ = 0° shows habitable ranges at latitudes between
20° and 90° for each hemisphere. This pattern repeats do not change throughout
the year. For the Earth analog (¢ = 23.5°), the habitable and uninhabitable
regions based on Ty, are similar to those of ¢ = 0°. The main difference is that
the Ty, temperature outside the tropics increases, so the meridional Ty, gradient

decreases.

For ¢ = 40°, the annual mean Ty, indicates habitable ranges at latitudes greater
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Annual Mean Surface Wet Bulb Temperature Distribution
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Figure 3.0.2: Latitudinal distribution of Zonal Surface Wet Bulb Temperature
for 10 different simulations with varying obliquity: Upper panel: Annual Mean,
Middle panel: DJF Seasonal Mean, and Bottom panel: JJA Seasonal Mean.
Each aquaplanet is represented by a characteristic color and marker. The green /red
filled backgrounds represent the habitable/inhabitable ranges for Ty .
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than 25° up to 90° of each hemisphere. For DJF, the habitable region shifts to
latitudes greater than 20° and less than —30°, while in JJA, the opposite pattern
is observed. From this obliquity the seasonal variability in the Ty, is more evident
and thus the habitability too.

A transition in Ty behavior is seen between ¢ = 23.5° and ¢ = 52.5°. At ¢ = 52.5°,
the annual mean Ty, suggests that the entire planet is habitable. However, seasonal
means show that latitudes between —40° and —90° are uninhabitable in DJF
and latitutes between 40° and 90° are uninhabitable in JJA. This case shows the
smallest temperature difference between the equator and poles compared to other
obliquities, aligning with Nowajewski et al. (2018), who noted that this obliquity
results in zero equator-to-pole difference of incoming solar radiation at the TOA

(see figure 4.1 from Nowajewski et al. (2018)).

For ¢ = 90°, the annual mean Ty, shows habitable latitudes between 55° and —55°,
with uninhabitable regions beyond these latitudes. Unlike the aquaplanets with
¢ = 52.5°, the seasonal Ty, distribution of ¢ = 90° reveals inverted temperature
meridional gradients compared to lower obliquities. ¢ = 90° shows uninhabitable
conditions at latitudes less than —40° in DJF and greater than 40° in JJA.

The annual and seasonal mean Ty for ¢ = 0° shows the largest temperature
gradient between the equator and poles, about 40 K for both cases, which decreases
with increasing obliquity, becoming nearly zero at ¢ = 52.5°. Beyond this, the
gradient inverts, with poles reaching higher temperatures than the tropics at

higher obliquities.

Figure 3.0.3 shows the zonally averaged Sea Surface Temperature (Ts), similar
to Figure 3.0.2, but focusing only on the annual mean due to similar seasonal

behavior observed in Ts and Ty .

All simulations show Tg above the freezing point of water, given the atmospheric
pressure of 1000 hPa, indicating no surface ice and satisfying our habitability
criterion. Maximum surface temperatures reach approximately 320 K across
simulations, varying latitudinally with obliquity. At 0° obliquity, the maximum
temperatures are between latitudes —25° and 25°, while at 90° obliquity, they are

near the poles.

The annual mean T and Ty show similar patterns across all aquaplanets. The

same seasonal behavior observed in Ty is reflected in Tg for all simulations.
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Annual Mean Sea Surface Temperature Distribution
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Figure 3.0.3: Latitudinal distribution of the Annual Mean of Zonal Surface Sea
Temperature for 8 different simulations with varying obliquity. Each aquaplanet
is represented by a characteristic color and marker. The green filled background
represents the habitable ranges for Ty.

Figure 3.0.4 presents the variables obtained from ExoPlaSim: air temperature,
specific humidity, and liquid water content in clouds. These variables are crucial
for understanding the spectral behavior of each aquaplanet and are input into the
PSG model. Morever, air temperature and humidity are the variables to constrain

habitability at surface level.

For Figure 3.0.4, we plotted air temperature, specific humidity, and liquid water
content in clouds, averaged annually and zonally for all atmospheric layers. We
selected four cases of interest for comparison: ¢ = 0° and ¢ = 90° as extreme
obliquities, and ¢ = 40° and ¢ = 52.5° due to the observed regime shift in
habitability between these obliquities (see Figure 3.0.1). The ¢ = 40° case shows
the lowest annual surface habitability, while ¢ = 52.5° exhibits minimal annual
latitudinal temperature gradient and the smallest equator-to-pole temperature
difference compared to other simulations. Although ¢ = 23.5° represents modern
Earth’s obliquity, its behavior is very similar to ¢ = 0°, so we omitted it for

comparison.

For ¢ = 02, the annual mean of air temperature (74) is around 300 K at the
surface between latitudes —50° and 50°, decreasing towards the poles to about 270
K. Independent of latitude, Ty decreases with altitude, but vertical gradient of Ty
is different for each latitude, being greater at the poles than at the equator. This
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Zonal Vertical Profile Comparison
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Figure 3.0.4: Comparison of annual zonal vertical profiles of (a) Air temperature,
(b) Specific humidity, and (c) Liquid water content in clouds of Archean Earth-like
aquaplanets. Each row represents the selected cases of ¢ = 0°,40°,52.5°,90° with
their respective colors. Notable differences in water content between gaseous and
liquid phases are observed between the simulations.
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is probably due to the distribution of water vapor in the atmosphere, being greater
at low latitudes than at high latitudes. If the air becomes saturated with water
vapor, it releases latent heat as it condenses and dampens temperature changes
with altitude (chapter 3 Wallace and Hobbs (2006)). The highest concentrations
of water vapor are found between 20° and the equator. The liquid water content

of clouds is also highest at the equator.

For ¢ = 40°, the latitudinal gradient of near-surface T4 is smaller compared to
¢ = 0°. At higher altitudes, at high latitudes this feature is maintained, but
the latitudinal gradient of T4 is still smaller than for ¢ = 0°. Specific humidity
follows a similar pattern, with higher values at the equator, decreasing towards the
poles, and a smaller gradient than ¢ = 0°. Liquid water content in clouds shows
a distinct pattern: between 900 hPa and the surface, water content increases
from the equator to the poles. Vertically, water content increases up to 700 hPa
between latitudes —30° and 30°, then decreases above this pressure. A similar
pattern is observed between latitudes £30° and +60°. At latitudes 80°, liquid
water content decreases between 1000 hPa and 900 hPa.

For ¢ = 52.5° the near-surface T4 shows almost no equator-to-pole gradient. At
700 hPa, Ty is highest near +15°, decreasing towards the poles and equator. At
altitudes below 700 hPa, the highest temperatures are near the equator, decreasing
slightly towards the poles. The temperature gradient for ¢ = 52.5° is much smaller
compared to other simulations. Specific humidity is highest at the poles near the
surface, with a smaller gradient than other simulations. At 850 hPa, the highest
specific humidity is at the poles, decreasing to £13°, then increasing towards the
equator. A similar pattern is observed up to 665 hPa, above which the gradient
is only from equator to poles. Liquid water content in clouds for ¢ = 52.5° shows
a similar pattern to specific humidity, with a positive equator-to-pole gradient
between 910 hPa and 880 hPa, and a negative gradient from the equator to £10°,
becoming positive from 4+10° to the poles. At 80° latitude, there is a decrease in
liquid water content between 1000 hPa and 860 hPa, which reappears between
830 hPa and 720 hPa.

For ¢ = 907, the patterns are similar to ¢ = 0° but with inverted gradients. Annual
Ty is lowest at the equator, increasing towards the poles. Specific humidity is
highest at the poles, decreasing towards the equator, with different behavior

between 915 hPa and 700 hPa, where the gradient is negative from the equator
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to £10°, then positive from £+10° to the poles. For pressures below 700 hPa, the
gradient is positive, similar to the surface. Liquid water content in clouds for
¢ = 90° shows a positive gradient from the equator to +55° between 1000 hPa
and 875 hPa, then negative from 4+55° to the poles. Between 875 hPa and 810
hPa, there is higher cloud water content, with greater latitudinal extent in the
southern hemisphere. For pressures below 810 hPa, a negative equator-to-pole
gradient is observed from the equator to £13.5%, then positive from £+13.5° to the
poles. From Figure 3.0.4 we can note that for each of the 4 cases of interest, there
is a particular distribution for the specific humidity and the cloud liquid water

content.

3.0.2 Spectral Simulation

We computed the radiance spectra for all 10 aquaplanet simulations. To calculate
the radiance spectra (emission and reflection), we used the annual average of the
last 50 years of variables calculated by ExoPlaSim. We simulated two different
cases: including and excluding clouds. For the cloudless case, we simply excluded

the cloud liquid water content variable from the spectral calculations.

Our analysis focuses on water vapor (H20), liquid water clouds, and C'Oy because
of their relevance to habitability (Hedelt et al., 2013; Suissa et al., 2020). HyO is
related to specific humidity, while C'Oy is strongly linked to air temperature (7))
response (Hedelt et al., 2013). Both humidity and T4 are used to determine the
Wet Bulb Temperature (Ty ), our habitability indicator. Clouds, represented by
the water content in clouds (CLy) computed by ExoPlaSim, significantly impact

a planet’s spectral appearance (Fauchez et al., 2019; Hedelt et al., 2013).

From the top panel of Figure 3.0.5, we observe the emission and reflection spectra
of the aquaplanets, excluding clouds. The bottom panel shows the emission and
reflection spectra of the same cases including the observational effect of clouds.
In the cloudless case, at wavelengths shorter than 0.7 um, corresponding to the
UV and visible bands, we see the reflection of the host star’s spectrum. The drop
in reflected light from the UV to Near-IR follows the drop of the stellar light
blackbody curve on that band. In the mid-IR, we can see the emission spectra
of the aquaplanets. Stellar spectrum reflection can be seen at wavelengths up to
4 pm (Hedelt et al., 2013). But the planet’s emission spectrum is dominant at

wavelengths longer than 2.7 pum.
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Radiance Spectrum of Aquaplanets
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Figure 3.0.5: Radiation spectrum of the selected aquaplanets. The upper panel
shows the spectrum without the observational effect of clouds. The bottom panel
includes the observational effect of clouds. The purple/green/orange/orange/red
colored background represents the UV /Visible/NIR/MidIR bands of the
electromagnetic spectrum. Labeled are the absorption lines of H,O, C'Oy and
Clouds. The spectrum shows both reflected and emitted light from aquaplanets.
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When clouds are included (bottom panel of Figure 3.0.5), super emissions of
radiation (hereafter referred to as "flares") are distributed differently depending
on the planet’s obliquity. These flares are presumably caused by calculation
errors in PSG due to the inclusion of clouds. As noted by Fauchez et al.
(2022), it is challenging to accurately include clouds in both GCM and RT
simulations. Consequently, reliable results for the emission spectra of aquaplanets
including clouds are unattainable. Correcting this effect will be addressed in
future work. Therefore, we focus on analyzing the spectral components of the

cloudless simulations.

In the cloudless case, absorption lines of HyO are observed at 0.94, 1.4, 1.9,2.7,
6.3 pm (see Figure 3.0.6). These absorption lines are due to water vapor and are
consistent with previous studies (Ding and Wordsworth, 2022; Fauchez et al., 2022;
Hedelt et al., 2013; Smith et al., 2020; Suissa et al., 2020; Wunderlich, Fabian
et al., 2019). In Figure 3.0.6 we can see notable spectral responses to changes in
obliquity. They are seen at 2.7 um in the near-IR and at 6.3 pm in the mid-IR.
In both cases, the ¢ = 90° simulation shows strong absorption, while ¢ = 40° has
weaker absorption due to water vapor. The 2.7 um absorption line overlaps with
C' Oy absorption. The same pattern is observed in the 17.0 um band. Although
the, and 17.0 um is overlaped with CIAs absorption band. For the 0.94 pum
absorption line, this characteristic difference in absorption depth between ¢ = 40°
and ¢ = 90° is not observed. For the 1.4 and 1.9 um lines, there are differences in
absorption depth, but they do not have the same characteristics as the water vapor
response at 2.7 and 6.3 pm. When clouds are included, the only distinguishable
spectral response of HyO is at 2.7 um, where intense absorption due to clouds is
noted. The presence of clouds obscures information about water vapor, making
the characteristic difference between ¢ = 40° and ¢ = 90° barely noticeable at

this wavelength.

For the cloudless case, C'O, absorption is observed near 2.7, 4.3, and in the 15.0
pm band, consistent with (Fauchez et al.; 2022; Hedelt et al., 2013). Also in 9.5,
and 10.5 um we can observe weak absorption of CO, which is consistent with
Salamah et al. (2022) radiation absorption percentage of C'O; found in the Earth’s
atmosphere. In the 4.3 pum band, the same spectral response to obliquity changes
observed in the H,O and C'O, absorption at 2.7 um is repeated. This behavior
is also observed in the 6.3 ym band shared with H>O, though much weaker. In
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the spectral simulation with clouds, the only observable feature caused by C'O,
is the 2.7 um line. The presence of clouds almost completely blocks the spectral

response of C'O, to air temperature.

In the cloudless case, absorption caused by collision-induced absorptions (CIAs)
of the COy — CO; pair is observed in the 3.0 to 4.0 um band. The spectral
response of Ny — Ho0O and Ny — Ny in the 3.5-5.1 pm band is obscured by the
C'Oy absorption band at 4.3 um. Absorption due to Ny — Ny CIAs is observed at
2.1 pm. We also observe absorption starting from 13.0 to 30.0 um caused by the
COy—COq9, HyO — H50, and Ny — N, colissional pairs. This absorption obscures
the spectral features of COy and H50O in that band. When clouds are included,
reliable information of CIAs cannot be derived due to the significant impact of

clouds on the spectra.
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Chapter 4

Discussion

4.0.1 Summary of Key Findings

Our study confirms the previously observed climate effects dependent on
obliquity as reported by Nowajewski et al. (2018). Specifically, we observed
a direct relationship between obliquity and the latitudinal and atmospheric level
distribution of air temperature, humidity, and cloud coverage. Additionally, the
climatic regime shift noted in aquaplanets with obliquities below and above 52.5°
is also replicated in our findings. The aquaplanet with an obliquity of 90° was
found to be the most globally habitable throughout the year, while the one with
an obliquity of 40° was the least. However, in the case of ¢ = 90°, one of the poles
becomes uninhabitable depending on the season (i.e., DJF or JJA). In contrast, the
aquaplanet with ¢ = (0° maintains consistent habitable and uninhabitable regions
throughout the year. We encountered significant challenges in accurately modeling
the impact of clouds on the radiance spectra of the aquaplanets. Consequently, our
spectral analysis predominantly focuses on cloudless aquaplanets. This limitation
is consistent with the inherent difficulty in representing clouds correctly in GCMs
due to their small-scale processes and complex physical interactions (Fauchez et al.,
2022). In general, the radiance spectra of the aquaplanets are nearly identical
regardless of changes in obliquity. However, variations were observed in spectral
lines and bands associated with H,O and C'O5. Notable differences were detected
in the water vapor spectral features at 2.7 and 6.0 pum, indicating some degree of

spectral variation between aquaplanets with different obliquities.
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4.0.2 Interpretation of Results

Due to the fact that H,O is related to humidity (¢) and C'Os is strongly linked to
air temperature (74) (Hedelt et al., 2013), and both ¢ and T4 are related to Wet
Bulb Temperature (T ), our habitability indicator, we can infer that the observed
effect in the 2.7 and 6.0 um water vapor absorption lines in the cloudless case
might be connected to the global habitability percentage throughout the year, as
shown in Figure 3.0.6. From the bottom panel of Figure 3.0.1 and Figure 3.0.6, we
could infer a relationship between habitability and the 2.7 um absorption line. For
example, in the case of ¢ = 90°, higher absorption correlates with higher observed
habitability. This correlation aligns with the orbital effects of obliquity. For
¢ = 90°, solar irradiance alternates between poles throughout the year, increasing
the habitable area compared to ¢ = 40°. On the other hand, for ¢ = 40°, despite
having similar air temperature and humidity to ¢ = 52.5°, Figure 3.0.1 shows
it is less globally habitable due to obliquity effects. The more direct equatorial
solar irradiance at ¢ = 40° leads to greater uninhabitability in that region. This
covers a larger surface area compared to ¢ = 52.5°, a distinction visible in the
emission spectrum. This effect is apparent only when cloud effects are ignored,
as clouds overlap the humidity impact at 2.7 ym (see bottom panel from Figure
3.0.5). However, we must be careful with this assumption because clouds in this
work are not well parametrized. Including the other cases excluded from the
spectral analysis of Figure 3.0.5, it becomes apparent that the correlation between
habitability and absorption at 2.7um is not straightforward (see Figure 3.0.6).
For instance, ¢ = 0° and ¢ = 40° show nearly equal absorption. However, when
considering all cases, we can note 2 different regimes. The first regime consists of
less habitable Earth-Archean type planets with lower absorption at the 2.7um
line, including obliquities ¢ = 0°,10°, 23.5°, 30°,40°. The second regime comprises
more habitable Earth-Archean type planets with higher absorption at the 2.7um
line, including obliquities ¢ = 52.5°,60°,70°,80°, 90°. In this second regime, we
may presume a correlation between absorption at that line and habitability, which

is not observed in the first regime.

4.0.3 Implications

If this method were to be tested with other GCM and RT models and the

relationship between obliquity and spectral behavior confirmed, it could provide
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a new approach for interpreting the orbital information of exoplanets based on
spectroscopic observations. Establishing a consistent link between habitability, as
measured by Ty, and spectral response would suggest that this model could offer
a way to observe habitability. Distinguishing habitability and obliquity through
spectral features might be applicable primarily to cases with obliquities of 52.5° or
higher. However, this potential application is contingent on having the necessary
observational capabilities to measure these spectral features accurately. Only with
advanced observational technology could the spectral analysis be leveraged to infer
exoplanetary habitability and orbital characteristics reliably. Despite this, our
method provides valuable insights that could inform the development of future

telescope projects and observational strategies.

4.0.4 Limitations

The limitations of this works are related to the General Circulation Model
(GCM) used and the simplifications inherent in the model, which omit important
microphysical processes. Additionally, we used only one GCM, so we lack validation
against other models to confirm our results. The effect of our cloud modeling on
the spectrum and the necessary instrumentation to compare results accurately
also pose significant challenges. We are uncertain about the detectability of the
2.7 and 6.0 um features, as we do not have reliable spectral results considering
clouds. Even though we excluded clouds in the analysis of these lines, clouds
are inherently present and can influence the results. Furthermore, we did not
conduct an observability measurement to understand how detectable these features
would be in actual observations, considering signal-to-noise ratios (S/N) and other

observational effects.

4.0.5 Future Work

Future studies should focus on simulating the detectability of these signals while
considering noise and instrumentation effects will be crucial for determining the
practical observational capabilities required to detect these spectral features.
Moreover, improving the GCM to include microphysical processes is crutial to
enable the calculation of both water and ice clouds along with the size of water
and ice particles. Enhancing the model to include the effects of other significant

greenhouse gases, such as C'Hy. Improving the archaic model to incorporate an
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Archean-Sun would also be beneficial. Additionally, it is crucial to broaden the
definition of habitability with T} to include species other than mammals. For
example, investigating data on archaea that live in the air and have a preferred
Ty could provide new insights. Improving the spectroscopic modeling of clouds
and analyzing the 2.7 and 6.0 um lines to determine if there is a link between
absorption and habitability for ¢ = 52.5°,60°, 70°,80°,90° is essential. According
to Hedelt et al. (2013) and Fauchez et al. (2019), clouds can significantly impact
the spectral appearance of a planet. Finally, understanding whether there is a
correlation between the absorption features in the emission spectra of aquaplanets

at the 2.7 and 6.0 um lines and Ty remains a critical area of investigation.
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Chapter 5
Conclusion

In this work, we investigated the interplay among planetary obliquity, atmospheric
thermodynamics, and hydrological processes and their impact on the habitability
and spectroscopic properties of aquaplanets with an Archean Earth-like
atmospheric composition. Our study confirms that the obliquity of an
Archean-Earth-like aquaplanet influences its atmospheric thermodynamics, surface
habitability, and observables like the emission spectrum. We corroborate the
findings of Nowajewski et al. (2018) that there is a characteristic atmospheric
behavior in aquaplanets dependent on obliquity, even when the atmospheric C'O,
concentration is altered to match that of the Archean Earth. Notable cases
include obliquities of 0°, 40°, 52.5°, and 90°, each showing distinct patterns in air

temperature, humidity, liquid water in clouds, and habitability.

On the radiative aspect, we were unable to accurately model the spectral behavior
of clouds, consistent with the challenges noted by Fauchez et al. (2022). The
radiance spectra of the aquaplanets are nearly identical across different obliquities.
However, for cloudless planets, spectral features related to HoO and C'O5 show
variations that seem connected to obliquity. The 2.7 and 6.0 pm water vapor
features, in particular, appear to correlate with our habitability parameter Ty for
obliquities greater than or equal to 52.5°. This spectral behavior linked to Ty is

not observed for aquaplanets with obliquities less than or equal to 40°.

This study gives light on the potential characteristics and observable features of an
Archean-like atmosphere. It proposes a simple model that varies only one orbital

parameter to understand its effect on climate and observability of exoplanets.
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Our findings provide insights into which parts of the spectrum might indicate
habitability and could inform future telescope missions on which spectral bands

to focus on for observing these characteristics.

To improve our model, it is crucial to include microphysical processes in the GCM,
affecting habitability and the calculation of important variables for cloud modeling.
Additionally, considering the radiative effect of significant greenhouse gases like
CH, is essential. Properly modeling the observational impact of clouds remains
a critical area for improvement. It is necessary to confirm with other GCM and
RT models whether the spectral features observed at 2.7 and 6.0 um are indeed
linked to Ty .

Moreover, analyzing the detectability of the 2.7 and 6.0 um spectral features
with existing or future telescopes, considering noise and other attenuating effects,
is crucial. This could be particularly useful for future telescopes like LUVOIR,
HabEx (Komacek and Abbot, 2019), and MERECLE (Mandell et al., 2022). If
the obliquity-climate-spectrum relationship is confirmed, this method could help
determine or validate obliquity estimates of water-covered exoplanets based on

spectroscopic observations.

Future research should delve into the atmospheric dynamics of the Archean-like
atmosphere and its link to obliquity under the proposed model. It is also important
to analyze whether the effects of obliquity on atmospheric dynamics, habitability,
and spectra persist when including continents, changing the orbital period, altering

the host star type, or considering the host star’s age.
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A1l Table appendix



Parameter Description Value
Object
Phase Angular parameter (season/phase) that | 90°
defines the position of the planet moving
along its Keplerian orbit. For exoplanets,
0:Secondary transit, 180:Primary transit,
90/270:Opposition.
Velocity Relative velocity between the observer and | 0.0 km/s
the object
Inclination Orbital inclination |[degree|, mainly relevant | 90°
for exoplanets. Zero is phase on, 90 is a
transiting orbit
Solar latitude Sub-solar latitude [degree|. Parameter related | Obliquity —of each
with obliquity aquaplanet
Stellar radius Radius of the host star measured in Sun radii | 1 Ry,
Stellar Metallicity of the host star and object with | 0.0
metallicity respect to the Sun in log [dex]
Stellar velocity | Velocity of the planet to the Sun [km/s|, and | 0.0 km/s
for exoplanets the RV amplitude [km/s]
Geometry
Type Type of observing geometry Observatory

9¢

xipuadde o[qey, "1V



Observation Distance between the observer and the surface | 1 Pc
altitude of the planet
Stellar For stellar occultations, this field indicates | 0
magnitude the brightness [magnitude| of the occultation
star
Generator
Instrument Instrument which will observe the object for | JWST
the simulation
Telescope Type of telescope Single dish
Telescope Diameter of the main reflecting surface of the | 5.64 m
diameter telescope or instrument
Spectral range Spectral range for the simulation 0.3 — 30 um
Resolution Spectral resolution for the simulation in RP: | 100
"Resolving power’ unit
Noise Identifying the noise model to consider No
Beam Full width half-maximum (FWHM) of the | 1.0
instrument’s beam or field-of-view (FOV).
Measured in diffrac:’defined by the telescope
diameter and center wavelength
GCM binning Spatial binning applied to the GCM data | 5

when computing spectra. 1: Full resolution

xipuadde o[qr], ‘1Y

LE



Surface

Model Type of scattering model describing the | Lambert

surface
Albedo Albedo the surface [0:non-reflectance, 1:fully- | 0.06

reflective|

Atmosphere

Structure The structure of the atmosphere Equilibrium
Gas Name of the gases to include in the simulation | N2, CO2, H20

Gas abundance

Abundance of gases. The values can be
assumed to be same across all altitudes/layers
and measured in |%] for N2 and CO2. In the
case of H20 is provided by vertical profile of
the GCM

96.5 %, 3.5 %, GCM

Spectral type

Spectral database sub-type which will

compute the spectra

HIT|[22] HIT[2],HIT[1]

Aerosol Name of the aerosols to include in the | Water
simulation. This is only included for the
cloudy case spectra simulation.
Aerosol Abundance of gases. In this case is provided | GCM
abundance by vertical profile of the GCM

8¢

xipuadde o[qey, "1V



Aerosol spectral

type

Spectral database sub-type of the aerosols

AFCRL_ Water HRI

Aerosol particle

Effective radius of the aerosol particles. The

0.5 um

size values is assumed to be same across all layers,
latitude and longitude
Rayleigh,Refraction,
Processes Continuum processes to be included in the yicls
) CIA all,UV _all
calculation - -
Layers Number of layers of the atmospheric vertical | 10
profile
Eastward and
northward wind,
Ty, Ts,  Albedo,
GCM Parameters defining the 3D General A g
) ) . Pressure, ¢,
parameters Circulation Model grid.
Water content in
clouds
NMAX When performing scattering aerosols | 4

calculations, this parameter indicates the

number of n-stream pairs

xipuadde o[qr], ‘1Y
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LMAX When performing scattering aerosols | 60
calculations, this parameter indicates the

number of scattering Legendre polynomials

used for describing the phase function

Table A1.1: Aquaplanet parameters used for simulation of emission spectrum of the Archean Earth-like with varying obliquity
model. This is the configuration used with PSG.
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Zonal Vertical Profile Comparison
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Figure A2.1: Comparison of annual zonal vertical profiles of (a) Air temperature,
(b) Specific humidity, and (c) Liquid water content in clouds of Archean Earth-like
aquaplanets. Each row represents the cases with ¢ = 0°,10°,23.5°,30°,40° with
their respective colors. Notable differences in water content between gaseous and
liquid phases are observed between the simulations.
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Zonal Vertical Profile Comparison
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Figure A2.2: Comparison of annual zonal vertical profiles of (a) Air temperature,
(b) Specific humidity, and (c) Liquid water content in clouds of Archean Earth-like
aquaplanets. Each row represents the cases with ¢ = 52.5°,60°,70°,80°, 90° with
their respective colors. Notable differences in water content between gaseous and
liquid phases are observed between the simulations.
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Radiance Spectrum of Aquaplanets

Without Clouds
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Figure A2.3: Radiation spectrum of all simulated aquaplanets. The
upper panel shows the spectrum without the observational effect of
clouds. The bottom panel includes the observational effect of clouds.
The purple/green/orange/orange/red colored background represents the
UV /Visible/NIR /MidIR bands of the electromagnetic spectrum. Labeled are the
absorption lines of H,O, C'O, and Clouds. The spectrum shows both reflected
and emitted light from aquaplanets.
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Appendix B

Statement on the Use of Al

Assistance

In this work, artificial intelligence (AI) assistance provided by the ChatGPT
platform from OpenAl has been used to enhance the cohesion and clarity of the
text. Specifically, Al was employed for drafting and editing sections to ensure

better flow and coherence in the presentation of the content.

It is important to note that Al was not used for the interpretation of results or the
generation of scientific conclusions. All analyses, interpretations, and conclusions
presented in this document have been performed and verified by human researchers.
The final text has been thoroughly reviewed and approved by the authors to

ensure the accuracy and integrity of the content.
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